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RESUMEN







Resumen

La infertilidad humana es un problema de salud publica emergente que afecta al 10-15% de las parejas
en edad reproductiva desconociéndose su etiologia en gran parte de los casos. Se estima que las alteraciones
genéticas subyacen a la mitad de estos casos y cientos de genes candidatos han sido identificados mediante
el estudio de la gametogénesis en modelos animales. Sin embargo, son pocos los casos en los que se ha

podido establecer una relacidn causal directa entre estos genes y el desarrollo de infertilidad.

En la presente tesis, hemos llevado a cabo el analisis funcional de Usp26 y Hsf2bp, dos genes candidatos
de infertilidad humana. USP26 es una enzima desubiquitinante con un patréon de expresion restringido a la
linea germinal masculina. En la dltima década numerosos estudios han reportado la presencia de
polimorfismos en USP26 asociados con trastornos de infertilidad masculina. Sin embargo, también se han
descrito polimorfismos en varones que presentan una espermatogénesis normal. Teniendo en cuenta esta
controversia y la funcion desconocida de USP26 en la gametogénesis, en este trabajo hemos abordado el
analisis funcional de USP26 mediante la generacion de un modelo animal de pérdida de funcidén. Nuestros
resultados describen la primera evidencia in vivo de que USP26 no es esencial para la gametogénesis y la

fertilidad del raton.

HSF2BP es una proteina descrita inicialmente como interactor del Heat Shock Factor 2 (HSF2) y cuya
funcién es desconocida. La secuenciacidn del exoma de una familia con 3 casos de insuficiencia ovdrica
primaria identificé una variante en HSF2BP (S167L) como mejor candidata causal de la infertilidad. Mediante
la caracterizacidon de un modelo murino nulo para Hsf2bp y un modelo humanizado portador de la variante
S$167L hemos demostrado que HSF2BP es una proteina esencial para la recombinacion meidtica y que esta
variante produce una pérdida parcial de su expresion y/o funcién. La ausencia de HSF2BP o la presencia de
su variante patogénica producen defectos en la localizacion de las recombinasas RAD51/DMC1 y en la
formacién de los COs los cuales provocan infertilidad y subfertilidad, respectivamente. Mecanisticamente,
hemos identificado a C190RF57/BRME1 como un potente interactor y estabilizador de HSF2BP cuya
ausencia produce un fenotipo muy similar al de los mutantes nulos para Hsf2bp. De acuerdo con ello, la
presencia de la variante causante de POI en el heterodimero HSF2BP/BRME1 provoca una reduccién de su
expresion que es la responsable ultima de los defectos meidticos descritos los cuales sefializan a través de
un macro-complejo formado por HSF2BP/BRME1/BRCA2/RAD51/PALB1/RPA. Por tanto, en este trabajo
hemos identificado un nuevo complejo esencial para la recombinacién meidtica cuya caracterizacidon
proporciona nueva informacion sobre el mecanismo molecular que subyace a la patogenicidad de la variante

S167L en la insuficiencia ovérica primaria.
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Abreviaturas

Ab: anticuerpo (Antibody)

AEs: elementos axiales (Axial Elements)

bp: pares de bases (base pair)

CE: elemento central (Central Element)

co-IP: co-inmunoprecipitacion

CO: crossover

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats
crRNA: crispr RNA

dHJ: uniones dobles de Holliday (double Holliday Junctions)

dpc: dias post-coito

dpp: dias post-parto

DSBs: roturas de doble hebra (Double Strand Breaks)

dsDNA: DNA de doble hebra (double-stranded DNA)

FSH: hormona estimulante de foliculos (Follicle Stimulating Hormone)
H&E: tincion de hematoxilina-eosina

IF: Inmunofluorescencia

kDa: kiloDalton

KO: mutante nulo (knockout)

LEs: elementos laterales (Lateral Elements)

LH: hormona luteinizante (Luteinizing Hormone)

MSCI: Inactivacion de los cromosomas sexuales meidticos (Meiotic Sex Chromosome Inactivation)
NCO: non-crossover

NHEJ: reparacion de extremos no homélogos (Non-Homologous End Joining)
PAR: region pseudoautosémica (PseudoAutosomal Region)

PAS: tincidn Periodic Acid-Schiff

PGCs: células germinales primordiales (Primordial Germ Cells)

POI: insuficiencia ovarica prematura (Primary Ovarian Insufficiency)
RA: 4cido retinoico (Retinoic Acid)

RNs: nédulos de recombinacidon (Recombination Nodules)

SC: complejo sinaptonémico (Synaptonemal Complex)

sgRNA: RNA de guia Unica (single guide RNA)

sHJ: uniones simples de Holliday (single Holliday Junctions)

SSCs: células madre espermatogoniales (Spermatogonial Stem Cells)
ssDNA: DNA de hebra simple (single-stranded DNA)

ssODN: oligonucledtido donador de hebra simple (single-stranded donor oligonucleotide)
TF: filamentos transversales (Transverse Filaments)

TnT: sistema de Transcripcidn/Traduccion in vitro

tracrRNA: RNA transactivador (trans-activating crRNA)

TUNEL: TdT mediated dUTP Nick End Labelling, marcaje de apoptosis
u.a.: unidades arbitrarias

WB: Western Blot

WT: silvestre (Wild-Type)

Y2H: ensayo de doble hibrido en levaduras (Yeast Two Hybrid)
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Introduccion

1. Infertilidad humana

El término infertilidad hace referencia a la incapacidad de concebir de una pareja. De forma mas precisa,
tanto el Comité Internacional de Monitorizacidn de las Técnicas de Reproduccién Asistida (ICMART) como la
Organizacion Mundial para la Salud (OMS) definen la infertilidad como “una enfermedad del sistema
reproductivo caracterizada por la imposibilidad de conseguir un embarazo clinico tras 12 o0 mds meses de
relaciones sexuales regulares sin proteccidn”. Sin embargo, no existe un consenso absoluto en la definicién
de infertilidad lo que dificulta el correcto diagndstico y la determinacion de su prevalencia (Gurunath et al.
2011). Pese a ello, la infertilidad se considera un problema de salud publica importante ya que se estima que
afecta al 10-15% de las parejas a nivel mundial. Esta puede deberse a factores masculinos, femeninos o a
una combinacién de ambos, representando cada uno de ellos aproximadamente el 25% de los casos mientras

gue en el resto se desconoce su origen (Shah et al. 2003; Isaksson and Tiitinen 2004).

Las causas de la infertilidad masculina engloban cualquier condicién que afecte a la cantidad y/o calidad
del esperma. Entre ellas se encuentran las alteraciones en el transporte de los espermatozoides, la disfuncién
del eje hipotdlamo-hipofisario (también denominado hipogonadismo secundario) o, la causa mas
comunmente identificada, la disfuncidn o fallo testicular (hipogonadismo primario). Sin embargo, en la
mitad de los casos la etiologia se desconoce, diagnosticandose como infertilidad idiopatica (Jose-Miller et al.
2007). Las principales alteraciones espermaticas identificadas en los pacientes son la oligozoospermia o
reduccién de la concentracién de espermatozoides, la astenozoospermia o disminucién de su movilidad, la
teratozoospermia o incremento en el porcentaje de espermatozoides con morfologia aberrante y, por
ultimo, la azoospermia o ausencia total de espermatozoides en el eyaculado. Dentro de este ultimo subgrupo
distinguimos la azoospermia obstructiva, debida a una obstruccion de los conductos seminales, y la
azoospermia no obstructiva o secretora, en la cual la ausencia de espermatozoides se debe a un fallo en la
espermatogénesis. La azoospermia afecta al 1% de la poblacion masculina y al 10-15% de los varones

infértiles, siendo la forma mas frecuente la azoospermia no obstructiva (Lindsay 2015).

En el caso de la infertilidad femenina las causas incluyen la obstruccién de las trompas de Falopio, las
afecciones en el Utero, la endometriosis y la disfuncidn ovarica. El cese de la funcién del ovario ocurre de
forma fisioldgica como consecuencia de la edad (menopausia), en cambio, la disfuncién ovarica hace
referencia a un cese prematuro de dicha funcién que puede aparecer como consecuencia de factores
ambientales como el consumo de tabaco, tratamientos quimioterapicos, trastornos endocrinos o
alteraciones ginecoldgicas como son el sindrome de ovario poliquistico y la insuficiencia ovarica primaria
(Jose-Miller et al. 2007). Actualmente, insuficiencia ovarica primaria (POI, Primary ovarian insufficiency) es
el término preferencial para denominar lo que antes se referia como fallo ovarico prematuro o menopausia
prematura. Clinicamente, la POl se caracteriza por la pérdida de funcién ovarica antes de los 40 afos
presentando amenorrea (ausencia de menstruacién) durante 4 o mas meses y niveles de FSH (Follicle-
Stimulating Hormone) en el rango tipico de la menopausia. Esta condicién afecta al 1-3% de las mujeres
menores de 40 afios y es el resultado de un agotamiento prematuro de la reserva folicular, aunque es
importante destacar que el 5-10% de estas mujeres son capaces de concebir después del diagndstico con

ayuda de técnicas de reproduccién asistida (Nelson 2009; Golezar et al. 2019).
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Introduccion

1.1.Bases genéticas de la infertilidad

Como ha quedado patente, las causas subyacentes a la infertilidad pueden ser muy diversas pudiendo
estar asociadas tanto a factores fisioldgicos y genéticos como ambientales e incluso sociales. Establecer de
forma precisa la contribucién de los factores genéticos en la reduccién de la fertilidad resulta complejo si
tenemos en cuenta que la mayoria de las causas descritas, si no todas, probablemente tienen un
componente genético. Actualmente se estima que los factores genéticos se encuentran detras del 50% de
los casos de infertilidad siendo cada vez mas los estudios dirigidos a su identificacidn. Estos estudios abarcan
desde los primeros estadios de diferenciacion de las células germinales hasta la maduracién de los gametos
y la fecundacion, siendo especialmente relevantes los aspectos relacionados con la progresion de la meiosis.
Tales esfuerzos han permitido identificar genes fundamentales para el mantenimiento de la fertilidad, pero
ademads han puesto de manifiesto la enorme complejidad de estos procesos debido a su naturaleza

multifactorial y el elevado nimero de genes implicados (Shah et al. 2003; Schimenti and Handel 2018).

Los defectos genéticos asociados con la infertilidad se pueden clasificar en: alteraciones cromosdmicas,
alteraciones de un solo gen o monogénicas, alteraciones poligénicas y alteraciones epigenéticas. Algunas de
estas alteraciones se han descrito Gnicamente en hombres o en mujeres mientras que otras estan presentes
en los dos sexos, pudiendo afectar a la fertilidad en ambos o solo en uno de ellos (Zorrilla and Yatsenko

2013).

El 15-30% de las infertilidades masculinas son de origen genético siendo los defectos mas frecuentes las
alteraciones cromosdmicas las cuales son detectadas en el 20% de los pacientes (Ferlin et al. 2007). Dentro
de ellas podemos distinguir las que afectan a cromosomas completos, como ocurre en el Sindrome de
Klinefelter (cariotipo 47,XXY) o el Sindrome 47,XYY (Martin 2008), y las alteraciones cromosdmicas
estructurales que incluyen deleciones, duplicaciones, translocaciones o inversiones de fragmentos
cromosdmicos de tamanio variable. Entre estas, destacan las microdeleciones del cromosoma Y que afectan
a la region conocida como regidn del factor de azoospermia (AZF) la cual contiene genes esenciales para la
espermatogénesis (Reijo et al. 1996; Matzuk and Lamb 2008). Dentro de este grupo también se encuentran
las variaciones en el nimero de copias (CNVs, copy number variations) que afectan a pequefias regiones
(0,05 a 3 Mb) que alteran la dosis génica (Tuttelmann et al. 2011). También se han asociado con infertilidad
masculina alteraciones epigenéticas como los defectos en la metilacion del DNAy en las modificaciones post-
transcripcionales (Yatsenko et al. 2013). Por ultimo, en algunos pacientes se ha podido demostrar la
asociacion de mutaciones en un uUnico gen con el desarrollo de infertilidad masculina. Este es el caso, entre
otros, de las mutaciones en CFTR fuertemente asociadas con el desarrollo de aplasia congénita bilateral de
los conductos deferentes que produce azoospermia obstructiva (Grangeia et al. 2007; O’Flynn O’Brien et al.

2010; Zorrilla and Yatsenko 2013).

El conocimiento de las bases genéticas de la infertilidad femenina ha avanzado mas lentamente que en
el caso de la masculina. Esto se debe a la mayor facilidad para obtener material de estudio en el caso de los
hombres, dado que la espermatogénesis se produce de manera continua durante toda la vida adulta. Al
contrario, en las mujeres la oogénesis comienza de manera sincronizada durante el desarrollo embrionario

y posteriormente se detiene generando una reserva de oocitos limitada. Pese a este menor conocimiento,
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se sabe que las dos principales causas de infertilidad femenina, la disfuncién ovarica y la endometriosis,
tienen una importante predisposicidn familiar lo que sugiere un origen genético que en muchos casos ya ha
sido demostrado (Mallepaly et al. 2017). En el caso concreto de la POI, las causas genéticas se encuentran

detras de aproximadamente el 20% de los casos (Rossetti et al. 2017).

La alteracion cromosdmica asociada con infertilidad mejor documentada en mujeres es el sindrome de
Turner (o0 monosomia del X; 45,X0) (Abir et al. 2001). También se han descrito alteraciones cromosdmicas
estructurales, principalmente translocaciones reciprocas entre el cromosoma X y un autosoma (X:A) y CNVs
que afectan a genes relacionados con POl (McGuire et al. 2011; Moysés-Oliveira et al. 2015). De igual manera
que en la infertilidad masculina, se ha demostrado la asociacion directa de alteraciones monogénicas con el
desarrollo de POl como es el caso de las mutaciones en los FMR1 (causante del sindrome X-fragil) y BMP15,
ambos asociados al cromosoma X, o en genes autosomicos como FOXL2 (Harris et al. 2002; Di Pasquale et
al. 2004; Pastore and Johnson 2014). Por ultimo, existen trastornos complejos como la endometriosis o el
sindrome de ovario poliquistico los cuales presentan un origen multifactorial asociado a alteraciones

genéticas, metabdlicas, endocrinas e incluso ambientales (Zorrilla and Yatsenko 2013; Mallepaly et al. 2017).

La importancia de identificar las bases genéticas de la infertilidad no radica Unicamente en el correcto
diagnéstico de las parejas afectadas. En la era de las técnicas de reproduccidn asistida, definir estos defectos
genéticos cobra mas sentido que nunca. La utilizacion de estas técnicas conlleva sobrepasar las barreras de
la seleccidon natural generando un embrién viable en parejas genéticamente infértiles. En estos casos,
diagnosticar si existe una causa genética subyacente tiene una clara importancia clinica, ya que podria tener
implicaciones para la salud (general y reproductiva) tanto del paciente como del futuro hijo. Este
conocimiento, ademas, puede tener valor prondstico y en un futuro préximo ayudarad al establecimiento de
terapias personalizadas permitiendo dar soluciones mas efectivas a los pacientes (O’Flynn O’Brien et al.

2010; Krausz and Riera-Escamilla 2018).

En la practica, el estudio de las causas genéticas de la infertilidad se basa fundamentalmente en el trabajo
con modelos animales, dada la imposibilidad de llevar a cabo estos estudios en humanos. En los ultimos afios
se han identificado un gran nimero de factores genéticos asociados con infertilidad gracias al analisis de
modelos murinos y a los estudios de asociacién del genoma (GWAS, Genome-wide association study)
(Matzuk and Lamb 2008; Hu et al. 2011; Gomez-H et al. 2016). Sin embargo, son pocos los casos en los cuales
se puede establecer una relacidon causal directa con la infertilidad humana. Si bien es cierto que las
alteraciones genéticas causantes de infertilidad tienen pocas probabilidades de propagarse en la poblacion,
algunas pueden identificarse mediante el estudio de pedigrees familiares, especialmente en familias con
cierto grado de consanguinidad. En este sentido, en la Ultima década la secuenciacion del exoma completo
(WES, Whole Exome Sequencing) de familias afectadas ha permitido identificar varios genes con una relacién
causal directa con la infertilidad en humanos. Este es el caso de los genes meidticos SYCE1, STAG3, SPO11,
MSH4, DMC1, BRCA2 o MEIOB (Caburet et al. 2014; De Vries et al. 2014; Carlosama et al. 2017; He et al.
2018; Caburet et al. 2019; Tran and Schimenti 2019; Caburet et al. 2020).

Pese a todos estos avances, la infertilidad idiopatica sigue siendo el diagndstico mas frecuente entre las

parejas afectadas por esta patologia y actualmente se cree que una alta proporcién de estos casos estan
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asociados con causas genéticas (Mallepaly et al. 2017; Krausz and Riera-Escamilla 2018). En este sentido, el
estudio de la gametogénesis y los procesos reproductivos resulta fundamental para seguir ampliando este

conocimiento y poder proporcionar mejores soluciones a las parejas afectadas.

2. Gametogénesis

La gametogénesis es el proceso bioldgico por el cual se obtienen los gametos a partir de las células
germinales. Los gametos, oocitos y espermatozoides, son células sexuales haploides altamente
especializadas que presentan caracteristicas Unicas, no solo desde el punto de vista genético, sino también
epigenético y morfoldgico. La reduccion de la ploidia es fundamental para que, tras la fusion de los gametos
materno y paterno, se genere un zigoto diploide capaz de dar lugar a un nuevo individuo. Para ello, las células
germinales llevan a cabo un tipo especial de divisién celular reduccional, la meiosis. Todo esto hace de la
gametogénesis uno de los programas de diferenciacion mas complejos y estrictamente regulados de la

biologia del desarrollo.

2.1.Especificacion de las células germinales primordiales

La gametogénesis comienza durante el desarrollo embrionario temprano con la aparicidn de unas células
madre indiferenciadas denominadas células germinales primordiales (PGCs, Primordial Germ Cells). El
estudio in vivo de la especificacién de las PGCs en humanos se encuentra muy limitado por cuestiones
técnicas y éticas, por lo que su conocimiento se basa en la extrapolacién de los datos obtenidos en ratéon o
del estudio de células madre pluripotentes humanas diferenciadas in vitro a células similares a PGCs (hPGClLs,
human PGC-like cells)(Irie et al. 2015; Sasaki et al. 2015). Estos estudios han contribuido a establecer los
mecanismos de determinacién de las PGCs en ambas especies poniendo de manifiesto sus similitudes y

diferencias (Mitsunaga and Shioda 2018).

La especificacion de las PGCs en ratén (mPGCs, mouse PGCs) comienza en el dia embrionario (E) 6,0-6,5
con la aparicidon de un pequefio cluster de precursores en la regidn mas proximal del epiblasto. En estas
células la expresion de WNT3 junto con la sefializacidon extrinseca mediada por BMP4 inducen la expresion
del factor de transcripcidon T también conocido como Brachyury (Lawson et al. 1999; Ohinata et al. 2009;
Aramaki et al. 2013). Este factor desencadena una cascada de genes encargados de orquestar la
determinacién hacia mPGC como Blimp1, Prdm14, Tfap2c y Stella (Dppa3), reprimiendo la diferenciacion
somatica y manteniendo el programa de pluripotencia caracteristico de las mPGCs (expresién de genes como
Sox2, Nanog y Oct4) (Saitou et al. 2002; Ohinata et al. 2005; Yamaji et al. 2008; Weber et al. 2010; Saitou
and Miyauchi 2016). Este proceso genera una poblacion de unas 40 mPGCs en la base del alantoides en el

dia E7,25 (Figura I).
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Figura I. Representacion esquematica de los principales procesos que ocurren durante la gametogénesis, desde la
especificacion de las PGCs hasta la obtencion de los gametos. Mll: segunda division meidtica. MII*: la segunda divisién
del primer corpusculo polar no siempre sucede. Adaptado de (McMurray 2010).

En humanos este proceso comienza probablemente en el momento de la gastrulaciéon, aproximadamente
en el dia E17-18, aunque el momento exacto se desconoce (Tang et al. 2016). El origen de las células
germinales primordiales humanas (hPGCs) tampoco ha sido demostrado. Clasicamente, se ha aceptado que
su origen podria estar en el epiblasto posterior de igual manera que en ratdn, pero estudios recientes en
primates (Macaca fascicularis) indican que la especificacidon podria ocurrir en el amnios temprano. Ambas
posibilidades son factibles postulandose un posible origen dual de las hPGCs (Sasaki et al. 2016; Kobayashi
and Surani 2018). En relacién con el mecanismo molecular, existen procesos conservados como la
participacion de BLIMP1 y TFA2PC, asi como la importancia de los factores de pluripotencia NANOG y OCT4,
siendo el principal mecanismo diferenciador la funcién crucial de SOX17 (junto a BLIMP1 y TFA2PC) en la
especificacion hacia hPGC (Irie et al. 2015). En relacién con los factores de pluripotencia, las hPGCs no
expresan SOX2 y si KLF4, mientras que en mPGCs sucede al revés (Durcova-Hills et al. 2008; Campolo et al.
2013; Hackett et al. 2017). La accidn conjunta de estos factores dard lugar a una poblacién de hPGCs que se
observan por primera vez durante la cuarta semana (~E24) en la pared del saco vitelino cerca del alantoides,

ubicacion equivalente a la de las mPGCs en el E7,25 (Figura I).

Tras su especificacidn, las PGCs migran hacia las crestas genitales, futuras génadas, colonizdndolas en
torno al E37 en humano (E11,5 en ratodn, Figura I). Durante la migracién las PGCs proliferan activamente y
eliminan la memoria somatica mediante una reprogramacidn epigenética global que incluye la demetilacién
del DNA, la eliminacién de la impronta genética, la reactivacion del cromosoma X y la reorganizacion de las
modificaciones de la cromatina (Tang et al. 2016). De esta manera se reprimen genes somaticos y se activan
genes especificos de células germinales que preparan a las PGCs para iniciar la gametogénesis. En la sexta
semana del desarrollo embrionario (E11,5 en ratdn) comienza la diferenciacion sexual de las gonadas (Figura
1). En los embriones masculinos (XY) la expresion del gen Sry, codificado en el cromosoma Y, desencadena la

diferenciaciéon masculina hacia células de Sertoli y la formacion de los testiculos (Sinclair et al. 1990;
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Miyawaki et al. 2020). En los femeninos (XX), la ausencia de este gen provoca una cascada de expresion
génica especifica que da lugar a la diferenciacion hacia células de la granulosa y el desarrollo ovarico (Mclaren
1998; Griswold 2016). A partir de este momento, las PGCs dejaradn de ser consideradas como tal siguiendo

rutas de diferenciacion distintas en funcion de si son XY o XX (Saitou and Yamaji 2012).

2.2.0o0génesis

En los embriones femeninos (XX) la oogénesis comienza con la proliferacion de las PGCs y su
diferenciacion a oogonias en las crestas genitales. El nUmero de divisiones mitdticas que ocurren es limitado
(~20 divisiones) y se producen con una citocinesis incompleta que da lugar a la formacion de nidos de
oogonias rodeados por células somaticas (Figura V) (Jagarlamudi and Rajkovic 2012). En torno a la novena
semana (E13,5 en ratdn) estas oogonias entran en meiosis convirtiéndose en oocitos primarios. La entrada
en meiosis se produce gracias a la represion de los genes de pluripotencia y a la diferenciacién promovida
por el acido retinoico (RA, Retinoic Acid) producido en las génadas. El RA induce la expresidn del gen Stra8
(Stimulated by Retinoic Acid 8) que a su vez promueve la expresion de genes esenciales para las primeras
etapas de la meiosis, entre ellos los que codifican para proteinas del complejo sinaptonémico (SYCP1, SYCP2
y SYCP3) y proteinas de la maquinaria de recombinacién meidtica (SPO11 y DMC1) (Baltus et al. 2006; Wear
et al. 2016). Ademas, recientemente se ha demostrado que, en paralelo con la induccién de Stra8, el RA
induce la expresidn de la subunidad alpha-kleisina del complejo de cohesinas Rec8, esencial para los estadios
tempranos de la meiosis, postuldndose que el RA promueve la entrada en meiosis a través de al menos dos

rutas independientes (Koubova et al. 2014).
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Figura Il. Representacion esquemadtica de los principales procesos que ocurren durante la oogénesis, desde la

migracion de las PGCs a la ovulacion. PGCs: células germinales primordiales.
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Una vez iniciada la meiosis, los oocitos primarios pasaran por los distintos estadios de la profase |
guedando bloqueados al final de la misma en un estadio de quiescencia conocido como dictiata. Asi, en el
momento del nacimiento todos los oocitos se encuentran ya detenidos en este estadio (Figura I) (Slizynski
1957). En paralelo a la profase | se produce la rotura de los nidos de oocitos los cuales se rodean de una capa
de células de la pregranulosa (células somaticas planas), dando lugar a los foliculos primordiales (Figura II).
Durante estos procesos ocurre una apoptosis masiva de oocitos y solo aquellos que sobreviven formaran un
foliculo (Pepling and Spradling 2001). Aunque diferentes estudios han descrito la presencia de células en el
ovario con capacidad de generar nuevos oocitos cuando son trasplantadas bajo ciertas condiciones
experimentales muy especificas (Johnson et al. 2004; Niikura et al. 2009), no existen evidencias de que in
vivo estas células sean capaces de contribuir activamente al aumento de la reserva folicular (Lei and
Spradling 2013; Zhang et al. 2014; Guo et al. 2016), aceptandose por tanto que el conjunto de foliculos
primordiales generado durante la etapa embrionaria representa la reserva ovarica disponible para toda la

vida reproductiva femenina (De Felici et al. 2005; Wang et al. 2017a).

Los foliculos primordiales se mantienen quiescentes hasta su activacién, momento en el que pasan a
considerarse foliculos en crecimiento y comienza la foliculogénesis. Esta activacion se produce por la
influencia de numerosos factores y ocurre de forma continua desde el nacimiento hasta la menopausia. El
primer paso tras la activacidn es la transicion de foliculo primordial a foliculo primario que se caracteriza por
cambios morfoldgicos en las células de la granulosa (Figura I1). Estas células cambian de forma plana a forma
cuboidal y se dividen mitéticamente formando multiples capas que rodean al oocito. Ademas, durante esta
transicion los oocitos aumentan de tamafio (Pedersen and Peters 1968). En el desarrollo hacia foliculo
secundario, el oocito continda creciendo, las células de la granulosa proliferando y aparece una capa externa
adicional de células formando la teca (Figura Il). Estos estadios del desarrollo folicular son independientes
de las gonadotropinas FSH y LH (luteinizing hormone). Sin embargo, los siguientes estadios son dependientes
de las mismas (McGee and Hsueh 2000; Edson et al. 2009) y por ello los foliculos activados antes de la
pubertad son eliminados (atresia folicular) debido a la ausencia de las sefiales gonadotrdpicas necesarias
para su progresion (Peters 1969; McGee et al. 1998). Tras la pubertad y de manera ciclica se produce un
aumento de FSH que desencadena los eventos posteriores. En primer lugar, en los foliculos se forman
cavidades llenas de fluido que acaban uniéndose en una sola denominada antrum, dando lugar a los
denominados foliculos antrales. La mayor parte de estos foliculos sufrirdn atresia y solo una parte de ellos
(foliculos dominantes) continuaran el desarrollo hacia el estadio preovulatorio (Figura Il). El nimero de
foliculos capaces de progresar en la maduracién varia con la especie, siendo normalmente solo uno en
humanos (entre 2 y 12 en ratén). Los foliculos dominantes responden al aumento de LH reanudando la
meiosis y expulsando el oocito a los oviductos (ovulacidn). Una vez que el oocito ha sido liberado, las células

de la granulosa y de la teca finalizan su diferenciacion formando el cuerpo luteo (Figura Il).

Tras el aumento de la LH, la reanudacion de la meiosis puede identificarse morfolégicamente por la
disolucion de la envuelta nuclear del oocito, proceso conocido como ruptura de la vesicula germinal (GVBD,
germinal vesicle breakdown). En este momento se lleva a cabo la primera divisidn meidtica con una division
asimétrica del citoplasma que da lugar a la extrusién del primer corpusculo polar (Figura 1). El inicio de la

segunda division meidtica se produce de forma inmediata aunque su finalizacién y la liberacién del segundo
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corpusculo polar solo se producird si existe fertilizacién (Figura 1). Por tanto, las células liberadas en la
ovulacién no son évulos si no oocitos bloqueados en la segunda division meiética (McGee and Hsueh 2000;

Edson et al. 2009; Rimon-Dahari et al. 2016).

2.3.Espermatogénesis

En los embriones masculinos (XY), una vez que las PGCs alcanzan las crestas genitales e interaccionan con
las células somaticas (Sertoli, Leydig y mioides), la determinacién sexual finaliza y se forman los testiculos
embrionarios. En ellos, las PGCs junto a las células de Sertoli formardn los cordones seminiferos, futuros
tubulos seminiferos (Cool and Capel 2009). En este punto, las PGCs adquieren caracteristicas morfoldgicas
diferenciales pasando a llamarse gonocitos o proespermatogonias. Estas células llevan a cabo un elevado
nimero de divisiones mitdticas para a continuacién entrar en un bloqueo mitético en Go/G:1 (~“E49 en
humanos; ~E13,5 en ratdn) en el que se mantendran hasta después del nacimiento (McLaren and Southee
1997; De Rooij 1998). Hacia la semana 8-12 post-parto (5 dias post-parto -dpp- en ratdn) estas
proespermatogonias retoman la proliferacién y una parte migra a la base de los tibulos seminiferos donde
encontraran el nicho apropiado para convertirse en células madre espermatogoniales (SSCs, Spermatogonial
Stem Cells) las cuales mantienen la espermatogénesis de forma continua desde la pubertad (de Rooij 1973;
Spradling et al. 2001; Nikolic et al. 2016; Griswold 2016). Estas SSCs, también conocidas como
espermatogonias Asingle (As) €n raton, son capaces de auto-renovarse para mantener el pool de células madre,
pero también de comenzar la diferenciacidn hacia espermatozoide. Para ello, en primer lugar, las SSCs llevan
a cabo una mitosis con citocinesis incompleta que da lugar a una cadena de espermatogonias conectadas
(Aaligned; Aat) que por divisiones sucesivas crece alcanzando las 8, 16 y, en ocasiones hasta 32 espermatogonias
en ratdn. Hasta este punto, las espermatogonias todavia se consideran indiferenciadas. Mediante sucesivas
divisiones mitdticas estas espermatogonias avanzaran hacia los estadios mas diferenciados de
espermatogonia A (A1, A2, A3 y As), espermatogonia intermedia (In) y finalmente espermatogonia B. Todas
estas divisiones de amplificacion también se producen con una citocinesis incompleta dando lugar a largas
cadenas sincitiales de células conectadas por conexiones intercelulares (Weber and Russell 1987). A
continuacion, las espermatogonias B se dividirdn e iniciaran la meiosis dando lugar a los espermatocitos
primarios. Finalmente, tras dos rondas de division meidtica se formardn las espermatidas redondas
haploides que se diferenciardn a espermatozoide maduro mediante un proceso denominado
espermiogénesis. Gracias a esta sucesion de divisiones mitdticas y meidticas, a partir de un pool reducido de
células madre se obtiene un numero muy elevado de espermatozoides (de Rooij 2001; Oatley and Brinster
2008; Fayomi and Orwig 2018). En humanos, el proceso es similar pero en este caso las espermatogonias A
se denominan Adark/Apale Y €l nimero de divisiones de amplificacion desde las SSCs hasta entrar en meiosis

es menor, lo cual se ve compensado en parte por un mayor pool de SSCs (Fayomi and Orwig 2018).

La espermatogénesis tiene lugar de manera continua e ininterrumpida en los tubulos seminiferos tanto
de humano como de raton. El proceso de maduracion completo desde espermatogonia indiferenciada hasta
espermatozoide maduro tiene una duracién de ~35 dias en ratén (72 dias en humano). Sin embargo, cada
8,6 dias (16 dias en humano) el proceso comienza de nuevo solapandose con el anterior. Las células que
inician el nuevo ciclo lo hacen en la base de los tubulos desplazando a las mas avanzadas en la diferenciacion

(procedentes de ciclos anteriores) hacia el lumen de los tdbulos. En este desplazamiento los espermatocitos
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deben atravesar las uniones estrechas existentes entre las células de Sertoli (barrera hemato-testicular) sin
alterar su integridad lo que requiere una importante reorganizacién de las mismas (Smith and Braun 2012).
Como consecuencia del solapamiento de los ciclos, en los tubulos seminiferos coexisten agrupaciones de
tipos celulares en diferentes estadios de desarrollo. Este proceso ocurre de forma altamente coordinada y
repetida en un programa conocido como ciclo del epitelio seminifero (Figura Ill). En ratdn, el andlisis de
cortes histoldgicos de tubulos seminiferos ha permitido caracterizar 12 asociaciones celulares diferentes que
determinan los estadios del ciclo epitelial seminifero (estadios I-XIl). Esta clasificacion resulta muy util en la
determinacién del estadio en el que se produce el bloqueo en los mutantes meidticos (Oakberg 1956;

Clermont 1972; Muciaccia et al. 2013; Ernst et al. 2019).
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Figura Ill. Representacion esquematica del ciclo del epitelio seminifero en ratén. Se representan las células presentes
en cada estadio, desde la base al lumen de los tubulos seminiferos. A, In y B: espermatogonia A, Intermedia y B
respectivamente. pL, L, Z, P, D: espermatocitos en preleptotena, Leptotena, Zigotena, Paquitena y Diplotena,
respectivamente. M: divisiones meidticas. 1-8: espermatidas redondas. 9-16: espermatidas alargadas.

Al igual que en la oogenesis, el inicio de la meiosis masculina en el ratén esta mediado por la acciéon del
RA (Griswold et al. 2012). Antes del nacimiento, la actividad de la enzima CYP26B1 en las células de Sertoli
inmaduras degrada el RA impidiendo su acumulacidn y, por tanto, la entrada prematura en meiosis. Tras el
nacimiento, se reprime la expresion del gen Cyp26b1 en las génadas masculinas y en respuesta a la
acumulacion de RA las espermatogonias comienzan a expresar Stra8, induciendo el inicio de la meiosis de
forma regular gracias al aumento ciclico del RA (Koubova et al. 2006; Bowles et al. 2006; Griswold 2016).
Clasicamente se ha aceptado que el balance entre la sintesis y la degradacién del RA durante el desarrollo
del sistema reproductivo determina la inducciéon de Stra8 en el momento apropiado en cada sexo lo que
produce la entrada en meiosis. Sin embargo, este modelo ha sido cuestionado dado que los ratones

deficientes para la sintesis de RA (Raldh27) presentan expresién de Stra8 en los ovarios fetales y, ademds,
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la inhibicién de CYP26B1 en testiculo induce la expresion de Stra8 pese a la ausencia de RA (Kumar et al.
2011). En base a estos resultados, se ha propuesto la existencia de algin mecanismo alternativo, todavia

desconocido, en la induccidon de la entrada en meiosis (Kumar et al. 2011; Griswold et al. 2012).

Por ultimo, cabe destacar que durante la espermatogénesis el RA es producido ademas de por las células
de Sertoli por los espermatocitos primarios en estadio de paquitena y diplotena y es esencial no solo para el
inicio de la meiosis, sino también para la diferenciaciéon de las espermatogonias (transicion A-Al), la
formacion de la barrera hematotesticular, la espermiogénesis y la espermiaciéon. Otro metabolito
fundamental para la espermatogénesis es la testosterona producida por las células de Leydig y cuya funcidn
esta relacionada con la regulacion del final de la meiosis, el establecimiento de la barrera hematotesticular

y la espermiacidn (Raverdeau et al. 2012; Jauregui et al. 2018).

3. Meiosis

La meiosis es un tipo de division celular especializada caracteristica de los organismos con reproduccion
sexual. A diferencia de la mitosis donde a partir de una célula diploide (2n) se obtienen dos células idénticas
a ella, la meiosis es una division reduccional en la cual se producen dos rondas de segregacion cromosdémica
tras una Unica replicacién del DNA generando los gametos haploides (n). Como hemos comentado
anteriormente, esta reduccion de la ploidia es esencial durante la gametogénesis para asegurar que, tras la
fertilizacién, se obtenga el zigoto diploide (2n) capaz de dar lugar a un nuevo individuo. Durante la primera
divisién meidtica se va a producir la segregaciéon de los cromosomas homélogos (materno y paterno) y en la
segunda la segregacion de las cromatidas hermanas. Mientras que la segunda division meidtica se asemeja
a la mitosis, la primera divisidon reduccional es una adquisicidn exclusiva de la meiosis. Por ello se cree que,
muy probablemente, la meiosis evolucioné a partir de la mitosis adquiriendo sus procesos caracteristicos y
diferenciales. Estos incluyen el apareamiento/sinapsis de cromosomas homélogos, la recombinacion entre
cromatidas no hermanas, la ausencia de segregacion de las cromatidas hermanas durante la primera divisidon
meidtica y, por ultimo, la ausencia de replicacion del DNA previa a la segunda division meidtica (Wilkins and

Holliday 2009).

3.1.Profase |

Tras la replicacidon del DNA comienza la profase | meiética, la etapa de mayor duracién de la meiosis y en
la que se producen muchos de sus eventos caracteristicos como son la formacion de roturas de doble hebra
(DSBs, Double Strand Breaks) programadas y su reparacion por recombinacion homologa, el apareamiento
y sinapsis de los cromosomas homdlogos para formar los bivalentes, asi como el remodelamiento de estos
bivalentes. El objetivo principal de esta fase es establecer uniones fisicas (quiasmas) entre los homdlogos a
través de la reparaciéon por recombinacién homdloga de las roturas del DNA usando como molde el
cromosoma homologo. Estas uniones son esenciales para asegurar la correcta segregacion durante la

primera divisidn meidtica y evitar la formacidon de gametos aneuploides.

La profase | puede dividirse en cinco fases distinguibles citolégicamente atendiendo al comportamiento
de los cromosomas y el grado de ensamblaje del complejo sinaptonémico (SC, Synaptonemal Complex)

(Figura VI). El SC es un complejo proteico especifico de la meiosis que se forma entre los cromosomas
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homdlogos manteniéndolos fisicamente unidos (sinapsis) y actuando como andamiaje sobre el cual ocurre
la recombinacidn meidtica. El SC presenta una estructura tripartita compuesta por dos elementos axiales
paralelos (AEs, Axial Elements) y un elemento central (CE, Central Element) unidos por filamentos
transversales (TFs, Transverse Filaments). Una vez establecida la sinapsis los AEs pasan a denominarse
elementos laterales (LEs, Lateral Elements). Esta estructura se encuentra altamente conservada en los
organismos con reproduccion sexual (Gillies 1975; Fraune et al. 2015). En mamiferos se han identificado 8
proteinas del SC hasta la fecha: SYCP2 y SYCP3 en los LEs, SYCP1 en los TFs y SYCE1/2/3, TEX12 y SIX60S1 en
el CE; esta ultima recientemente identificada y caracterizada en nuestro laboratorio (Meuwissen et al. 1992;
Lammers et al. 1994; Offenberg et al. 1998; Costa et al. 2005; Hamer et al. 2006; Schramm et al. 2011,
Gomez-H et al. 2016). Mediante inmunofluorescencia con anticuerpos frente a estas proteinas
(principalmente de los AEs/LEs) es posible seguir la progresidon de la meiosis e identificar con facilidad los
distintos estadios de la profase I: leptotena, zigotena, paquitena, diplotena y diacinesis (Figura VI) (Bolcun-

Filas and Schimenti 2012; Bolcun-Filas and Handel 2018).
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Figura IV. Representacion esquematica de los eventos de la profase | en el contexto del SC y la evolucion de los RNs a
lo largo de la misma. Adaptado de (Bolcun-Filas and Handel 2018).

Al inicio de la profase I, en leptotena, el DNA comienza a condensarse en forma de bucles y los AEs
empiezan a ensamblarse simultdneamente con los complejos de cohesinas, formando los ejes cromosdmicos
(Figura IV). Estos ejes son los encargados de mantener las cromatidas hermanas unidas y participan en la
formacién de los loops en la cromatina sirviendo como puntos de anclaje. Los complejos de cohesinas son

estructuras proteicas en forma de anillo que abrazan las cromatidas hermanas manteniéndolas unidas
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(cohesion) y son esenciales para el ensamblaje de los AEs, la reparacién de DSBs y la recombinacidn meidtica
(Bannister et al. 2004; Novak et al. 2008; Herran et al. 2011; Llano et al. 2012). En este estadio, los AEs y los
complejos de cohesinas se ensamblan en pequefios fragmentos que van alargandose mientras las células
progresan hacia el siguiente estadio. Ademas, durante leptotena se generan DSBs programadas en el DNA

de los meiocitos por accidn de la topoisomerasa SPO11 (Figura IV) (Keeney et al. 1997; Baudat et al. 2000).

La formacion de las DSBs determina el comienzo de la recombinacién meiética (explicada en detalle en
la seccidn 4). Para que esta se produzca los cromosomas deben reconocer a su homodlogo y aparearse para
a continuacion, establecer una unién intima entre si, la sinapsis. Aunque existe apareamiento previo a la
formacién de DSBs, en la mayoria de los organismos, incluido el raton, la formacidon de las DSBs es
fundamental para el apareamiento y la sinapsis (Boateng et al. 2013). De hecho, en ausencia de SPO11 los
cromosomas no aparean correctamente y se produce una sinapsis aberrante entre cromosomas no
homdlogos (Baudat et al. 2000). Ademas, en leptotena, se producen fuertes movimientos cromosémicos y
una remodelacion de la envuelta nuclear que da lugar a la formacidon de una estructura en ramillete
denominada bouquet durante la transicidn hacia zigotena. Esta estructura es el resultado de la union de los
cromosomas a través de sus telomeros a una region muy delimitada de la envuelta nuclear (Scherthan et al.
1996; Lee et al. 2015). Todos estos eventos facilitan el apareamiento de los cromosomas homélogos vy el

comienzo de la sinapsis.

La sinapsis comienza en las regiones subteloméricas y marca el inicio de la zigotena. Durante este estadio
la sinapsis se va extendiendo gradualmente a lo largo de los ejes cromosdmicos a modo de cremallera. Para
ello, entre los AEs paralelos (LEs tras la sinapsis) se ensambla el CE que se ancla a los AEs a través de
numerosos TFs, formando la estructura tripartita caracteristica del SC (Figura IV) (Heyting 1996). El avance
de la sinapsis, ademas, se ve facilitado por la carga de proteinas de recombinacién que forman los nddulos
de recombinacién (RNs, Recombination Nodules) tempranos (Figura IV). Diferentes proteinas de
recombinacién se iran asociando a los RNs dando lugar a los RNs de transicion y determinando, hacia el final

de zigotena, cudles seguiran la via de los crossovers (CO) y cudles la de los non-crossovers (NCO).

El estadio de paquitena se caracteriza por una sinapsis completa de los cromosomas homdlogos y una
cromatina altamente condensada (Figura IV). Hacia el final de paquitena todas las DSBs han sido reparadas
y se forman los RNs tardios que median la resolucion de los intermediarios de recombinacién como CO o
NCO. La excepcion a la sinapsis completa de los homdlogos en esta fase se observa en los cromosomas
sexuales X e Y en machos. En mamiferos, estos cromosomas son muy distintos en estructura y contenido
génico y solo muestran homologia en una pequefia regidon conocida como regidn pseudoautosémica (PAR,
PseudoAutosomal Region). Esta region es la Unica capaz de sinapsar (Figura IV) y en ella es donde tiene lugar
la formacién del quiasma que asegura la correcta segregacion de los cromosomas X e Y. Como consecuencia
de la asinapsis de la mayor parte de los cromosomas sexuales se produce su inactivacion transcripcional o
silenciamiento (MSCI, Meiotic Sex Chromosome Inactivation). En leptotena la fosforilacion de la histona
H2AX (yH2AX) tiene un papel fundamental en los eventos tempranos de la reparacion de DSBs (ver seccion
4.2.1). Ademas, en paquitena existe otra oleada de fosforilacién de H2AX (mediada por ATR y BRCA1)

restringida a la cromatina de los cromosomas no sinapsados y que es la responsable del inicio la MSCI
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(Mahadevaiah et al. 2001; Turner et al. 2005). Durante el inicio de la MSCI, los cromosomas X e Y sufren
modificaciones post-traduccionales como la ubiquitinacion de la histona H2A, la desacetilacion de H3 y H4,
la dimetilacion de H3 y la sumoilacién de histonas y otros sustratos aun por identificar (Baarends et al. 1999;
Rogers et al. 2004; Khalil et al. 2004; Vigodner and Morris 2005). Todas estas modificaciones podrian
participar en el mantenimiento de la MSCI ya que se mantienen asociadas a los cromosomas sexuales
durante las divisiones meidticas y la espermiogénesis, a pesar de que en este estadio H2AX ya ha sido
defosforilada, y ponen de manifiesto la importancia de la regulacion de las modificaciones post-
traduccionales en la progresién de la meiosis. Citolégicamente, la MSCI produce una elevada condensacién
de la cromatina que da lugar a una estructura compacta, perfectamente distinguible en el nucleo, conocida

como XY body o sex body (Figura 1V) (Cloutier and Turner 2010).

Por ultimo, en diplotena el CE del SC empieza a desensamblarse (Figura IV) y se produce un
remodelamiento de los bivalentes. Este proceso, que se prolonga durante la diacinesis, incluye un aumento
de la condensacién del DNA y la localizacion en los cromosomas de proteinas implicadas en la regulacion de
la liberacion de los complejos de cohesinas durante la transicion metafase-anafase | (Marston 2015). Asi, al
final de la profase | los cromosomas estan unidos Unicamente por los quiasmas y preparados para iniciar la

primera division meidtica (Figura 1V).

3.2.Divisiones meioticas

Al finalizar la profase | meidtica se van a producir dos divisiones meidticas consecutivas que culminaran
con la formacién de los gametos haploides. La primera es una divisién reduccional donde segregan los
cromosomas homalogos. La segunda es una divisién ecuacional, similar a la mitosis, donde segregan las
cromatidas hermanas. Esta segregacion en dos pasos es posible gracias a una estricta regulacion espacio-
temporal de la liberacién de los complejos de cohesinas, asi como por el cambio de la geometria de los
cinetocoros en relacion con su orientacién a los polos del huso (mono-orientacidn vs bi-orientacion de los
cinetocoros hermanos). En la transicion metafase-anafase | solamente se van a eliminar los complejos de los
brazos cromosémicos manteniéndose los de los centrdmeros lo que permite la segregacién de los
homologos. Los complejos de cohesinas centroméricos van a mantener las cromatidas hermanas unidas
hasta la transicion metafase-anafase Il cuando seran eliminados permitiendo la segregacion de las mismas
(Llano et al. 2008; Bolcun-Filas and Handel 2018). Los errores en la segregacién cromosdmica durante estos
procesos conllevan la aparicion de aneuploidias en los gametos que pueden producir anomalias genéticas

en la descendencia (como el Sindrome de Down), abortos e infertilidad (Petronczki et al. 2003).

Esta liberacion secuencial estda mediada por dos oleadas de activacidon de Separasa, una proteasa que
corta la subunidad alpha-kleisina de los complejos de cohesinas (REC8 o RAD21L, Buonomo et al. 2000;
Kitajima et al. 2003; Kudo et al. 2009). Para asegurar la correcta segregacion durante las divisiones meidticas,
la activacion de Separasa esta estrictamente regulada por dos mecanismos de inhibicion mediados por
Securina y el complejo CDK1/Ciclina B1 (Stemmann et al. 2001; Hellmuth et al. 2015). En la primera division
meidtica, cuando los bivalentes se encuentran alineados en la placa metafasica y los cinetocoros hermanos
de cada homdlogo orientados hacia el mismo polo (orientacién sintélica o mono-orientacion), se satisface el

checkpoint de ensamblaje del uso (SAC, Splindle Assembly Checkpoint) dando lugar a la activacién de un
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macrocomplejo proteico con actividad E3 ubiquitin ligasa denominado APC/C (Anaphase promoting
complex/cyclosome). Este complejo va a ubiquitinar los inhibidores de Separasa marcandolos para su
degradacion por el proteasoma y permitiendo la activacion de Separasa (Herbert et al. 2003). Una vez activa,
Separasa va a cortar los complejos de cohesinas de los brazos cromosémicos, permitiendo la resolucion de
los quiasmas y la segregacion de los homologos. Durante esta primera activacién de Separasa los complejos
de cohesinas centroméricos deben estar protegidos para no ser cortados, evitando la segregacion de las
cromatidas hermanas. Las encargadas de esta proteccion son una familia de proteinas altamente
conservadas denominadas shugoshinas. En mamiferos, existen dos paralogos de estas proteinas: SGOL1,
esencial para el mantenimiento de la cohesién centromérica en mitosis (Kitajima et al. 2006) y SGOL2,
encargada de esta proteccidn en meiosis. En el ratén la ausencia de SGOL2 provoca infertilidad debido a una
separacidn prematura de las cromatidas hermanas durante anafase | que da lugar a la formacion de gametos

aneuploides (Lee et al. 2008b; Llano et al. 2008).

Durante la segunda division meidtica los cromosomas se alinean en la placa metafasica con cada
cinetocoro hermano orientado hacia un polo (orientacién anfitélica). La tension ejercida sobre los
centrémeros produce una redistribucion de SGOL2 del centrémero hacia los cinetocoros dejando los
complejos de cohesinas centroméricos accesibles para su corte durante la segunda activacion de Separasa
en la transicion metafase-anafase Il (Gémez et al. 2007; Lee et al. 2008b). Como resultado de este proceso

se generan los gametos haploides con una Unica copia de cada cromosoma.

En mamiferos el nUmero de gametos viables obtenidos tras la meiosis difiere entre machos y hembras.
En machos, a partir de cada espermatogonia que entra en meiosis se producen 4 gametos haploides que se
diferenciaran hacia espermatozoide maduro durante la espermiogénesis y espermiacion. Sin embargo, en
hembras solo se forma un oocito funcional tras la meiosis. Esto se debe a una elevada asimetria en las
divisiones citoplasmaticas donde el futuro dvulo (oocito fertilizable) retiene la mayor parte del citoplasma
mientras que los corpusculos polares reciben una minima cantidad del mismo (Figura I) (Bolcun-Filas and

Handel 2018).

4. Recombinacion meidtica

La recombinacién meiodtica es el proceso por el cual los cromosomas homélogos intercambian material
genético incrementando la diversidad genética en los organismos con reproduccion sexual. Durante la
profase |, este intercambio entre los cromosomas homodlogos paterno y materno genera las nuevas
combinaciones de alelos que se transmitiran a la siguiente generacion. Por tanto, este proceso juega un
papel fundamental en la evolucién de los genomas proporcionando el material de partida sobre el que
actuara la seleccidon natural (Coop and Przeworski 2007). Sin embargo, el principal objetivo de la
recombinacién meidtica es establecer las conexiones fisicas entre los homédlogos necesarias para el
apareamiento, la sinapsis y para la correcta segregacién durante la primera divisién meidtica (Hassold and

Hunt 2001).

La recombinacién meidtica puede dar lugar a la formacion de dos productos finales, los COs y los NCO.

En los NCO el intercambio de material genético entre homdlogos (conocido como conversién génica) es
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unidireccional, afecta a pequefios fragmentos y, por tanto, su aportacion a la generacién de diversidad
genética es reducida (Figura V). Al contrario, en los COs se produce un intercambio reciproco de grandes
segmentos de material genético entre los cromosomas parentales contribuyendo en gran medida a la
generacion de diversidad genética (Figura V). Ademas, como resultado de los COs se establecen las uniones
fisicas (quiasmas) que permiten la correcta segregacién de los homdlogos. Los quiasmas, junto con la
cohesion de los brazos cromosdmicos en las regiones distales a ellos, permiten la biorientacién de los
homologos y evitan la segregacion prematura ya que se oponen a la fuerza ejercida por el huso permitiendo
la estabilizacion de todas las uniones antes de la segregacion (Miyazaki and Orr-Weaver 1994; Buonomo et
al. 2000). Por su parte, los NCOs son necesarios para el apareamiento/sinapsis entre homologos durante las
primeras etapas de la profase de mamiferos (Baudat et al. 2013). Por lo tanto, la recombinacién representa
un proceso crucial durante la meiosis del cual dependen eventos tan importantes como el apareamiento, la

sinapsis y la correcta segregacidon cromosdmica.

4.1.Inicio de la recombinacion

La recombinaciéon comienza con la formacién programada de DSBs a lo largo de todo el genoma. Estas
DSBs se forman en sitios especificos denominados hotspots (puntos calientes) que, en ratén y humano, estan
determinados por la histona metiltransferasa PRDM9 (Figura V) (Baudat et al. 2010; Myers et al. 2010;
Parvanov et al. 2010). Al comienzo de leptotena, PRDM9 se une a secuencias especificas del DNA a través de
su dominio zinc finger y cataliza la trimetilacién de las lisinas 4 y 36 de la histona H3 (H3K4me3 y H3K36me3)
en los nucleosomas adyacentes (Hayashi et al. 2005; Grey et al. 2011; Powers et al. 2016). Estas marcas
epigenéticas promueven el reclutamiento de la maquinaria de formaciéon de DSBs aunque el mecanismo

preciso se desconoce.

La formacion de las DSBs meidticas esta catalizada por SPO11, una proteina con alta similitud con la
subunidad A de la DNA topoisomerasa VI (TopoVIA). En humano y ratdn existen dos isoformas de SPO11,
SPO11lay SPO11f, siendo SPO11 la responsable de la introduccidn de la mayoria de las DSBs meidticas en
leptotena. La expresion de SPOlla comienza en zigotena y es esencial para el apareamiento y la
recombinacién de los cromosomas XY en ratdn (Bellani et al. 2010; Kauppi et al. 2011). Recientemente, se
ha identificado una familia conservada de proteinas con alta similitud estructural con la subunidad B de las
topoisomerasas TopoVI (TopoVIB). En ratén, TOPOVIBL (TOPOVIB-Like) interacciona con SPO11f vy es
necesaria para la formacion de las DSBs, demostrando que la induccién de DSBs en meiosis esta catalizada
por un complejo formado al menos por SPO11 y TOPOVIBL (Figura V) (Robert et al. 2016). Ademas, existen
proteinas adicionales que participan en la formacidn de DSBs. En raton, MEI4, REC114 e IHO1 (Interactor of
HORMAD1) forman un complejo, reclutado a los ejes cromosémicos a través de HORMAD1, que interacciona
con SPO11 a través de proteinas intermediarias (Figura V). Este complejo participa en el reclutamiento de
SPO11 (y probablemente TOPOVIBL) a los ejes cromosdmicos donde se forman las DSBs (Kumar et al. 2010;

Kumar et al. 2015; Stanzione et al. 2016).

La cantidad de DSBs meidticas que se generan es dificil de cuantificar, especialmente por su caracter
transitorio. De forma general se ha utilizado el nUmero de foci formados por las recombinasas RAD51y DMC1

(ver mas adelante) como la mejor estimacidn del nimero de DSBs, encontrandose en humano y ratén entre
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200 y 400 foci por célula. La reduccién en este nUmero de DSBs provoca defectos en sinapsis, lo cual sugiere
que es necesario un nimero minimo de DSBs para el correcto apareamiento y sinapsis entre homdlogos
(Kauppi et al. 2013). Actualmente, mediante el empleo de ChIPseq se puede determinar con precision el
numero y posicion exacta de las DSBs en el genoma (Smagulova et al. 2011; Khil et al. 2012; Lange et al.

2016).

4.2.Reparacion de las DSBs

El nimero de DSBs que se forman en cada célula es muy elevado y altamente variable (~32-37% de
variacion). Sin embargo, solamente 1 de cada 10 DSBs son procesadas como COs y su numero final es
relativamente constante en todas las células (~12% de variacion) (Cole et al. 2012). Esto pone de manifiesto
la importancia de una correcta regulacion de la reparacion de las DSBs que mantenga la homeostasis en la
formacién de COs y asegure la formacion de al menos un CO por par de homdlogos, permitiendo la correcta
segregacion durante la primera division meidtica (Baudat et al. 2013). La reparacién de las DSBs se produce
por la accién de multiples proteinas de recombinacién que se ensamblan formando los RNs. Estos nddulos
estan localizados en el contexto de los ejes cromosdmicos y el SC donde se detectan como foci discretos. Los
componentes de los RNs van cambiando secuencialmente a lo largo del tiempo y en base a esta composicién
se clasifican en RNs tempranos, intermedios (o de transicidn) y tardios (Figura V) (Bolcun-Filas and Handel

2018).

4.2.1.Procesamiento de las DSBs

En leptotena, una de las primeras sefiales detectadas tras la formaciéon de las DSBs es la fosforilacidn de
la histona H2AX en la serina 139 (yH2AX) por la quinasa ATM (ataxia telangiectasia mutated), sefial que activa
la cascada de reparacién posterior (Mahadevaiah et al. 2001; Bellani et al. 2005). El primer paso en el
procesamiento de las DSBs es la liberacién de los complejos de SPO11 del DNA mediante el corte
endonucleolitico mediado por el complejo MRN (MRE11-RAD50-NBS1) (Neale et al. 2005; Zhang et al.
2020a). A continuacion, tiene lugar una reseccion 5’ 3’ que genera los extremos 3’ de ssDNA (DNA de hebra
simple, single-stranded DNA) que llevaran a cabo la busqueda de las regiones de homologia y la invasion
durante la recombinacién (Figura V). En Saccharomyces cerevisiae esta reseccion esta mediada por Exol
(zakharyevich et al. 2010) y regulada por Tell (ortélogo de ATM). En ratdn, mientras que la funciéon de ATM
esta conservada, la contribucién de EXO1 en este proceso es minima, lo que sugiere la existencia de proteinas

adicionales que actuen de forma redundante con EXO1 en la reseccién (Yamada et al. 2020).

Tras la reseccién de las DSBs, la proteina RPA (Replication Protein A) se une a los extremos 3’ libres
protegiéndolos de la degradacién y evitando la formacion de estructuras secundarias (Figura V) (Chen et al.
2013). RPA es un complejo heterotrimérico de unién a ssDNA formado por RPA1, RPA2 y RPA3 en el que
RPA1 posee la mayor afinidad por el ssDNA gracias a que posee 3 dominios de unién conocidos como OB-
folds (Oligonucleotide-binding folds) (Ribeiro et al. 2016). Seguidamente, RPA es desplazado rapidamente
por las recombinasas RAD51 (Radiation sensitive 51) y DMC1 (disrupted meiotic cDNA 1; homélogo de RAD51
especifico de meiosis), formando los RNs tempranos los cuales son detectables en leptotena como 200-400

foci discretos sobre los ejes cromosémicos (Figuras IV y V) (Barlow et al. 1997; Pittman et al. 1998; Yoshida
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et al. 1998). El intercambio de RPA por RAD51 y DMCL1 es un paso critico durante la reparacién de las DSBs
que se cree que esta mediado principalmente por BRCA2 (Breast cancer susceptibility 2) dada su interaccién
con RAD51, DMC1 y el DNA (Davies et al. 2001; Yang et al. 2002; Thorslund et al. 2007). De acuerdo con esto,
la deficiencia de BRCA2 en ratdn provoca defectos en recombinacion meidtica debido a una importante
reduccién en la carga de RAD51 y DMC1 (Sharan et al. 2004). Recientemente, mediante aproximaciones
bioquimicas se ha descrito que BRCA2 interacciona con DSS1 quien, a su vez, interacciona con RPA
reduciendo su afinidad por el ssDNA y postuldandose como un factor crucial en el remplazamiento de RPA
por RAD51 durante la recombinacion homadloga (Zhao et al. 2015). Sin embargo, su funcién en meiosis no ha
sido abordada. También se ha descrito interaccion de RAD51 con BRCA1 en células mitdticas y meidticas
(Scully et al. 1997) y su deficiencia en ratén produce defectos en la recombinacion meidtica como
consecuencia de la reduccién de la carga de RAD51 (Xu et al. 2003). Por ultimo, la ausencia de TEX15 (Testis
expressed sequence 15) en ratén suprime la carga de las recombinasas en la espermatogénesis (Yang et al.
2008) siendo, por tanto, al menos tres los factores conocidos que participan en la carga de las recombinasas

tras la formacién de DSBs (Figura V).

PRDM9
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Figura V. Representacion esquematica de la ruta de recombinacion meiética en mamiferos. dHJ: uniones dobles de
Holliday. sHJ: uniones simples de Holliday. SDSA: anillamiento de hebra dependiente de sintesis.

4.2.2.Invasiéon del cromosoma homadlogo

Los nucleofilamentos cubiertos por RAD51 y DMC1 son los encargados de la busqueda de homologia y la
invasion del cromosoma homologo produciendo el desplazamiento de la hebra y generando una estructura
conocida como D-loop (Figura V). Mediante el empleo de ChIP-Seq in vivo se han localizado con precisién los

sitios de uniéon de RAD51, DMC1 y RPA determinandose que, en realidad, RAD51 y DMC1 tienen una
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localizacidn no solapante en los extremos de ssDNA durante la meiosis. DMC1 se une en las regiones
préximas a la rotura y RAD51 se encuentra localizado en las mas alejadas (Figura V). Ademas, en las regiones
de los D-loops donde RPA se carga de nuevo, DMC1 co-localiza mejor con RPA que RAD51 sugiriendo que
DMC1 seria la recombinasa bona fide que llevaria a cabo la invasion del cromosoma homoélogo (Hinch et al.

2020).

La busqueda de homologia y la invasién mediada por RAD51 y DMCL1 facilita que los homdlogos se
encuentren e interaccionen. Estas interacciones son posteriormente estabilizadas por la carga de las
proteinas del SC durante la sinapsis en zigotena. A medida que los homdlogos van sinapsando, RAD51 y
DMC1 son reemplazadas por los componentes de los RNs intermedios, encargados del procesamiento de los
intermediarios de recombinacién hacia la via de los COs o NCOs (Figura IV). Asi, tras la invasién de la hebra
y la formacién de los D-loops, se produce la elongacién del extremo 3’ usando una hebra del cromosoma
homodlogo como molde. La hebra que no actia como molde se conoce como hebra desplazada y en los D-
loops se encuentra en forma de ssDNA (Figura V). Ademas, en el segundo extremo de las DSBs, es decir,
aquel que ha sido reseccionado pero no ha llevado a cabo la invasidn, también existe una regién de ssDNA.
Ambas regiones son protegidas por RPA junto con otras dos proteinas recientemente descritas que forman
complejo entre si e interaccionan con RPA, que son MEIOB (Meiosis specific with OB domains) y SPATA22
(Spermatogenesis Asociated 22). Este trimero ademds de participar en la proteccidon del ssDNA tras la
reseccion, media la captura del segundo extremo por parte del homdlogo, evento fundamental para la
formacién de las dobles uniones de Holliday (dHJ, Double Holliday Junctions) en la via de los COs (Figura V)

(La Salle et al. 2012; Luo et al. 2013; Xu et al. 2017).

4.2.3.Procesamiento de los intermediarios de recombinacién

Ademas de RPA, MEIOB y SPATA22, un elevado numero de proteinas estan implicadas en la
estabilizacion/procesamiento de los intermediarios de recombinacién y en la regulacion del destino final de
las DSBs (CO o NCO). Entre ellas destacan BLM, TEX11, CNTD1, RNF212, HEI10 (también conocido como
CCNB1IP1) y el complejo MSH4/MHS5 (complejo MutSy, Figura V). Mientras que los pasos iniciales de la
recombinacién meidtica y la formacion de COs estan bien caracterizados, el conocimiento de los pasos
intermedios esta limitado en gran parte por la naturaleza dindmica los mismos y el caracter transitorio de
los intermediarios de recombinacion que se forman (Baudat et al. 2013; Hinch et al. 2020). En este dmbito,
se ha postulado recientemente que la sumoilacion y ubiquitinacidn tienen funciones antagodnicas esenciales
en la regulacidn y control de estos procesos (Rao et al. 2017). Estas modificaciones post-traduccionales se
localizan en el contexto del SC en zigotena y paquitena donde son introducidas por E3 ligasas como RNF212
(E3-SUMO ligasa) y HEI10 (E3 Ubiquitin-ligasa) (Toby et al. 2003; Reynolds et al. 2013). Se ha propuesto que
estas proteinas establecen un balance entre SUMO y Ubiquitina encargado de regular la renovacion de
proteinas de los RNs intermedios como el complejo MutSy y TEX11 modulando la tasa de recombinacion.
Mientras RNF212 estabilizaria los RNs promoviendo su maduracién hacia COs, la accion de HEI10 y el
proteasoma los desestabilizaria promoviendo los NCOs (Qiao et al. 2014; Rao et al. 2017). Por tanto, la
correcta regulacidn de la ubiquitinacidn y la sumoilacion seria esencial para el éxito de la recombinacion

meidtica.
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4.2.4.Resolucion de los intermediarios de recombinacion

Por ultimo, el evento final de la recombinacion meidtica es la resolucién de los intermediarios de
recombinacién como CO o NCO. En la via preferencial de formacion de NCO el D-loop vuelve a anillar con su
cromatida hermana y la hebra que invade conecta de nuevo con el segundo extremo perteneciente a su
mismo cromosoma (Figura V). Este proceso se conoce como anillamiento de hebra dependiente de sintesis
(SDSA, Synthesis Dependent Strand Annealing) y se produce en la mayor parte de las DSBs. En ocasiones, los
NCO también pueden producirse por una disolucién de las dHJ (Youds and Boulton 2011; Baudat et al. 2013).
Los COs se generan por la resolucidn de las uniones de Holliday pudiendo producirse por dos mecanismos.
En el primero y mayoritario, los COs se generan por la resolucién de dHJ estando sujetos a un fenémeno de
interferencia positiva (COs clase ). En ratdn, esta via estda mediada por las proteinas mismatch repair
MLH1/MLH3 (complejo MutLy) y EXO1 (Figura V)(Edelmann et al. 1996; Baker et al. 1996; Lipkin et al. 2002;
Wei et al. 2003). El segundo mecanismo supone la formacion y resolucidén de uniones de Holliday simples
(sHJ, Single Holliday Junctions) y estos CO no se ven sujetos al fendmeno interferencia (COs clase Il). La
resolucion por esta via estd mediada por MUS81 y solo ocurre en el 10% de los COs (Figura V) (Holloway et
al. 2008). Finalmente, en paquitena, todas las DSBs han sido reparadas y los intermediarios de recombinacién
han sido resueltos asegurando la existencia de al menos un CO por bivalente. Como se ha comentado
anteriormente, la correcta regulacion espacio-temporal de todos los elementos de esta ruta es esencial para
el mantenimiento de la homeostasis de los COs que asegure una la correcta segregacion durante metafase |

y evite la aparicidn de aneuploidias, abortos e infertilidad (Petronczki et al. 2003; Baudat et al. 2013).
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Objetivos

Descifrar las causas de la infertilidad humana es de gran importancia dado que una elevada fraccién de
sus diagndsticos son idiopdaticos con una base genética aun desconocida. Dada la imposibilidad de estudiar
la gametogénesis en humanos, el empleo del ratdn como modelo experimental representa la mejor
aproximacion para profundizar en este proceso. El presente trabajo aborda la identificacién y caracterizacién
funcional de dos genes candidatos de infertilidad humana mediante la generacidn y el analisis de modelos
murinos. Esta aproximacién, no solo permite establecer relaciones causales directas entre las variantes
génicas y la infertilidad, sino que ademas profundiza en los procesos bioldgicos que gobiernan Ia
gametogénesis. En base a ello, los objetivos concretos que nos planteamos en este trabajo fueron los

siguientes:

1. Anadlisis funcional de la desubiquitinasa USP26 en la gametogénesis de ratdon y su relacién con la

infertilidad masculina.

2. Identificacion y caracterizacion de la causa genética subyacente a la insuficiencia ovarica primaria

presente en un pedigri familiar.

a. Validacion de la variante S167L en HSF2BP como causante de la infertilidad familiar.

b. Diseccidn genética del mecanismo molecular de actuacién de HSF2BP.
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Material y métodos

1. Modelos murinos
1.1. Bienestar animal

Los ratones fueron estabulados siguiendo las regulaciones establecidas por la Unién Europea para el
Servicio de Experimentacion Animal (SEA) de la Universidad de Salamanca (USAL). Asi, la estabulacion se ha
llevado a cabo en una instalacion libre de patdgenos especificos (specific-pathogen free, SPF) y con
temperatura controlada, utilizando jaulas con ventilacion individual, dieta estandar y un ciclo de luz-
oscuridad de 12 horas. Los protocolos utilizados en el trabajo con ratones han sido aprobados por el Comité
Etico de Experimentacién Animal de la USAL. Siguiendo el principio de “Las tres Rs: reemplazar, reducir y
refinar”, todos los esfuerzos se han dirigido a reducir el nimero de animales empleados, minimizar el

sufrimiento y mejorar el bienestar de estos.

1.2. Generacion de ratones modificados genéticamente mediante CRISPR/Cas9

Durante el desarrollo de esta tesis la tecnologia CRISPR/Cas9 ha surgido como una potente alternativa a
los métodos clasicos de generacion de ratones modificados genéticamente como el gene targeting. Esta
tecnologia de edicidn del genoma tiene dos componentes principales: por un lado, una endonucleasa (Cas9),
encargada de generar roturas dirigidas en el DNA. El otro componente son los RNAs guia (guias o sgRNAs)
encargados de dirigir a la Cas9 de manera especifica a su diana en el genoma. Una vez generadas, estas
roturas pueden repararse mediante reparacion de extremos no homélogos (NHEJ). Este es un mecanismo
con alta tendencia a cometer errores, pudiendo generar inserciones o deleciones inespecificas que den lugar
a alelos mutantes. De manera alternativa, si afladimos al sistema un molde para la reparacion, podemos
generar inserciones, deleciones o mutaciones puntuales muy concretas. Este molde normalmente consiste
en un DNA donador de hebra simple (single-stranded donor oligonucleotide-ssODN) que contiene las
mutaciones a introducir flanqueadas por brazos de homologia colindantes a la zona diana para favorecer la
reparacion por recombinacion homadloga, un mecanismo de reparacion de alta fidelidad (Yang et al. 2014).
Los modelos Usp262Y/2t, Usp26©tCat  HsfappSI67US167L  Hefapp-, Brmel 42472/A142-472 - Brme]/, Spo117,

Rnf2127 and Heil107- empleados en esta tesis han sido generados utilizando esta tecnologia.

1.2.1.Disefio de sgRNAs

Los sgRNAs o RNAs guia realmente estan formados por dos componentes, ambos imprescindibles: los
RNAs CRISPR (crRNAs) y los crRNAs trans-activadores (tracrRNA). Los crRNAs son los responsables de la
especificidad y los tracrRNAs intervienen en el procesamiento de los crRNAs actuando como andamiaje para
la unidon de ambos RNAs a la Cas9 y de este complejo al DNA para producir el corte dirigido (Wang et al.
2016). Por lo tanto, la parte a disefiar en cada modelo sera el crRNA mientras que la secuencia del tracrRNA
sera siempre la misma. Desde la primera descripcion del sistema CRISPR/Cas9 como herramienta de biologia
molecular (Jinek et al. 2012) hasta el dia de hoy, el sistema ha sufrido una gran evolucidn, apareciendo
diferentes herramientas de disefio que han ido mejorando las ya existentes. En este sentido, para el disefio

de nuestros crRNAs, hemos utilizado dos herramientas:
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- En primer lugar, el servidor crispr.mit.edu desarrollado por el Zhang Lab (Massachusetts Institute of
Technology, MIT). Posteriormente, ellos mismos cerraron el servidor y recomendaron utilizar las
nuevas y mejoradas fuentes.

- Desde ese momento el disefio se ha realizado wusando el servidor de IDT

(https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM).

Los crRNAs utilizados para los distintos modelos estan agrupados en la Tabla I.

Tabla I. Lista de los crRNAs utilizados para la generacion de los diferentes modelos de ratén. generados.

Modelo crRNA ID Secuencia
Usp2621 1 sgRNA1 5’- TGGCCGAATACTACCTTGAG -3’
sgRNA2 5’- GTGAGCCTAGCACAAGTGCAC-3’
Usp26ca‘ Jcat sgRNA3 5- AGGTGTTTCCCACATTAGGC-3’
sgRNA4 5’- ATTAATGATTTATTCAACCA-3’
Hsf2bp5167L /s167L sgRNA1 5’-TCACAAAACTCTCCATCGTC-3’
sgRNA2 5-ATTGGATGGGGATGTCAAGG-3’
Hsf2bp" /. sgRNA1 5’-TCACAAAACTCTCCATCGTC-3’
sgRNA2 5-ATTGGATGGGGATGTCAAGG-3’
Brme 1014472/ 8142472 sgRNA3 5’-AACCTCAGGGACTCTCTCTG-3'
sgRNA4 5’-GAAGTCTAGTTCCATTGCTG-3’
Brmel’ sgRNA3 5’-AACCTCAGGGACTCTCTCTG-3'
Spoll /. sgRNAS 5’-TATGTCTCTATGCAGATGCA-3’
sgRNAG6 5’- ACACTGACAGCCAGCTCTTT-3’
Rnf212 /. sgRNA7 5’- ACCCACGTGAGACTCGCGCG-3’
sgRNAS8 5’- CCTCAAAGGTCCGCGTATTC-3’
Hei10™ sgRNA9 5’- GAAAGGGTACTGTTGCAAGC-3’

1.2.2.0btencién de sgRNAs, Cas9 y ssODNs.

También la manera de obtener los distintos componentes del sistema CRISPR/Cas9 ha ido evolucionando
con el tiempo. En nuestro caso, inicialmente los sgRNAs se produjeron mediante anillamiento de

oligonucleétidos complementarios que codifican para los crRNAs (Figura VI).

5’- CACCGI\III\IINNNNNNNNNNNNNNNNN -3
3’-CNNNNNNNNNNNNNNNNNNNCAAA-5’

Figura VI. Esquema representativo de los oligonucledtidos anillados para generar el crRNA. En negrita aparecen los
extremos compatibles para clonar el fragmento en el vector pX330 digerido con Bbsl y en azul las bases correspondientes
a la secuencia especifica de cada crRNA. La Guanina inicial en rojo (y su Citosina complementaria) aumenta la eficiencia
de transcripcion del RNA por parte de la RNA Pol I. De no existir en la propia secuencia del crRNA es recomendable
afiadirla. No afecta a la especificidad del sgRNA.
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A continuacidn, estos oligonucledtidos anillados fueron clonados en el vector pX330 (#42230; Addgene)
digerido con la enzima Bbsl. Este vector lleva tras el sitio Bbsl la secuencia del tracrRNA (Figura VII). A partir
de este vector se amplificaron productos de PCR (Polymerase Chain Reaction) que contienen la secuencia
del promotor T7 seguida del cr y el tracrRNA. Los primers utilizados son:

- T7-sgRNA-S: TAATACGACTCACTATAGGNNNNNNNNNNNNNNNNNNNN donde la zona subrayada

corresponde al promotor T7, comun para todos los disefios, y las N la secuencia correspondiente a
cada crRNA.

- T7-sgRNA-AS: AAAAGCACCGACTCGGTGCC.

Estos productos se purificaron en columna (NZYGelpure, MB011, NZYTech) y fueron transcritos in vitro
usando el Kit MEGAshortscript T7 Transcription (AM1354; Invitrogen). Para obtener el mMRNA de la Cas9 se
utilizé el pldsmido pST1374-NLS-flag-linker-Cas9 (#44758; Addgene) linearizado con Agel. La transcripcion in
vitro y el capping se llevaron a cabo usando el Kit mMMESSAGE mMACHINE T7 Transcription (AM1345;
Invitrogen). Los productos se purificaron usando el Kit RNeasy Mini (74106; Qiagen) estando asi listos para
su uso. Los ssODNs utilizados fueron producidos mediante sintesis quimica por IDT.

{1..25) huU6 promoter-px330-S ‘BbsI (245)
BbsI (267)

__—T7 sgRNA AS (328 .. 347)

2. A
.-}‘_) ~

Iee
R

Powg.d \J‘.}'Je"Q

Figura VII. Mapa del vector pX330. La flecha azul
corresponde al tracrRNA. Los sitios de corte de la enzima
Bbsl marcan el sitio donde se introduciran los
oligonucledtidos anillados que codifican para el crRNA. El
primer hU6 promoter-px330-S es el utilizado para validar
por secuenciacion la presencia del crRNA. Elaborado con
SnapGene.

Desde 2017, todos los componentes del sistema CRISPR/Cas9 (crRNAs, tracrRNAs, ssODNs y la proteina
Cas9) son fabricados por sintesis quimica por IDT. En este caso el crRNA y el tracrRNA son sintetizados por
separado y deben ser anillados por complementariedad antes de ser utilizados. Para ello cantidades
equimolares de ambas moléculas se hierven 5 minutos a 952C para, a continuacion, someterlas a una rampa
descendiente de temperatura hasta alcanzar la temperatura ambiente. Los ssODNs utilizados para los

distintos modelos estan recogidos en la Tabla Il.
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1.2.3.Microinyeccion del sistema CRISPR/Cas9 en zigotos

Para la microinyeccion se preparé una mezcla de los diferentes componentes en las siguientes
concentraciones:

- Microinyeccion de RNAs procedentes de transcripcion in vitro: 50-100 ng/ul de Cas9, 30ng/ul de
cada sgRNA (cr+tracrRNA sintetizados como una unica molécula) y 30 ng/pl de ssODN en los casos
que se requiriera.

- Microinyeccion de RNAs y proteina sintéticos: 30 ng/ul de Cas9 recombinante, 20ng/ul de cada

sgRNA anillado y 10ng/pl de ssODN en los casos que se requiriera.

Esta mezcla fue microinyectada en zigotos B6/CBA F2 (hibridos entre cepas C57BL/6J y CBA/J) como se
ha descrito previamente (Singh et al. 2015). Este procedimiento fue llevado a cabo por la Unidad de

Transgénicos de la Universidad de Salamanca.

Tabla Il. Lista de los ssODNs utilizados para la generacidn de los diferentes modelos de ratén generados. Las letras en
rojo representan las mutaciones puntuales deseadas en los diferentes modelos. En negrita se resaltan las mutaciones
introducidas para eliminar las secuencias PAM. Con esto, sin alterar la secuencia proteica, se evita que el sistema
CRISPR/Cas9 vuelva a cortar una vez que se han introducido las mutaciones deseadas.

Modelo Secuencia ssODN

5’ CTTTGGAAAGATGTGACAGTTCTATCTTTTTTATCTTTCAGGACAAAGCATTGAAGTT
TTTCAACATAACTGGACAGACGATGGAGAGTTTTGTGAAGTTATTGGATGGGGATGT
CAAGGAAGTTGATTCTGATGAAAATCAATTTGTCTTTGCACTGGCTGGAATTGTAACA
AGTAGGTAACTTTTCAGATACAGCGCT3’
5'CTTCAGAGTGCTTGCTTATTGAAGGCCAGGACTGAATCTTCTTTTTCCACAGGAAAC

Brme1 2142472/ AAGGCCAGAGCTGGGAGCCCTCAAAGCAGCCAGCCAGCCACAGGCAATGGAACTAG

8142-472 ACTTCCTGCCTGACAGCCAGATACAGGATGCCCTGGATGCCACTAACATGGAGCAGGT

AAGAGCTTTCTGTACTCAAATGTACACCC3’
5'GTTTCCTGCGGTATGTGTTCTCTGCCGTGGTCTGTGTTTGTCACCGTCCAGGAGCAA
TGCTCATTCTGTGTTGAGCTTGCATCTGCATAGAGACATATTCTTCACTGACAGCCAGC
TCTTTGGCAACCAGGCTGCGGTGGACAGCGCCATCGATGACATTTCCTGTATGCTGAA
AGTGCCCAGGAGGAGTCTGCACGTGG3'

HSbep5167L/5167L

Spo11”-

1.2.4.Caracterizacion de los fundadores y establecimiento final de las lineas

Los ratones fundadores con la edicion deseada se identificaron mediante PCR con primers flanqueando
la region editada (los primers de genotipado estan recogidos en la Tabla Ill). Los productos de PCR se
secuenciaron directamente o se subclonaron en el plasmido pBlueScript (Stratagene) para posteriormente
secuenciarlos mediante secuenciacion Sanger. Los fundadores seleccionados se cruzaron con ratones
silvestres (WT, Wild-Type) C57BL/6) para eliminar los off-targets no deseados. Posteriormente, los
descendientes heterocigotos fueron secuenciados de nuevo y cruzados para generar los homocigotos
editados. El genotipado se llevd a cabo mediante analisis en geles de agarosa y secuenciacién Sanger, en los
casos necesarios (mutantes puntuales), de los productos de PCR obtenidos de DNA gendmico extraido de

biopsias de cola (ver secciones 2.1.1y 2.2).
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Tabla lll. Primers y tamafio de amplicon esperado en el genotipado por PCR de cada modelo.

Modelo Primer Secuencia Tamaiio (bp)
F1 5'- TCCTTCAAACCTATGGCGAAGA -3’
Usp262121 Alelo WT: 411
R1 5- AAGGTTGATGAGGATGGAAGCA -3’ Alelo 21: 307
F2 5'- TTCTCCAGTTCTGTTGGAAACACAC -3’ ,
Usp26caca Alelo WT: 259
R2 5'- TTTCAAAACAAGCAGTTGCATCA -3’ Alelo Cat: 173
Hsf2bp" F1 5 TTCTTTGGAAAGATGTGACAGTTC-3’ Alelos WT and S167L: 383
Hsf2bpS1e7/5167t R1 5-ACCTGGGTTTCCTTTAGATCAGTTA-3' Alelo KO: 355
F2 5'-GAAAGTTCTTCAGAGTGCTTGCT-3' Alelo WT: 1228
0142-472/ .
Brmel R2 5’-AGCCCTATCTTGTCACCTAAAG-3’ Alelo A: 235
0A142-472
F3 5'-CCCAGCAGATGCCTCTCTTAT-3’ Alelo WT: 150
R3 5'-CTCAGCAGAGTTCCAATGCAG-3’ Alelo A: No amplifica
F2 5'-GAAAGTTCTTCAGAGTGCTTGCT-3’ Alelo WT: 646
Brmel '
R3 5'-CTCAGCAGAGTTCCAATGCAG-3’ Alelo KO: 606
F4 5'- AGAGCCCCCAGTGCTCTTAAC-3’ Alelo WT: 416
Spol1-
R4 5'- GGCAGACCCCTCTACCTCTGT-3’ Alelo KO: 417
F5 5 TTTCTTTGCCTCCGTACTTTTGG-3’ Alelo WT: 557
Rnf212"/-
RS 5'- CCCAGGCTTTACTTCAACAACAA -3’ Alelo KO: 415
o F6 5’- CTGCCTGTTCTCACATCTTC-3’ Alelo WT: 100
Heil0/-
R6 5'- AGCTTTCCAGAAAGGGTACTG -3’ Alelo KO: 96

1.3. Modelos murinos generados como herramienta en esta tesis

Los modelos nulos para Rnf212, Heil0 y Spoll ya han sido generados y caracterizados en trabajos
anteriores y no son objeto de estudio de la presente tesis. Sin embargo, teniendo en cuenta la experiencia
de nuestro laboratorio en la generacién de modelos mutantes mediante CRISPR/Cas9, decidimos generar
nuestros propios modelos Rnf2127, Heil07" y Spo11” por dos motivos. El primero es tratar de trabajar
siempre con animales que tengan el mismo fondo genético y el segundo evitar los procedimientos de
rederivacién indispensables para la introduccién de nuevos animales en el animalario del SEA de la
Universidad de Salamanca. Los mutantes para Rnf212, Heil0 y Spo11 se describen por primera vez en este
trabajo (Figura VIII) y han sido validados comparando sus fenotipos (arresto meidtico, defectos en sinapsis,

alteraciones moleculares, etc.) con los de los mutantes ya publicados (Baudat et al. 2000; Qiao et al. 2014).
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Figura VIIl. Generacién y caracterizacion de los mutantes Spo1l”/-, Rnf212/- y Heil0/-. (a-c) Representacién
esquematica de los locus murinos Spol1, Rnf212 y HeilO y la estrategia de edicion gendmica seguida en cada caso.
Cuadros grises: exones codificantes; cuadros blancos: no codificantes. Las lineas gruesas (secuencias codificantes) y finas
(no codificantes) localizadas bajo los exones indican la transcripcién esperada desde el alelo WT y los alelos nulos. ATG,
coddn de inicio, TGA/TAAy *, codones de stop. Flechas: primers de genotipado (F y R). (a) El cromatograma muestra la
secuencia de la regidn editada en ratones WT y Spo117-. Panel de la derecha: doble IF de SYCP3 y SYCP1 mostrando un
bloqueo en zigotena-like con sinapsis entre no homélogos en los ratones Spo117-, fenotipo previamente descrito para
estos mutantes (Baudat et al. 2000). (b-c) Paneles de la derecha: doble IFs de SYCP3 con RNF212 o HEI10 en los mutantes
(b) Rnf212--y (c) Hei10/- mostrando la ausencia de la proteina mutada en cada caso (demostracidon de que son alelos
nulos) y una localizacidn aberrante de (b) HEI10 y (c) RNF212 como se ha descrito previamente para estos mutantes

(Qiao et al. 2014).
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1.4.0tros modelos

El modelo mutante para Rec8 ha sido descrito previamente (Bannister et al. 2004). Los modelos knockout
para Six6osl and Psma8 han sido desarrollados durante la presente tesis y han sido descritos en las

siguientes publicaciones (Gomez-H et al. 2016; Gomez-H et al. 2019).

2. Técnicas de Biologia Molecular
2.1.Extraccion de DNA gendmico

2.1.1.Extraccién por lisis alcalina

Se tomaron fragmentos de colas de unos 2 mm de longitud de ratones de 21 dias post-parto (dpp) y se
incubaron en 600 pl de NaOH 50 mM durante 30 minutos a 952C. A continuacidn, los fragmentos se
disgregaron mediante vortex y se neutraliz6 el NaOH con 50 pl de Tris-HCI 1M pH 8,8. Este DNA genémico

se utilizd como molde para el genotipado de ratones por PCR.

2.1.2.Extraccién con fenol/cloroformo

Este método de extraccidon permite obtener una mayor pureza de DNA eliminando un alto porcentaje de
proteinas y polisacdridos. Para llevarlo a cabo se incubaron los fragmentos de cola de ratén en 500 ul de
buffer de lisis (0,1 M Tris-HCl pH 7,4, 0,1 M EDTA, 0,5% SDS) suplementado con 0,6 mg/ml de Proteinasa K
(Roche) a 552C durante 12-20 horas. Al DNA solubilizado se le afiadieron 200 pl de fenol y 200 pl de
cloroformo:alcohol isoamilico (24:1), se mezcld por inversidn y se centrifugd 5 min a 13000 rpm. La fase
acuosa superior que contiene el DNA se recogié y el DNA se precipitd afiadiendo 200 pl de acetato amdnico
7,5 My 700 pl de isopropanol (0,4 y 1,4 volimenes, respectivamente). A continuacién, el DNA se lavé con
500 pl de etanol 70%. Una vez retirado el etanol, se dejé evaporar completamente y el DNA se resuspendié

en TE 1x.

2.2.Genotipado por PCR

El genotipado de ratones se llevd a cabo mediante amplificacion por PCR. Los primers se disefiaron
flanqueando la regién editada del gen de interés. La puesta a punto de las condiciones de reaccién se hizo
en base al protocolo de la casa comercial de la Tag DNA polimerasa (NZYTaq Il DNA polymerase, NZYTech).
1,5 pl de DNA (< 0,1pg), extraido mediante lisis alcalina de biopsias de cola, se utilizd6 como molde en una
mezcla que contenia 0,4 uM de cada primer, 200 uM de dNTPs (desoxiribonucleétidos trifosfato), Buffer
polimerasa 1x y 0,75 unidades de Taqg polimerasa en un volumen final de 25 pl. La reaccién se llevd a cabo
en un termociclador Veriti (Thermo Fisher). Las condiciones de PCR varian en funcion del tamafo del
amplicén y de los primers utilizados (ver Tabla Ill). Sin embargo, existen ciertas condiciones comunes:
desnaturalizacion inicial de 2 min a 949C; 35 ciclos de i) desnaturalizacion: 20 seg a 949C, ii) anillamiento: 20
seg a 55-682C en funcion de los primers utilizados, iii) elongacion: a 722C y tiempo de 1 min por kb a
amplificar; una elongacion final de 5 min a 729C. Los productos de PCR se analizaron por electroforesis en

geles de agarosa y se secuenciaron en los casos necesarios (mutantes puntuales).
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2.3.Generacion de vectores de expresion

Con el fin de obtener proteinas fusionadas con diferentes epitopos (Flag, EGFP, HA o Myc) para los
diferentes experimentos en los que se requieren, se clonaron los cDNAs completos o truncados de las

proteinas de interés en diferentes vectores de expresion eucariota.

2.3.1.Extraccion de RNA

Se colocaron 100 mg del tejido de partida en un tubo Eppendorf de 2 ml con 750 pl de GIT (tiocianato de
guanidinio 4M, citrato de sodio 25mM, sodio lauril sarcosinato 0,5% (w/v) y B-mercaptoetanol 0,1M). El
tejido fue disgregado con un homogeneizador Polytron (IKA T10 basic, UltraTurrax). A continuacion, se
afiadieron 0,1 volumenes de acetato de sodio 2 M pH 4,0, 1 volumen de fenol equilibrado con H20, 0,4
volimenes de cloroformo:alcohol isoamilico (24:1) mezclando fuertemente con vortex tras cada solucidn
afiadida. Esta mezcla se incubd 15 min a temperatura ambiente (RT, room temperature) y se centrifugd a
13000 rpm durante 15 min a 49C. La fase acuosa superior que contiene el RNA se transfirié a un nuevo tubo
y el RNA se precipit6 afiadiendo 1 volumen de isopropanol y centrifugando de nuevo 15 min a 13000 rpmy
49C. El pellet de RNA se lavé dos veces con etanol 70% y se dejé secar al aire. Finalmente, el RNA se
resuspendié en H20 MilliQ y se cuantificd midiendo la absorbancia a 260 nm con NanoDrop (Thermo

Scientific) o Qubit (Thermo Scientific).

2.3.2.Transcripcion reversa-PCR (RT-PCR)

El cDNA total de testiculo fue producido mediante retrotranscripcion a partir de 5 pug de RNA total usando
oligonucledtido(dT) y siguiendo el protocolo del Kit SuperScript® Il Reverse Transcriptase (Invitrogen). Este
cDNA se utiliz6 como molde para amplificar por PCR los cDNAs de interés usando oligonucledtidos
especificos y las polimerasas Phusion High-Fidelity (ThermoFisher) o Expand Long polymerase (Roche) para
los amplicones de gran tamanio. Para ello se afiadieron 2 ul de cDNA total en un mix formado por 0,4 uM de
cada primer, 200 uM dNTPs, 1x buffer polimerasa y la polimerasa adecuada (0,8 U Phusion, 3,5 U Expand
Long) en un volumen total de 50 pl. Las condiciones estandar de PCR fueron: una desnaturalizacion inicial de
2 min a 942C seguido de 35 ciclos de: i) desnaturalizacidon: 20 seg a 949C, ii) anillamiento: 20 seg a 55-682C
en funcion de los primers utilizados, iii) elongacion: 1 min por kb a amplificar a 722C (Phusion polymerase) o
682C (Expand Long polymerase); una elongacion final de 5 min a 72/682C. Los productos de PCR se analizaron

por electroforesis en geles de agarosa.

2.3.3.Preparacion de insertos y clonning

Los cDNAs amplificados como se ha explicado en el apartado anterior se purificaron en columna
(NZYGelpure, MB011, NZYTech) y se fosforilaron usando la T4 polinucleétido quinasa (Takara). En los casos
necesarios (PCRs realizadas con Expand Long, que no deja extremos romos), los insertos se repararon usando
la T4 DNA polimerasa (Takara) siguiendo las instrucciones del fabricante. Por ultimo, estos insertos se
clonaron en diferentes vectores de expresién en mamiferos (pcDNA3, pcDNA3 2xFlag, pEGFP-C1, pEGFP-N1,
pcDNA3 2xHA, pcDNA3.1 Myc-His (-)) mediante ligacién usando la enzima T4 ligasa (Takara) durante 3 horas

a RT. Esta ligacién posteriormente se transformdé en células competentes de E.coli.
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2.3.4.Transformacion de células competentes DH5a

La propagacion del plasmido obtenido como producto de la ligacidn se realizé en células competentes de
E.coli DH5a por choque térmico. Para ello, se descongelé un vial de células competentes en hielo y se
afiadieron 4 pl de la ligacidn. El vial se incubd durante 30 minutos en hielo, seguido de 33 segundos en un
bafio a 42°C y 1 minuto en hielo. Tras esto, las bacterias se dejaron recuperar durante 1 hora (resistencia a
Ampicilina) o 3 h (resistencia a Kanamicina) en 1 ml de medio LB liquido sin antibidtico a 37°C en agitacién
para permitir la expresidn del gen de resistencia al antibidtico. Por ultimo, se sembraron en una placa de LB
agar que contenia el antibidtico de seleccion correspondiente y se incubaron a 37°C durante al menos 15
horas. En el caso de transformacién de plasmidos puros, no procedentes de ligacion, se incubaron 30 pl de
células competentes con 1 pl de plasmido durante 15-20 minutos en hielo, seguido de 33 segundos en un
bafio a 42°Cy 1 minuto en hielo. Tras esto, cuando la resistencia era a Ampicilina, las bacterias se sembraron
directamente en una placa de LB agar. Pero en los casos en que el plasmido lleva resistencia a Kanamicina,
se recuperaron durante 1 hora en 1 ml de medio LB liquido a 37°C en agitacion, antes de ser sembradas en

placa.

2.3.5.Extraccién de DNA plasmidico de un cultivo bacteriano por lisis alcalina

Las colonias de E.coli obtenidas en la placa de LB se inocularon en 1,5 ml de LB liquido con el antibiético
de seleccion y se incubaron a 37°C en agitacién hasta el dia siguiente. El cultivo se centrifugd 2 min a 13000
rom vy el pellet de bacterias obtenido se resuspendid en 200 ul de buffer P1 (50 mM de Tris HCl pH 8, 10 mM
de EDTA y 100 pg/ml de RNAsa). A continuacion, se lisé afiadiendo 200 pl de buffer P2 (0,2 M de NaOH 5M
y 1% de SDS), mezclando por inversidn e incubando 5 min a RT. Transcurridos los 5 minutos, se afiadié 200
ul de buffer P3 (3 M de acetato de potasio y 11,5% de acido acético glacial) para neutralizar la mezcla de lisis
y precipitar el DNA bacteriano y las proteinas. Tras centrifugar 10 min a 13000 rpm, se recogid el
sobrenadante, que contiene el DNA plasmidico, y se precipitéd afiadiendo 0,7 volimenes de isopropanol,
mezclando vigorosamente y centrifugando 5 min a 13000 rpm. El pellet de DNA se lavé con etanol al 70% y

se resuspendié en TE 1x.

2.3.6.Analisis de restriccion

Con el fin de comprobar qué colonias contenian el plasmido recombinante correcto, se llevé a cabo un
analisis por digestidon enzimatica. Para ello, se digirié el DNA (1 ul) con 0,2 pl de cada una de las enzimas de
restriccién necesarias y el buffer correspondiente (1x) en 10 pl de volumen final. Esta mezcla se incubé
durante 1 hora a la temperatura indicada para cada enzima. Finalmente se analizaron los fragmentos de
restriccién obtenidos por electroforesis en gel de agarosa y, en los casos correctos, se validé mediante

secuenciacion Sanger que el clonning estaba en pauta y no habia errores.

2.3.7.Extraccion de DNA plasmidico por lisis alcalina seguido de purificaciéon por
columna de afinidad

Una vez validado el clonning mediante secuenciacion se obtuvo DNA plasmidico con alto grado de pureza
mediante columna de intercambio anidnico. Para ello, previamente se sembrd un cultivo de una colonia de

E. coli transformada con el plasmido de interés, en 200 ml de LB suplementado con el antibidtico apropiado
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segun la resistencia del pldsmido y se incubd a 37°C en agitacidn hasta obtener un cultivo saturado. Este se
centrifugd a 7000 rpm 15 minutos y el pellet obtenido se resuspendié en 10 ml de buffer P1 (50 mM de Tris
HCl pH 8, 10 mM de EDTA y 100 pg/ml de RNAsa). Las células se lisaron con 10 ml de buffer P2 (NaOH 5M y
1% de SDS), incubandolo 5 minutos a temperatura ambiente y tras ello, se neutralizé con 10 ml de buffer P3
(3 M de acetato de potasioy 11,5% de acido acético glacial) y se centrifugd a 14000 rpm durante 10 minutos,
quedando el DNA plasmidico en el sobrenadante. Por otro lado, se equilibré una columna (JETSTAR Column)
con 30 ml de buffer E4 (NaCl 600 mM, acido sédico 100 mM, Tritén X-100 0,15% y acido acético hasta pH 5).
Una vez equilibrada, el sobrenadante del lisado celular, previamente filtrado en una jeringa con lana de
vidrio, se pasé por la columna. Tras ello, se lavo la columna con 60 ml de buffer E5 (NaCl 800 mM vy acido
sédico 100 mM, ajustando con acido acético hasta pH 5). El DNA se eluyd con 15 ml de buffer E6 (NaCl 1,5
M, acido sédico 100 mM vy acido acético hasta pH 5), y se precipité con 0,7 volimenes de isopropanol. Se
centrifugd a 15500 rpm durante 30 minutos a 4°C y el pellet se lavd con etanol al 70%, centrifugandolo 10
minutos a 15500 rpm. El pellet se dejé secar para que se evaporara el etanol y finalmente se resuspendié en
200 pl de 1x TE (10 mM de Tris pH 8 y 1 mM de EDTA). Para determinar la concentracién de DNA, se midid

su absorbancia en el espectrofotémetro NanoDrop.

2.4. Analisis de proteinas

2.4.1.Extraccion de proteinas de testiculo de ratén

Este tipo de extraccion nos permite obtener una muestra de todas las proteinas expresadas en testiculo
para asi poder analizar aquellas que nos interesen y determinar si, en los diferentes mutantes generados,
estas se encuentran aumentadas, disminuidas o totalmente ausentes. Para ello, los testiculos se extrajeron
de la cavidad abdominal de los ratones y se retird la tunica albuginea. Cada medio testiculo se homogeneizé
en 600 ul de buffer de lisis RIPA (50 mM Tris-HCl pH 7,5, 150 mM NaCl, 1% NP40, 0,5% desoxicolato de sodio,
0,1% SDS) suplementado con inhibidores de proteasas (Complete EDTA-free, Roche) con un homogeneizador
Polytron (IKA T10 basic, UltraTurrax). Las muestras se incubaron 15 min en hielo para permitir la extraccion
proteica y, a continuacidn, se centrifugaron a 13000 rpm durante 30 min a 42C. Finalmente, se cuantificé la
concentracion proteica del sobrenadante mediante un ensayo Bradford con el Kit DC Protein Assay (BioRad).

Las proteinas asi extraidas se utilizaron directamente para analisis por Western Blot (WB).

2.4.2.Inmunoprecipitacion de proteinas enddgenas de testiculo

La inmunoprecipitacion de proteinas enddgenas permite identificar in vivo las proteinas que
interaccionan con una proteina de interés. Para ello, se inmunoprecipita dicha proteina mediante el uso de
anticuerpos (Abs, antibodies) especificos contra ella en unas condiciones que permiten mantener las
interacciones enddgenas. De esta manera al mismo tiempo que precipitamos nuestra proteina
arrastraremos todas aquellas que interaccionen, directa o indirectamente, con ella y podremos
identificarlas. La extraccion de proteina para las inmunoprecipitaciones se llevé a cabo como se ha explicado
en el apartado anterior salvo que en este caso se hizo en 1,5 ml de buffer de lisis Co-IP (50 mM Tris-HCI pH
8, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100) suplementado con inhibidores de proteasas (Complete EDTA-

free, Roche). 20 mg del extracto proteico se incubaron a 42C en rotacion toda la noche (ON, over-night) con
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100 pl de bolas de Sefarosa acopladas a proteina G (GammaBind™ G Sepharose™, GE Healthcare)
previamente unidas mediante crosslink (ver seccidn 2.4.3) al Ab contra la proteina de interés. De esta manera
permitimos que la proteina de interés se una a las bolas a través del Ab especifico y ademds retendremos
también aquellas proteinas que interaccionen con ella. Tras la incubacion, esta mezcla se transfirié a una
columna (Plastic Small Column, CS-20, ABT) en la que quedan retenidas las bolas de Sefarosa asi como las
proteinas unidas a ellas. La columna se lavé 3 veces con 1 ml de buffer Co-IP y, a continuacién, 3 veces con
1 ml de H20 MilliQ para eliminar las sales y detergentes. Las proteinas retenidas se eluyeron con 100 pl de
glicina 0,1 M pH 2,5-3, incubando 10 minutos a RT. Tras la primera elucion se llevd a cabo una segunda de
idéntica manera. Finalmente, las fracciones eluidas se neutralizaron con 5 ul de Tris-HCl pH 9,5 y ambas se
juntaron para el anélisis posterior por espectrometria de masas (MS/MS, ver seccidn 2.4.6). Al finalizar el

procedimiento, las bolas unidas al Ab pueden ser reequilibradas y reutilizadas (ver la seccién 2.4.3).

2.4.3.Crosslink de los anticuerpos a bolas de Sefarosa

100 pl de bolas de Sefarosa acopladas a proteina G (GammaBind™ G Sepharose™, GE Healthcare) se
lavaron 2 veces con 500 ul de PBS 1x (Na*, no K*) recogiéndolas por centrifugacién (1 min a 10000 g). A
continuacion, se lavaron una vez mas con 100 pl de Dilution buffer (PBS 1x Na* con 1mg/ml de albimina de
suero fetal bovino (BSA, Bovine Serum Albumin)) rotando 10 min a 42C. A continuacion, se afiadid el Ab (200
ug) sobre las bolas diluido en Dilution buffer (ratio 1:1, bolas:Dilution buffer) y se incubd toda la noche
(minimo 4 h) rotando a 42C. A continuacion, las bolas se recogieron por centrifugacién y se lavaron con 10
volumenes de Dilution buffer 5 min en rotacidn a 4°C, se centrifugaron de nuevo y se lavaron con 1 ml de
PBS 1x (Na*). Para el crosslink del Ab las bolas se incubaron con 10 volimenes (1 ml) de DMP 20 mM (dimethyl
pimelimidate, Sigma-Aldrich) 30 min a temperatura ambiente rotando. El DMP se prepard justo en el
momento de su utilizacién diluido en una solucién formada por Wash buffer (0,2 M trietanolamina en PBS)
y PBS 1x en proporcion 1:1. Esta incubacion seguida de un lavado con 500 ul de Wash buffer (5 min a RT en
rotacion) se repitio dos veces. Después de esto, para parar la reaccion las bolas se incubaron dos veces con
500 ul de Quenching buffer (etanolamina 50 mM en PBS) durante 5 min a RT en rotacion y finalmente se
lavaron con 500 pl de PBS 1x. Para eliminar el exceso de Ab no unido a las bolas estas se lavaron 2 veces con
glicina 1 M pH3 (10 min en rotacion a RT). Por ultimo, las bolas se lavaron 3 veces con 500 pl de PBS 1x (5

min en rotacion a RT) y se guardaron hasta su uso en etanol 20% en PBS para evitar el crecimiento bacteriano.

2.4.4.Co-inmunoprecipitacion de proteinas sobrexpresadas

Esta aproximacion llevada a cabo en un sistema heterélogo permite validar in vitro interacciones
directas entre dos o mas proteinas candidatas. Estas proteinas, normalmente unidas a un epitopo, se
obtuvieron mediante dos métodos distintos: (I) la expresion en células HEK293T transfectadas donde estaran
presentes ademas de las proteinas sobrexpresadas todas aquellas endégenas de las células HEK293T o (II)
un sistema de transcripcién/traduccion in vitro (TnT), donde solo estaran presentes las proteinas de interés
y las del sistema TnT. En el primer caso, se transfectaron células HEK293T transitoriamente (ver seccién 4.2)
con al menos dos pldsmidos de expresidon que codificaran para las proteinas candidatas fusionadas con
distintos epitopos (Flag, GFP, HA o Myc). 48 horas tras la transfeccién se extrajo la proteina total de las
células en buffer de lisis D (50 mM Tris-HCl pH 7,4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) suplementado

con inhibidores de proteasas (Complete EDTA-free, Roche). Para ello, las células se recogieron en 1 ml de
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buffer de lisis D y se homogeneizaron con un homogeneizador Polytron (IKA T10 basic, UltraTurrax). Las
muestras se incubaron 10 min en hielo para permitir la extracciéon proteica y, a continuacion, se
centrifugaron a 13000 rpm durante 15 min a 42C. La concentracion proteica del sobrenadante se cuantificd
mediante ensayo Bradford con el Kit Dc Protein Assay (BioRad). Alternativamente, para obtener extractos
mas puros de las proteinas de interés, estas se produjeron mediante transcripcion-traduccion in vitro usando
el Kit TnT® T7 Coupled Reticulocyte Lysate Systems (Promega, ver seccion 2.6). 1 mg de proteina total
(obtenida de extractos de HEK293T) o 15 pl de los extractos de TnT se bloquearon incubando con bolas de
Sefarosa unidas a proteina G (GammaBindtv G Sepharosetv, GE Healthcare) durante 1 hora a 42C rotando.
A continuacidn, el extracto bloqueado se incubd con el Ab correspondiente durante al menos 2 horas a 42C
rotando (ver Abs en Tabla V). Como control negativo los extractos proteicos se incubaron con IgGs
(Inmunoglobulinas G; 5 pg/1 mg de proteina) producidas en la misma especie que el Ab especifico utilizado.
Los inmunocomplejos (formados por el Ab y las proteinas diana) se capturaron incubando en rotacién con
bolas de Sefarosa-proteina G toda la noche a 49C. Al dia siguiente, tras 5 lavados con buffer de lisis
(centrifugando 1 min a 10000g y 49C), las proteinas se eluyeron resuspendiendo las bolas en 20 pl de 2x
buffer Laemmli (100 mM Tris-HCI pH 7, 4% SDS, 0,2% azul de bromofenol, 200 mM B-mercaptoetanol y 20%
glicerol) e hirviéndolas 5 min a 1002C. La mitad de cada muestra se cargé en geles de acrilamida y las
proteinas se detectaron mediante WB con los Abs indicados. Los Abs utilizados para las
inmunoprecipitaciones y para el WB se describen en las Tablas IV y V.

En el caso de trabajar con proteinas que interaccionan débilmente, se afiadié al medio de cultivo 1 mg/ml
de ditiobis (succininidyl propionate, Sigma-Aldrich) 10 min antes de lisar las células para estabilizar las
interacciones labiles. En este caso la extraccidn de proteina se llevd a cabo en buffer de lisis P (20 mM Tris-
HCl pH 7,5, 100 mM NaCl, 20 mM B-glicerofosfatos, 5 mM MgCl2, 1 mM NaF, 0,2% ND P-40 y 0,5 mM DTT)

de igual manera que se ha explicado anteriormente.

2.4.5.Western Blot

Los extractos proteicos se resolvieron en geles desnaturalizantes siguiendo el protocolo descrito por
Laemmli (Laemmli 1970). Asi, las proteinas se separaron en geles de poliacrilamida (7-13%) que se corrieron
en buffer SDS-Page 1x (250 mM Tris-HCI, 200 mM glicina, 0,05% SDS) a 120 V. Las proteinas se transfirieron
a membranas de nitrocelulosa de 0,45 um (GE Healthcare Amersham) en buffer de transferencia (25 mM
Tris-HCI, 200 mM glicina, 20% metanol) a 65 V durante 1 hora. Una vez transferidas las proteinas se
bloguearon las membranas con leche desnatada al 5% en TBST (TBS-Tween 20: 50 mM Tris-HCl pH 7,5, 150
mM NaCl, 0,1% Tween 20) durante 1 hora en agitacion a RT. A continuacién, las membranas se incubaron
rotando con el Ab primario diluido en leche al 2,5% en TBST durante 1 hora a RT (ver Abs y diluciones en
Tabla V). Tras la incubaciéon las membranas se lavaron 3 veces con TBST (5 min en agitacién) y se incubaron
rotando con el Ab secundario conjugado con peroxidasa o con un fluorocromo incubandose en este caso en
oscuridad (ver Abs secundarios en Tabla IV). Finalmente, para el revelado de la sefial quimioluminiscente de
la peroxidasa se incubaron las membranas con el sustrato Immobilon Western HRP (Millipore) durante 5 min
y se expusieron a peliculas fotograficas el tiempo apropiado. En el caso de utilizar Abs secundarios

conjugados con fluorocromos el revelado se llevé a cabo en con el sistema Odyssey Infrared Imaging.
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Para la reincubacién de membranas con nuevos Abs, se eliminaron el Ab primario y secundario incubando
la membrana en buffer de stripping medio (0,2M glicine, 1% SDS, 0,01% Tween 20, pH 2,2) dos veces de 10
min en agitacion a RT. A continuacidn, la membrana se lavo dos veces de 10 min con PBS, dos veces de 5 min
en TBST y finalmente, se bloqued e incubd de forma normal. Por otro lado, la membrana puede ser incubada
sin eliminar los Abs (sin stripping), simplemente inactivando la actividad de la peroxidasa conjugada con el
Ab secundario con un exceso de perdxido de hidrégeno (H202). Para ello, la membrana se incubé en agitacion
con H202al 15% en PBS durante 15 min. A continuacion, se lavé dos veces con TBST (5 min) y se bloqued y

reincubd de forma normal.

Tabla IV. Abs secundarios utilizados para WB. HRP: Horseradish peroxidase

Especie
Anticuerpo Referencia Dilucion Casa comercial
(Host)
NA931 Sheep 1:10000 GE Healthcare
a-mouse HRP
715-035-150 Donkey 1:5000 Jackson Immunoresearch
7074 Goat 1:3000 Cell Signaling
a-rabbit HRP
711-035-152 Donkey 1:5000 Jackson Immunoresearch
A27014 Rabbit 1:10000 Thermo Scientific
a-goat HRP
705-035-147 Donkey 1:5000 Jackson Immunoresearch
a-mouse
35518 Goat 1:10000 Thermo Scientific
DyLight™ 680
a-rabbit
35571 Goat 1:10000 Thermo Scientific
DyLight™ 800

2.4.6.Analisis por espectrometria de masas (MS/MS)

Esta técnica permite identificar todas las proteinas presentes en un extracto proteico. De esta manera,
tras la inmunoprecipitacion de una proteina de interés, en la que habremos arrastrado las proteinas que
interaccionan con ella, podremos identificar los posibles interactores. Para ello, las proteinas
inmunoprecipitadas como se ha descrito anteriormente (seccién 2.4.2) se resolvieron en geles de
poliacrilamida-SDS que se tifieron con azul de Coomassie. Las bandas resultantes en estos geles se cortaron
y se digirieron con tripsina. Los péptidos obtenidos se analizaron con un espectrometro de masas LTQ-
Orbitrap Velos. Los datos crudos (Raw MS data) se analizaron usando MaxQuant v1.6.2.6 (Cox and Mann
2008) con busquedas frente al proteoma de Mus musculus (SwissProt UPO00000589) y los contaminantes
presentes en MaxQuant. Todos los FDRs (False Discovery Rate) fueron del 1%. Las modificaciones variables
tenidas en cuenta fueron la oxidacién de metioninas y la acetilacidon del N-terminal, mientras que en las
modificaciones fijas solo considerd la carbamidometilacion de cisteinas. El numero maximo de
modificaciones permitidas por péptido fue de 5. La intensidad de proteina se calculé usando el iBAQ
(Schwanhtiusser et al. 2011). Se eliminaron los posibles contaminantes, secuencias sefiuelo (reverse decoy
sequences) y las proteinas identificadas por presentar un péptido con residuos modificados (proteins
identified by site). Las proteinas con menos de dos péptidos Unicos en ambos Abs utilizados (Ab1 y Ab2) no

se consideraron para el analisis posterior. Las proteinas con menos de dos péptidos Unicos en el control
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(inmunoprecipitacion con IgGs de la misma especie que los Abs utilizados) y méas de dos con ambos Abs se
seleccionaron como candidatos con alta credibilidad (grupo “Ab1 y Ab2”). Ademas, se selecciond un grupo
adicional de candidatos correspondiente a aquellas proteinas con dos 0 mas péptidos Unicos con uno de los
dos Abs (Abl o Ab2) y que no mostraban péptidos Unicos en el control (grupos “Abl solo” y “Ab2 solo”,
respectivamente). El procedimiento experimental fue llevado a cabo por la Unidad de Protedmica del Centro
de Investigacidn del Cancer (CSIC/USAL). El filtrado inicial de los datos fue realizado por Rodrigo Garcia-

Valiente (Academisch Medisch Centrum Universiteit van Amsterdam).

2.5.Ensayo de doble hibrido y screening

El ensayo de doble hibrido (Yeast Two Hybrid, Y2H) permite detectar interacciones entre proteinas y asi
identificar posibles candidatos a interaccionar con una proteina de interés. En nuestro caso, este ensayo se
llevd a cabo utilizando el Kit Matchmaker Gold Yeast Two-Hybrid System (Clontech) siguiendo las
instrucciones del fabricante. El cDNA murino de Hsf2bp se amplificd de cDNA de testiculo y se cloné en el
vector pGBKT7 como se ha explicado en la seccién 2.3. HSF2BP se utilizé como cebo (bait) contra una libreria
de cDNA de testiculo de ratdon (Mate & Plate cDNA library, Clontech Laboratories Inc.) que representan las
presas (prey). Los clones positivos, en los que se produce interaccion, se identificaron en un primer momento
en un medio de doble restriccion (SD (synthetic dropout)/—Leu/-Trp/X-a-Gal/Aureobasidina A) y luego se
sometieron a una seleccion mas restrictiva en un medio de restriccion cuadruple (SD/-Ade/—His/—Leu/-
Trp/X-a-Gal/Aureobasidina A). De los clones positivos en ambos medios se aislaron se extrajeron los
plasmidos presa y se transformaron en Escherichia coli. Para identificar definitivamente los candidatos, los
plasmidos de dos colonias bacterianas independientes se aislaron, se secuenciaron mediante secuenciacion

Sanger y se analizaron utilizando la herramienta nucleotide BLAST.

2.6.Transcripcién-traduccion in vitro

Este sistema nos permite producir in vitro y en un solo paso extractos de proteinas (en nuestro caso
marcadas con un epitopo) mas puros que los obtenidos mediante transfeccién y extraccién en células
HEK293T. Para llevarlo a cabo, se utilizé el Kit TnT® T7 Coupled Reticulocyte Lysate Systems (Promega). Como
molde se utilizaron plasmidos que codifican para las proteinas de interés bajo el promotor T7 y unidas a los
epitopos deseados (pcDNA3 2xFlag o pcDNA3 2xHA). La reaccion se llevé a cabo en un volumen final de 50
pl con 25 pl de lisado de reticulocitos de conejo, 2 pl de buffer TnT, 1 ul de RNA polimerasa, 0,5 ul de
aminoacidos menos Leu (1mM), 0,5 ul de aminoacidos menos Met (1ImM), 1 pl de inhibidor de RNAsas 40
U/ul (RNasin®, Promega) y 1 ug de DNA (obtenido por lisis alcalina convencional). La reaccién se incubd

durante 90 min a 302C y se analizd por WB antes de utilizarlo para las posteriores aplicaciones.

2.7.Ensayo de unién al DNA

Este tipo de ensayo nos permite determinar si una proteina tiene capacidad de unidn al DNA, ya sea de
hebra simple (ssDNA) o de doble hebra (dsDNA) precipitando el DNA y determinando si arrastra a la proteina
de interés. Estos experimentos se llevaron a cabo usando el protocolo previamente descrito por (Souquet et

al. 2013) con ligeras modificaciones. Como ssDNA se utilizd un oligonucledtido biotinilado de 60 bp
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(purificacion  HPLC, IDT) con la siguiente secuencia: F:5'-GATCTGCACGACGCACACCGGACGTA
TCTGCTATCGCTCATGTCAACCGCTCAAGCTGC /3’BiotinTEG/. Para generar el dsDNA se utilizo el
oligonucledtido reverso complementario: ss60-mer R (No biotinilado): 5- GCAGCTTGAGC
GGTTGACATGAGCGATAGCAGATACGTCCGGTGTGCGTCGTGCAGATC-3’. El anillamiento para generar el
dsDNA se llevd a cabo en annealing buffer (50 mM NacCl, 25 mM Tris-HCI, pH 7,5) con cantidades iguales de
ambos oligonucledtidos mediante un paso de desnaturalizacion (5 min a 952C) seguido de una rampa de
descenso lento de temperatura hasta temperatura ambiente. A continuacion, el DNA se inmovilizé en bolas
unidas a estreptavidina (Dynabeads M-280 Streptavidin, Dynal) siguiendo las instrucciones del fabricante. La

relacion fue 0,2 pmol de DNA por 1 pg de bolas.

Por otro lado, los extractos proteicos que se incubaran con el DNA se obtuvieron mediante transcripcién-
traduccion in vitro (TnT). 15 pl de la proteina (unida a Flag) obtenida en el ensayo se preincubaron en hielo
durante 10 minutos en DBB modificado (DBB: 50 mM Tris HCI, 100mM NaCl, 10% (w/v) glicerol, Complete
Protease inhibitor, 1mM 2-mercaptoetanol pH 7,4 modificado con 25 mM Tris-HCl, 1 mM EDTA y 5 mg/ml
de BSA). Tras la preincubacién se afiadieron 500 pg de bolas con el DNA inmovilizado (ss- o dsDNA) y se
incubaron 1 hora a 42C con agitacion suave. Tras esto las bolas se lavaron 3 veces (5 min rotando a RT) en
700 pul DBB modificado sin BSA, seguido de un lavado con rinsing buffer (DBB modificado suplementado con
150 mM NacCl). Finalmente, las proteinas unidas al DNA se eluyeron resuspendiendo las bolas en 30 ul de

Laemmli buffer e hirviéndolas 5 min a 952C y se analizaron por WB.

3. Técnicas citoldgicas

3.1. Analisis histopatolégico

Para llevar a cabo el analisis histoldgico de tejidos de ratén tras sacrificar al animal se tomaron los 6rganos
de interés y se fijaron durante 24 h a RT en formol al 10%. En el caso de los testiculos el fijador utilizado fue
Bouin. A continuacidn, los tejidos se incluyeron en bloques de parafina y se cortaron en secciones del grosor
deseado segun la aplicacién, 5 um para la mayoria de ellas. Las secciones se tifileron con hematoxilina-eosina
o con PAS (Periodic Acid-Schiff)-hematoxilina siguiendo los protocolos estandar. Para el marcaje con TUNEL
(TdT mediated dUTP Nick End Labelling), las secciones se desparafinaron y las células apoptdticas se
detectaron con el Insitu Cell Death Detection Kit (Roche). Los nucleos se tifieron con DAPI. La inclusidn, el
corte y la tincion de muestras fueron realizadas por el Servicio de Patologia Molecular Comparada del Centro
de Investigacion del Cancer (CSIC/USAL). Las muestras fueron analizadas usando un microscopio OLYMPUS

BX51 y las imagenes fueron tomadas con una cdmara OLYMPUS DP70.

3.2.Esparcido de espermatocitos (spreading)

Para el estudio de espermatocitos de ratén las células se fijaron sobre portaobjetos usando la técnica
clasica dry-down con pequefias modificaciones del protocolo descrito en (Peters et al. 1997). Esta técnica
permite obtener preparaciones con células estalladas, en las que se pierde citoplasma, pero se visualizan
muy bien los nucleos en dos dimensiones. Para obtener este tipo de preparaciones, en primer lugar, se

eliminé la tunica albuginea de los testiculos y se colocaron en una placa Petri con una gota de PBS 1x. Los
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tubulos seminiferos se fueron desmenuzando con la ayuda de dos bisturis, recogiendo las células extraidas
con PBS en un tubo de 15 ml (Falcon). Una vez extraidas todas las células se afiadié PBS 1x a la suspension
hasta un volumen de 6 ml y se centrifugd 9 min a 1200 rpm. El pellet se lavé de nuevo con 6 ml de PBS 1x
centrifugando 9 min a 1200 rpm. Tras esto, las células se resuspendieron en sacarosa 100 mM pH 8,4 (80-
400 ul) y se incubaron durante 5 min para someterlas a un choque hipotdnico. A continuacién, se
extendieron 400 pl de fijador F10b (1% Paraformaldehido (PFA), 0,15% Triton X-100, 0,05% PBS, 2,5 mM
tetraborato de sodio, pH 9,2) sobre portas limpios, se afiadieron 20 pul de la suspensién celular en la esquina
superior del porta y se dispersé suavemente mediante movimientos en zigzag. Estas preparaciones se
incubaron durante 2 horas en una camara cerrada para permitir la fijacion de las células y, a continuacion,
se dejaron secar al aire. Para eliminar el fijador, las preparaciones se lavaron con Photo-Flo 0,08% (Kodak) y
se secaron al aire. La calidad de los esparcidos se analizé con un microscopio invertido de contraste de fases
Nikon Eclipse TS100 y estos se conservaron a 42C en PBS 1x suplementado con Azida al 0,05% para prevenir

el crecimiento bacteriano.

3.3. Aplastado de tubulos seminiferos (squashing)

Este método desarrollado por Parra et al. (2002) nos permite obtener una monocapa de células extraidas
de los tubulos seminiferos pero que mantienen su conformacién 3D. Para obtener estas preparaciones, se
elimind la tunica albuginea de los testiculos y los tubulos se fijaron durante 10 min en un fijador con 2%
formaldehido y 0,1% Triton X-100 en PBS 1x. Se tomé una pequeiia fraccion de los tubulos y pedazos de ellos
se repartieron sobre un porta previamente tratado con poly-L-lisina (1mg/mgl, Sigma-Aldrich) y con una gota
de fijador. Sobre ellos se colocé un cubreobjetos sobre el que se pasd un ldpiz presionando v,
posteriormente, se presiond con la mano para obtener una monocapa de espermatocitos. Estas
preparaciones se introdujeron en nitrégeno liquido durante unos segundos e inmediatamente se eliming el
cubre con ayuda de un bisturi y se introdujeron en PBS 1x. Finalmente, las preparaciones se conservaron a

42C en PBS 1x suplementado con 0,05% de azida.

3.4.Esparcido de oocitos (spreading)

Los oocitos en profase se obtuvieron de embriones hembra de entre 14,5 dias post-coito (dpc,
correspondiente a leptotena) y 19,5 dpc (justo antes del arresto en dictiata), dependiendo de la etapa que
se quisiera analizar. Para ello las hembras prefiadas se sacrificaron, se extrajeron los embriones del Utero y
se pusieron en PBS 1x. Se extrajeron los ovarios de los embriones y se colocaron en un pocillo (placa de 24
pocillos) con 200 pl de medio M2 (Sigma-Aldrich). Sobre este pocillo se afiadieron 10 ul de colagenasa A/M2
(50 mg/mgl) y se incubaron 20-30 min a 372C para favorecer la disgregacién de los ovarios. A continuacidn,
los ovarios se transfirieron a 200 pl de buffer hipoténico (30 mM Tris-HCI pH 8,2, 50mM sacarosa, 17 mM
citrato de sodio, 5 mM EDTA, 0,5 mM DTT) y se incubaron 45 min a RT. Durante este tiempo se prepararon
los portaobjetos (6 por par de ovarios) dibujando un circulo de adhesivo Rubbercement en el centro para
delimitar una pequefia drea. Tras el tratamiento hipotdnico, los ovarios se transfirieron a 60 pul de sacarosa
100 mM pH 8,2 y se pipetearon vigorosamente (con una p100) hasta obtener una suspensién unicelular, lo
cual se validé con un microscopio. Después de esto, se pusieron 40 ul de fijador (1% (w/v) PFA, 5 mM borato

de sodio, 0,15% Triton X-100, 3 mM DTT, pH 9,2) en el interior del circulo de adhesivo, se afiadieron 10 pl de
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suspensién celular en el centro de la gota de fijador y preparacion se fue moviendo en zigzag para esparcir
la suspensidon celular. Las preparaciones se incubaron en una camara cerrada durante 2 horas vy,
posteriormente, se dejaron secar al aire. Para eliminar el fijador, las preparaciones se lavaron con Photo-Flo
0,08% (Kodak) y se secaron al aire. La calidad de los esparcidos se analizé con un microscopio invertido de
contraste de fases Nikon Eclipse TS100 y estos se conservaron a 42C en PBS 1x suplementado con Azida al

0,05% para prevenir el crecimiento bacteriano.

3.5.Inmunofluorescencia

Las preparaciones (esparcidos y aplastados) se incubaron con el Ab primario (Tabla V) diluido en PBS 1x
durante 1 hora u ON a temperatura ambiente en una camara humeda. Tras esto, se lavaron 3 veces en PBS
1x durante 5 miny se incubaron 1 hora con el Ab secundario correspondiente conjugado con un fluorocromo
diluido en PBS 1x (Tabla VI). Finalmente, las preparaciones se lavaron 3 veces de 5 min en PBS 1x y se
montaron con medio de montaje Vectashield® (Vector Laboratories) y DAPI (4',6-Diamidino-2-Phenylindole,
10 pg/ml) para tefiir el DNA. Con el fin de reducir la sefial de fondo (background), especialmente en las
inmunofluorescencias (IFs) de proteinas que forman foci, las preparaciones se bloquearon 15 min con buffer
ADB 10% (10% Suero Fetal Bovino (FBS), 3% BSA y 0,05% Triton X-100 en PBS 1x) y los Abs se diluyeron en
este mismo buffer para las incubaciones. En este caso los lavados se hicieron con PBST (PBS 1x con 0,05%

Triton X-100).

Para las IFs de células en cultivo, las células se sembraron en placas de 3,5 cm sobre un cubre tratado con
gelatina (0,5%, Gelatin from cold water fish skin, G7041, Sigma-Aldrich) para favorecer la adhesion celular.
Para fijar las células se retird el medio y se afiadié en la misma placa 1 ml de PFA al 4% en PBS 1x. Se incubaron
durante 7 min a 49C vy, posteriormente, se lavaron 3 veces con 2 ml PBS 1x. Una vez fijadas, los cubres se
pegaron sobre portaobjetos y las células se permeabilizaron durante 4 min con buffer KB (0.1 M NaCl, 20
mM Tris-HCI pH 7,5, 0,1% BSA) con 0,2% Triton X-100 seguido de un lavado en PBS 1x. El bloqueo de las
células se llevé a cabo con FBS al 7% en PBS 1x durante 30 min a RT (en cdmara humeda). Después, las células
se incubaron 1 hora a RT con el Ab primario diluido en FBS al 7% en PBS 1x. Tras 3 lavados de 5 min en PBS,
se incubd con el Ab secundario conjugado con un fluorocromo diluido en FBS al 7% en PBS 1x durante 1 hora.
Finalmente, se lavaron 3 veces con PBS y se montaron con medio de montaje Vectashield® (Vector

Laboratories) y DAPI (4',6-Diamidino-2-Phenylindole, 10 pug/ml) para tefir el DNA.
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Tabla V. Abs primarios utilizados para IF, WB e inmunoprecipitaciones (IP, pug de Ab por mg de proteina). * indica la
dilucién para IF de células en cultivo. El resto de las diluciones son para IF en esparcidos o aplastados.

Proteina

detectada

Referencia

Especie
(Host)

Dilucion

Casa comercial

ACA 15-235 Human 1gG 1:15 Antibodies Inc.
BRMEL R1 (por encargo) Rabbit IgG 1:100 1:2000 Proteogenix
R2 ((por encargo) Rabbit 1gG 1:100 1:2000 Proteogenix
CDK2 sc-6248 Rabbit 1gG 1:20 Santa Cruz
sc-22768 Rabbit 1gG 1:20 Santa Cruz
bMCL R1 (por encargo) Rabbit IgG 1:500 Proteogenix
R2 (por encargo) Rabbit 1gG 1:500 Proteogenix
ab11054 Mouse 1gG 1:50 Abcam
F1804 Mouse IgG 1:50* 1:3000 5ug Sigma-Aldrich
Flag F7425 Rabbit IgG 1:50% 1:2000 5pg Sigma-Aldrich
CSB-MA000051MOm Mouse IgG 1:3000 5ug Cusabio
GFP A-11122 Rabbit IgG 1:50 1:3000 5pg Life Technologies
sc-5385 Goat 1gG 1:3000 Santa Cruz
aHA.11 101R Mouse I1gG 1:2000 5ug Covance
HA H6908 Rabbit IgG 1:1000 5pg Sigma-Aldrich
HSF2BP R1 (por encargo) Rabbit 1gG 1:30 1:2000 Proteogenix
R2 (por encargo) Rabbit 1gG 1:30 1:2000 Proteogenix
HEI10 TA502700 Mouse IgG 1:60 Origene
MLH1 51-1327GR Mouse I8G 1:20 BD Biosciences
RADS1 sc-8349 Rabbit IgG 1:50 Santa-Cruz
PC130 Rabbit I1gG 1:50 Calbiochem
RNF212 Goat IgG 1:150 Dr. N. Hunter
RPA1l Molly-RPA Rabbit 18G 1:30 Dr. E. Marcon
RPA2 2208S Rat IgG 1:100 1:1000 Cell Signalling
SPATA22 16989-1-AP Rabbit IgG 1:60 Proteintech
Joe Rabbit ~ Serum 1:200
SYCP1 K919 Rabbit Serum 1:60 Dr. J.L. Barbero
VAL G14/ VAL G13 Chicken IgG 1:10 Inmunostep
sycp3 sc-74569 Mouse 18G 1:1000 Santa Cruz
K921/K1037 Rabbit Serum 1:500 Dr. J.L. Barbero
aUSP26 W-12 sc-51013 Goat IgG 1:10 1:1000 Santa-Cruz
aUSP26-M Rabbit IgG 1:10 1:1000 Dr.Yi-Wen Lin
aTubulin T9026 Mouse IgG 1:100 1:10000 Sigma
B-Actin Clone AC-15; A5441 Mouse IgG 1:10000 Sigma-Aldrich
YH2AX #05-636 Mouse I1gG 1:200 Millipore
(Ser139) #07-164 Rabbit IgG 1:400 Millipore
ChromePure 015-000-003 Mouse  IgG 5 g Jackson
mouse IgG Immunoresearch
ChromePure 011-000-003 Rabbit  IgG 5 g Jackson
rabbit IgG Immunoresearch
ChromePure 011-000-003 Goat lgG 5 g Jackson
goat IgG Immunoresearch
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Tabla VI. Abs secundarios conjugados con fluorocromos utilizados para inmunofluorescencia. FITC: Fluoresceina,
TRITC: Rodamina, AMCA: Aminomethylcoumarin acetate .

: _ Especie _ :
Anticuerpo Fluorocromo Referencia Dilucién Casa comercial
(Host)
TRITC 703-025-155 Donkey 1:100 Jackson Immunoresearch
a-chicken
FITC 703-095-155 Donkey 1:100 Jackson Immunoresearch
Rhodamine Red 705-295-147 Donkey 1:100 Jackson Immunoresearch
a-goat
FITC 705-095-147 Donkey 1:100 Jackson Immunoresearch
TRITC 706-025-148 Donkey 1:100 Jackson Immunoresearch
a-guinea pig
FITC 706-095-148 Donkey 1:100 Jackson Immunoresearch
a-human Texas Red 709-075-149 Donkey 1:100 Jackson Immunoresearch
TRITC 115-095-146 Goat 1:100 Jackson Immunoresearch
TRITC 715-025-150 Donkey 1:100 Jackson Immunoresearch
Alexa 555 A-32727 Goat 1:200 ThermoFisher
o- mouse
FITC 115-095-146 Goat 1:100 Jackson Immunoresearch
Alexa 488 A-11001 Goat 1:200 ThermoFisher
AMCA 115-155-146 Goat 1:100 Jackson Immunoresearch
TRITC 711-025-152 Donkey 1:100 Jackson Immunoresearch
Alexa 555 A-31572 Donkey 1:200 ThermoFisher
FITC 711-095-152 Donkey 1:100 Jackson Immunoresearch
a-rabbit
Alexa 488 A-32731 Goat 1:200 ThermoFisher
Alexa 488 - Fab 111-547-003 Goat 1:100 Jackson Immunoresearch
AMCA 711-155-152 Donkey 1:100 Jackson Immunoresearch
a-sheep Texas Red 713-075-147 Donkey 1:100 Jackson Immunoresearch

3.6. Adquisicidon y analisis de imagenes

Los esparcidos se visualizaron a temperatura ambiente con un microscopio Leica DM6000 B con el
objetivo de 63x. Las imagenes se capturaron con una camara Hamamatsu ORCA-ER C4742-80. Las IFs de
aplastados de tubulos seminiferos se analizaron con un microscopio Delta Vision con objetivos 100x. Todas
las imagenes se procesaron con OPENLAB 4.0.3 y Adobe Photoshop CS6. Las preparaciones de los diferentes
genotipos utilizadas para los analisis comparativos se prepararon en fresco y de forma paralela para todos
ellos. Las IFs también se realizaron en paralelo y con la misma mezcla de Abs preparada en fresco. Las
preparaciones no se congelaron para evitar diferencias en la sefial de fondo y la inmunoreactividad. Todas
las imagenes fueron adquiridas con exposiciones constantes que permitan la comparacion directa. La
cuantificacién del numero de foci y de la intensidad de fluorescencia se llevé a cabo con el software Fiji
(Imagel). Solo se cuantificaron los foci asociados a ejes cromosdémicos y para la cuantificacion de la
intensidad de fluorescencia se sustrajo la sefial de fondo. Para los anélisis de co-localizacidn, el mismo ntcleo
se cuantifico sin rotar (experimento) y tras rotar una de las imagenes 90 grados (control). Esta condicién

permite determinar la co-localizacidn no especifica (aleatoria).
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3.7.Microscopia de super-resolucién

Para generar imagenes de super-resolucidn se utilizé microscopia STED (Stimulated emission depletion
microscopy, SP8, Leica). Las IFs se llevaron a cabo sobre esparcidos de espermatocitos de la forma
previamente explicada. Sin embargo, los Abs secundarios utilizados para imagenes STED estaban conjugados
con fluorocromos Alexa 555 y Alexa 488 (Tabla VI). Las preparaciones se montaron con medio de montaje

ProLong Gold Antifade sin DAPI. Las imagenes se adquirieron y procesaron con el software LAS X (Leica).

3.8.Electroporacion in vivo de testiculos

Esta técnica descrita por primera vez por el Dr. Muramatsu (Jaroszeski et al. 2003) permite expresar en
testiculo cDNAs clonados en vectores de expresiéon de manera transitoria usando una cirugia menor. Para
mejorar la eficiencia, la electroporacion se llevd a cabo en ratones ICR a 16 dpp o en B6 a los 20-30 dpp. Tras
anestesiar a los ratones por inhalacion con isofluorano, los testiculos se sacaron cuidadosamente de la
cavidad abdominal y con ayuda de un capilar de vidrio se inyectaron 10 pl de la solucién de DNA en la rete
testis. Esta solucion de DNA contenia el vector de expresion a una concentracion de 5 pg/pl en HBS 1x (HEPES
buffered saline: 20 mM HEPES, 140 mM NaCl, 5 mM KCl, 0,1% glucosa, 0,7 mM Na;HPOQ4-12H,0) y estaba
tefida con FastGreen (Sigma-Aldrich). El FastGreen da color verde y permite visualizar si la solucion entra
correctamente en el testiculo. Se afiade justo antes de la inyeccion en proporcion de 1 ul de FastGreen 0,1%
por cada 10 pl de DNA. Una hora tras la inyeccion, durante la cual el DNA penetra en los tubulos seminiferos,
se procedio a la electroporacién utilizando un electroporador CUY21 BEX (BEX Ltd). Para ello, se colocé el
testiculo entre el par de electrodos, se humedecié con una gota de PBS y se aplicaron 4 pulsos eléctricos (de
35V y 50 ms cada uno) en cada direccion.Finalmente, los testiculos se introdujeron cuidadosamente en la
cavidad abdominal y se suturd la incision. Entre 24 y 72 horas tras la electroporacion se sacrificaron los

ratones y se hicieron esparcidos o aplastados de los testiculos y se analizaron mediante IF.

4. Cultivos celulares

4.1.Lineas celulares y condiciones de cultivo

Durante el desarrollo de esta Tesis Doctoral se han utilizado las siguientes lineas celulares:

- HEK 293T: derivada de la linea tumoral de rifién embrionario HEK 293 (Human Embryonic
Kidney) transformadas con el antigeno T del virus SV40.

- COS7: linea obtenida de rifién de mono verde africano transformada con el antigeno T del
virus SV40 y con apariencia similar a la de los fibroblastos.

- U20S: linea celular epitelial derivada de un osteosarcoma humano.

Todas estas lineas celulares se cultivaron en placas de cultivo (BD Falcon) en incubadores a 372Cy una
atmosfera humeda con un contenido de CO» del 7%. El medio de cultivo utilizado fue DMEM (Dulbecco’s
Modified Eagle Medium, GIBCO) suplementado con 10% de FBS y 1% de PSG (Penicilina-Estreptomicina-
Glutamina, Gibco). Para tripsinizar las células, cuando alcanzaron confluencia o iban a ser sembradas, se

lavaron con PBS 1x para eliminar los restos de FBS vy, tras ello, se trataron con tripsina al 0,05% (GIBCO)
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durante 2-5 min a 37°C. La tripsina se neutralizé afladiendo medio con FBS, y se disgregaron las células de
forma mecanica con la pipeta. Finalmente, se contaron las células en una camara de Neubauer, y se sembro

el numero de células deseado en funcion del experimento a realizar.

Para la conservacidn a largo plazo, las células se congelaron en medio de cultivo (DMEM) suplementado
con 20% de FBS y 10% de DMSO (dimetilsulfoxido, Sigma-Aldrich), descendiendo lentamente la temperatura
hasta -702C en un recipiente de congelacién con Isopropanol (MrFrosty™, Thermo Scientific™). Finalmente,

las células se transfirieron a tanques de nitrégeno liquido (-1802C).

4.2.Transfeccion de lineas celulares

Para la transfeccion de las diferentes lineas se sembraron un dia antes de la transfeccién a la densidad
adecuada para alcanzar al dia siguiente una confluencia del 70-80%. El nimero de células a sembrar para
esto depende del tamafio de las células con las que se esté trabajando (Tabla VII). Estas se transfectaron con
el plasmido/s de interés utilizando jetPEl (Polyplus-Transfection) segun las recomendaciones del fabricante.
Se prepard una primera solucién con el DNA diluido en NaCl 150 mM en las proporciones adecuadas. Por
otro lado, se diluyé el jetPEl en NaCl 150 mM. Esta ultima solucidn se afiadié sobre la solucién de DNA, se
mezclé con vortex y se incubd durante 20-30 minutos a temperatura ambiente. Posteriormente se afadio la
mezcla de transfeccion sobre las células. En el caso de las HEK 293T/COS7 se hizo gota a gota repartida por
toda la placa de cultivo y se homogeneizé. Las células se incubaron 24 horas a 37°Cy se reemplazé el medio
de cultivo por medio fresco. En el caso de las U20S la mezcla de transfeccidon se mezclé con medio fresco
(1/4 del volumen total de medio en la placa) y este se afiadié sobre las células. En las transfecciones de U20S

se cambid el medio de transfeccion a las 4 h lavando dos veces las células y afiadiendo medio fresco.

Tabla VII. Nimero de células a sembrar el dia previo para conseguir una confluencia éptima para la transfecciéon en
funcién del tipo celular.

Linea celular Placa N2 de células ‘
P3,5 0,5X10°
HEK293T P6 1,2 X10°
P10 4x10°
U20S P3,5 0,27X10°

5. Analisis estadistico

Los datos numéricos de este trabajo han sido representados como media * desviacidn estandar. Con el
fin de comparar datos entre diferentes genotipos en distintas etapas, usamos el Analsis Welch t-test (t-test
con varianzas desiguales). Esta prueba se considerd la apropiada ya que los datos de las cuantificaciones no
estan muy desviados, es decir, se aproximan razonablemente a una distribucién normal y, en la mayoria de
los casos, los grupos presentan varianzas desiguales. Se aplicé una prueba two-sided (dos colas) en todos los
casos. Los asteriscos indican la significatividad estadistica: *p valor <0,05, **p valor <0,01, ***p valor <0,001,
**%* p valor <0,0001 y sin asterisco: p valor > 0,05, no significativo. El analisis se realizdé con GraphPad Prism

7.
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1. USP26 no es esencial para la fertilidad en ratén

La espermatogénesis, representa uno de los programas de diferenciacion mas complejos de la biologia
del desarrollo siendo necesaria una regulacidon espacio-temporal muy precisa de la transcripcion, la
traducciéon y la renovacidn proteica. En este sentido, la ubiquitinacidén resulta esencial para su correcto
desarrollo ya que no solo se encarga de marcar los sustratos para su degradacidn por el proteasoma sino
que, ademas, puede modificar su actividad, su estabilidad o su localizacidn subcelular (He et al. 2016). De
hecho, la importancia de la ubiquitinacién en procesos especificos de la espermatogénesis como la MSCl y
la determinacién de los COs, asi como en la fertilizacion y la calidad del esperma, ya ha sido ampliamente
reportada (Baarends et al. 1999; Baarends et al. 2000; Muratori et al. 2005; Yi et al. 2007; Qiao et al. 2014;
Rao et al. 2017).

El gen Usp26 (Ubiquitin-specific protease 26) se identificd por primera vez a partir de un cribado de genes
expresados en espermatogonias de ratén (Wang et al. 2001). USP26 pertenece a una familia de cistein-
proteasas que eliminan largas cadenas de ubiquitina de sus sustratos siendo responsables del
mantenimiento de la homeostasis de la ubiquitina en las células (Komander et al. 2009). En humanos, USP26
ha despertado un gran interés como gen candidato de infertilidad masculina debido a su expresion
altamente restringida a los testiculos y por su localizacién en el cromosoma X, cromosoma enriquecido en
genes especificos de testiculo y para el cual los hombres son hemicigéticos (Nishimune and Tanaka 2006).
De forma mas especifica, tanto en ratén como en humano, la expresion de USP26 se ha descrito en
espermatogonia (tipos Ay B), espermatocitos en preleptotena, leptotena y zigotena, espermatidas redondas
y en la barrera hemato-testicular (Wang et al. 2005; Lin et al. 2011). Ademds, en humanos también se ha

descrito su expresion en células de Sertoli y Leyding (Wosnitzer et al. 2014).

El debate sobre la existencia de una asociacién directa entre polimorfismos en USP26 e infertilidad
masculina ha suscitado gran controversia en las ultimas dos décadas. Por un lado, existen estudios que
asocian causalmente polimorfismos en USP26 con casos de infertilidad masculina, desde Sindrome de sélo
células de Sertoli hasta azoospermia no obstructiva o astenozoospermia (Paduch et al. 2005; Stouffs et al.
2005; Zhang et al. 2007; Lee et al. 2008a; Asadpor et al. 2013; Xia et al. 2014; Li et al. 2015; Li et al. 2020a;
Arafat et al. 2020). Por el contrario, otros estudios han descrito la presencia de esos y otros polimorfismos
en USP26 con la misma frecuencia tanto en hombres fértiles como infértiles (Ravel et al. 2006; Stouffs et al.
2006; Christensen et al. 2008; Ribarski et al. 2009; Shi et al. 2011; Zhang et al. 2015; Luddi et al. 2016).
Ademas, se ha reportado que la mayoria de los polimorfismos identificados no suprimen la actividad

enzimatica de USP26 (Zhang et al. 2015; Liu et al. 2018).

Con estos antecedentes y dada la ausencia de estudios funcionales, decidimos llevar a cabo el analisis

funcional de USP26 mediante la generacion de un modelo murino de pérdida de funcidn.
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1.1.Generacion de los modelos murinos mutantes para Usp26

Con el fin de analizar la funcion de USP26 en la gametogénesis, generamos un modelo de pérdida de
funcion dirigiendo el sistema CRISPR/Cas9 al Unico exdn codificante de Usp26. El modelo generado presenta
dos inserciones consecutivas de 85y 19 bp, separadas entre ellas 5 bp. La primera inserciéon cambia la pauta
y genera un coddn de STOP prematuro en la posicion 123 (proteina de 14 KDa) dando lugar a un alelo que,
a priori, se predice nulo (nombrado como alelo??; Figura 1a-b). Para validar la pérdida de funcién del alelo
analizamos la expresién de USP26 en testiculos de ratdn con dos anticuerpos (Ab, antibodies) diferentes, un
aUSP26 comercial (W-12) y el aUSP26-M proporcionado por el Dr. Yi-Wen Lin (Lin et al. 2011). En primer
lugar, llevamos a cabo un analisis por inmunofluorescencia (IF) en esparcidos de espermatocitos procedentes
de ratones silvestres (WT, Wild-Type o Usp26"™Y) y mutantes (Usp26*/Y). Ninguno de los Abs produjo sefial
detectable ni en espermatocitos (leptotena, zigotena) ni en espermatogonia o espermatida redonda (Figura
2a), tipos celulares en los que se ha descrito la expresion de USP26 (Wang et al. 2005; Lin et al. 2011).
También analizamos la expresion de USP26 por western blot (WB) en extractos totales de testiculo
procedentes de ratones WT y mutantes. Con el Ab clUSP26 W-12 no obtuvimos ninguna banda mientras que
con el aUSP26-M observamos bandas similares en los extractos Usp26*Y/Y y Usp26"W™Y (Figura 2b). Aunque
el tamafio esperado para la proteina mutante es de 14 KDa, no se produjeron cambios en la migracion de las
bandas entre los extractos mutantes y los WT (banda esperada 95 KDa). Estos resultados sugieren
firmemente que los Abs utilizados no son capaces de reconocer la proteina enddgena vy, por lo tanto, las

bandas detectadas no corresponden con USP26.
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Figura 1. Generacién del alelo mutante 21 mediante CRISPR/Cas9. (a-b) Representacidon esquemdtica de la estrategia de

edicion gendmica utilizada. Cuadros grises: exones codificantes, blancos: no codificantes. Los cromatogramas muestran las
secuencias de la region editada en ratones WT y Usp262Y/21, ATG, coddn de inicio, TAG y *, codones de stop, TGC (Cisteina
catalitica, Cys295). Las lineas gruesas (codificantes) y finas (no codificantes) bajo los exones indican la transcripcion esperada
desde el alelo WT y el alelo nulo. (b) Genotipado por PCR de ratones WT, heterocigoto (WT/21) y homocigoto para la mutacion
(21/21) en Usp26 con los primers F1 y R1. Se detecta una banda de 411 bp para el alelo WT y una de 307 bp para el alelo 21.
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Las mutaciones que generan codones de STOP cerca del inicio de la traduccion (5’) de una proteina
pueden dar lugar a un reinicio de la traduccion desde otros codones AUG en pauta que estén aguas abajo
del coddn de inicio candnico (Makino et al. 2016). En ratdn, el locus gendmico de Usp26 codifica para una
metionina en pauta en la posicién 147 que podria actuar como inicio de traduccion alternativo en nuestro
modelo mutante (alelo?!). A partir de esta metionina se podria generar una proteina truncada en el N-
terminal (79 KDa, Figura 1a) que presentaria intacto el dominio catalitico. Aunque el analisis por WB de los
ratones Usp262YY no detecté ninguna de las proteinas truncadas predichas (14 KDa-STOP prematuro y 79
KDa-ATG de reinicio, Figura 2b), con los Abs empleados no podemos descartar su expresién. Por ello, dada
la imposibilidad de demostrar que el alelo?! es un alelo nulo, decidimos generar un segundo mutante con
una delecion en su dominio proteolitico (mutante inactivo). Este dominio estd formado por una triada
catalitica compuesta por un residuo principal, la cisteina catalitica, acompafiada de una histidina y una
asparagina/aspartico que facilitan el ataque nucleofilico de la cisteina (Nijman et al. 2005; Davis and
Simeonov 2015). Para ello, dirigimos el sistema CRISPR/Cas9 a la cisteina catalitica (Cys295) generando una
delecién de 86 bp que incluia este residuo (hombrado como alelo®®; Figura 3a-b). Ademas, esta delecidn
produce un cambio de pauta que genera un codén de STOP en la posicién 293 dando lugar,

presumiblemente, a una proteina truncada de 34 KDa sin actividad catalitica (Figura 3a).
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Figura 3. Generacidn del alelo mutante Cat mediante CRISPR/Cas9. (a-b) Representacion esquematica de la estrategia
de edicién gendmica utilizada. Cuadros grises: exones codificantes, blancos: no codificantes. Los cromatogramas
muestran las secuencias de la region editada en ratones WT y Usp26t/Cat. ATG, coddn de inicio, TAG/TAAy *, codones
de stop, TGC (Cisteina catalitica, Cys295). Las lineas gruesas (codificantes) y finas (no codificantes) bajo los exones indican
la transcripcion esperada desde el alelo WT y el alelo nulo. (b) Genotipado por PCR de ratones WT, heterocigoto (WT/Cat)
y homocigoto para la mutacion (Cat/Cat) en Usp26 con los primers F2 y R2. Se detecta una banda de 259 bp para el alelo
WT y una banda de 173 bp para el alelo mutante.

El analisis por IF y WB en los mutantes Usp26%" reflejé los mismos resultados que en los mutantes
Usp262*Y, es decir, una ausencia de sefial detectable en la IF con ambos Abs (Figura 4a) y en WB con el Ab
W-12 (Figura 4b). En el caso del aUSP26-M el andlisis por WB no mostrd ninglin cambio en la migracion de
las bandas ni se identificaron las proteinas truncadas putativas de 34 o 58 KDa del alelo® (Figura 4b). Por lo
tanto, aunque no podemos demostrar la ausencia de USP26 en nuestros mutantes, debido a la falta de Abs
capaces de detectar la USP26 enddgena, el analisis genético predice que ambos modelos son nulos. En el
caso concreto del mutante catalitico, USP26 carece de la informacion genética que codifica el dominio
catalitico activo (Cys295) siendo, por tanto, un mutante inactivo sin capacidad para proteolizar la ubiquitina

de sus sustratos.

1.2.Los ratones deficientes en USP26 son fértiles

Los ratones portadores de los alelos 21 y Cat se desarrollaron con normalidad y no presentaron ningun
fenotipo evidente. Ademas, el tamafio del testiculo de los ratones mutantes fue similar al de los WT (Figura
5a). Con el fin de determinar el impacto de la ausencia de USP26 en la fertilidad del ratdn, los machos

Usp26WTY, Usp262™Y, and Usp26°®Y se cruzaron con hembras Usp26WT/WT,
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La presencia de tapdn vaginal se monitorizd diariamente descartandose la presencia de defectos de
comportamiento en estos animales y se anotd el nimero de crias obtenido en cada camada. Los resultados
obtenidos no mostraron diferencias significativas en el tamafio de las camadas entre los tres grupos
analizados (Tabla 1). En linea con este resultado, el analisis histopatoldgico de los tubulos seminiferos de los
ratones Usp26%/Y y Usp26°Y mostré una progresion normal a lo largo de los 12 estadios del ciclo del epitelio
seminifero con una organizacidon y nimero de los distintos tipos celulares similares a los WT (Figura 5b).
Ademas, la cantidad de espermatozoides que llegaron al epididimo no se vio afectada en los ratones
mutantes (Figura 5b). Por lo tanto, en conjunto estos resultados sugieren que el impacto de USP26 en la

fertilidad masculina en ratén, de existir, es muy reducido.
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Media (descendientes) SD Camadas
Usp26W™Y 7,0 1,47 15
Machos Usp262/Y 6,9 2,31 18
Usp26°/Y 6,4 2,32 16
Usp26W™/WT 7,4 2,33 14
Hembras Usp262Y/ 7,2 1,89 16
Usp26Cet/cat 7,9 2,28 16

Tabla 1. Datos numéricos (media de crias por camada) obtenidos de los cruces de machos USP26WT/Y, USP2621/Y,
and USP26%Y y hembras USP26WT/WT, JSP2621/21, and USP26%/Cat con hembras USP26WT/WT y machos USP26WTH,
respectivamente. Se cruzaron ratones de 8 semanas durante un periodo de 3 meses (n= 6 ratones/genotipo).

En relacidon con las hembras, USP26 no se expresa en ovario ni se han descrito hasta el momento
mutaciones asociadas con infertilidad femenina. De acuerdo con esto, las hembras Usp26*Y/?'y
Usp26%2¥C2t no mostraron ningtn defecto aparente en fertilidad (Tabla 1) ni alteraciones histoldgicas en los

ovarios con respecto a las WT (Figura 5c).

Figura 5. El analisis histopatoldgico no muestra defectos en los ratones deficientes en USP26. (a) El tamafio de los
testiculos no se ve afectado por la ausencia de USP26. (b) Tincion PAS (Periodic Acid-Schiff)-hematoxilina de secciones
de testiculos Usp26WT/Y, Usp2621/Yy Usp26<t/Y mostrando en todos ellos una distribuciéon normal de las células
germinales en los tubulos seminiferos (TS) y una cantidad normal de espermatozoides en el epididimo (Ep). Barras de
escala 10 um (TS) y 20 um (Ep). (c) Tincion hematoxilina-eosina (H&E) de secciones de ovarios de hembras
Usp26WT/IWT Usp2621/21 y Usp26Cat/Cat g os 4 meses de edad. En ausencia de USP26 se observa la presencia de foliculos y
cuerpos luteos y una apariencia normal del estroma. Barras de escala 50 um.
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1.3.Los espermatocitos deficientes en USP26 no muestran defectos en sinapsis,
dinamica de las DSBs ni recombinacion meidtica

Aunque Usp26 comienza a transcribirse en espermatogonia, este gen alcanza su maximo nivel de
expresién durante los primeros estadios de la meiosis (leptotena y zigotena, ver anexo Tablas S1 y S2
(Margolin et al. 2014; da Cruz et al. 2016)). Ademas, se ha demostrado la implicacidn del sistema ubiquitin-
proteasoma en la regulacion de la profase meidtica en ratdn (Rao et al. 2017) y mas concretamente de USP26
en la reparacion de DSBs y la recombinacién homdloga en células somaticas (Typas et al. 2016). Con estas
evidencias decidimos analizar en los espermatocitos que carecen de USP26 los principales procesos de la
profase | meidtica : la sinapsis entre cromosomas, la generacién y resolucién de las DSBs y la recombinacion

meidtica.

Para evaluar la progresion de la sinapsis en nuestros mutantes, analizamos la distribucion de SYCP3 y
SYCP1 en esparcidos de espermatocitos de ratones Usp262/Y, Usp26°2Y y Usp26"W/¥ (Figura 6). La formacién
de los AEs fue normal empezando a ensamblarse en leptotena como pequefios fragmentos los cuales se
fueron alargando a medida que avanzaba el estadio de zigotena. En paquitena se detectd una correcta
sinapsis que abarcaba la longitud completa de los homdlogos y no se observaron defectos en la desinapsis
desde diplotena a diacinesis. Ademas, las metafases | y Il de los mutantes presentaron una morfologia
completamente normal (Figura 6). Por lo tanto, estas observaciones sugieren que USP26 no desempeia

ninguna funcidn en el establecimiento de la sinapsis y la dinamica cromosdmica.

Usp26W™Y Usp264'"Y Usp26°2VY

Le|

ptotena

Figura 6. La ablacidon de USP26 no produce defectos en la sinapsis y la progresion de la meiosis. Doble IF de SYCP1y
SYCP3 en esparcidos de espermatocitos de ratones USP26WT/Y, USP2621/Y y USP26%t/Y, El DNA se tifid con DAPI. No se
observan diferencias en los procesos de sinapsis y desinapsis desde leptotena a diplotena, ni defectos en las divisiones
meidticas (metafases | y Il). Barra de escala 10 um.
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Dada laimportancia de la ubiquitinacidn y sumoilacion en los procesos de reparacion de las DSBs (Bekker-
Jensen and Mailand 2011), decidimos analizar la dindmica de estas roturas en los espermatocitos deficientes
en USP26 mediante el marcaje de yH2AX, primera modificacion detectada tras la formacion de las DSBs
(Rogakou et al. 1998). La distribucion de yH2AX en leptotena fue muy similar en los espermatocitos mutantes
y los WT observandose en todos los casos una sefial intensa en todo el nucleo, indicativo de una correcta
formacion de las DSBs. Como consecuencia del procesamiento de las DSBs, en los tres genotipos la sefial fue
disminuyendo a medida que los espermatocitos alcanzaron el estadio de zigotena. Finalmente, en paquitena
la sefial se observo restringida al sex body indicando una correcta reparacion de las DSBs de los autosomas
(Figura 7). Estos datos sugieren que la formacion y reparacion de las DSBs no se ven afectadas por la ausencia

de USP26.
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Figura 7. La dindmica de las DSBs no se ve afectada por la ausencia de USP26. Doble IF de SYCP3 y yH2AX en esparcidos
de espermatocitos de ratones USP26WT/Y, USP2621/Y y USP26%t/Y, E| DNA se tifid con DAPI. No se observan diferencias
desde leptotena hasta paquitena indicando una correcta formaciony reparacion de las DSBs. Los graficos bajo los paneles
muestran la cuantificacion de la intensidad de fluorescencia de yH2AX en los diferentes estadios y genotipos (n= 60
espermatocitos). Analisis Welch t-test de dos colas: ns, no significativo. Barra de escala 10 um.

A medida que avanza la profase |, las DSBs van siendo procesadas resolviéndose en la mayor parte de los
casos como NCO. Solo una pequefia fraccién de ellas se procesaran como CO, dando lugar a la formacion de
los quiasmas. Teniendo en cuenta la localizacion del sistema ubiquitin-proteasoma en el SC y su funcién en
la regulacion de la tasa de recombinacidon meidtica y formacion de COs (mediada por RNF212 y HEI10) (Qiao

et al. 2014; Rao et al. 2017), decidimos evaluar este proceso en los espermatocitos mutantes para Usp26
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mediante la tincién de MLH1, proteina mismatch repair que marca los futuros COs (Guillon et al. 2005). No
se observaron diferencias en el nimero de foci de MLH1 entre los espermatocitos Usp262YY, Usp26%/Y

y Usp26“™ (Figura 8) indicando que la ausencia de USP26 no afecta a la recombinacién meiética.

En conjunto, estos resultados sugieren que en ratdon la ausencia de USP26 no afecta a los eventos
fundamentales de la profase | meidtica masculina ni tampoco produce una disminucién de la fertilidad en

ninguno de los sexos, indicando que USP26 no es esencial para la gametogénesis de raton.
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Figura 8. Los ratones deficientes en USP26 no presentan defectos en recombinaciéon meidtica. Doble IF de SYCP3 y
MLH1 en esparcidos de espermatocitos de ratones USP26WT/Y, USP2621/Y y USP26C3t/Y, E| DNA se tifié con DAPI. El nimero
de foci de MLH1 (futuros quiasmas) es muy similar en los ratones mutantes y los WT. El grafico a la derecha del panel
muestra la cuantificacidon del nimero de foci en paquitena para cada genotipo (n= 48-52 paquitenas). Analisis Welch t-

test de dos colas: ns, no significativo. Barra de escala 10 um.
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2.Una variante en HSF2BP causa POl a través de su nuevo interactor BRME1

2.1.La variante S167L en el gen HSF2BP es una firme candidata de POl en humanos

La POl es una de las principales causas de infertilidad femenina y afecta en torno al 1-3% de las mujeres
menores de 40 afios estimandose que las causas genéticas se encuentran detras de un 20% de los casos
(Nelson 2009; Rossetti et al. 2017; Golezar et al. 2019). Gracias a las estrategias de genética directa e inversa
con organismos modelo, fundamentalmente el ratén, se han identificado multiples genes y rutas
moleculares implicados en la regulacién de la fertilidad, pero son pocos los casos en los que se ha podido
establecer una relacién causal directa con la fertilidad en humanos (Schimenti and Handel 2018). Esto se
debe, principalmente, a que las variantes que causan infertilidad en humanos tienen poca probabilidad de
propagarse en la poblacidn, lo cual dificulta su identificacion. Sin embargo, en ocasiones estas variantes
pueden identificarse mediante el estudio de pedigries familiares, especialmente cuando existe
consanguinidad. Estos casos proporcionan conocimientos fundamentales sobre la funcion de los genes y los
mecanismos moleculares afectados. En la ultima década, mediante secuenciacidén del exoma completo de
pedigries afectados por POI, se han identificado variantes patogénicas en varios genes meidticos tales como
SYCE1, HFM1, MSH5, MEIOB y SPO11 (Wang et al. 2014; De Vries et al. 2014; Guo et al. 2017; Caburet et al.
2019; Tran and Schimenti 2019). Una de estas variantes, identificada en el gen STAG3, fue descrita en un
trabajo llevado a cabo por nuestro laboratorio en colaboracion con los laboratorios del Dr. Reiner A. Veitia y

el Dr. Eric Vilain (Caburet et al. 2014).

Teniendo en cuenta estos antecedentes y la experiencia e interés de nuestro grupo en la determinacion
de las causas genéticas subyacentes a la infertilidad en humanos abordamos, en colaboracién con el grupo
del Dr. Reiner A. Veitia (Institut Jacques Monod, Université de Paris, France), el estudio de una familia
consanguinea afectada por POI. En esta familia de origen arabe israeli, los padres son primos en primer grado
y de las cinco hijas, tres estan afectadas por POI. Las tres pacientes tuvieron la menarquia a una edad normal
(13-14 afios) aunque con menstruaciones irregulares que cesaron alrededor de los 25 afios (amenorrea
secundaria). De ellas, solo una pudo tener un hijo tras un tratamiento de fertilidad asistida (Figura 9a). Con
el fin de identificar las bases genéticas de este caso familiar de POI, se llevé a cabo la secuenciacién del
exoma completo de dos de las pacientes con POI (llI-2 y 1lI-3) y de una hermana fértil (111-10). Las variantes
encontradas se filtraron siguiendo los siguientes criterios (Ver anexo, Tablas S3 y S4):

1. Su presencia en homocigosis en las pacientes afectadas.

2. Suausencia o presencia en heterocigosis en la hermana fértil.

3. Suausencia en los controles fértiles no relacionados con la familia.

4

Una frecuencia alélica menor a 0,01 en todas las bases de datos analizadas.

Este proceso de filtrado condujo a la identificacion de una mutaciéon con cambio de sentido (missense)
en el gen HSF2BP: rs200655253 (21:43630396 G>A, GRCh38). Esta mutacion se localiza en el exén 6 del
transcrito de referencia ENST00000291560.7 (NM_007031.2:¢c.500C>T) y cambia el codén TCG a TTG
(NP_008962.1:p.Ser167Leu). Esta variante es muy infrecuente (Frecuencia de la Variante Alélica/VAF
0,0001845 en la base de datos GnomAD y 0,0005 en la base de datos GME Variome, especifica de

poblaciones de Oriente Medio) y esta ausente en homocigosis en todas las bases de datos disponibles.
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Mediante secuenciacién Sanger se verificé la variante y se comprobé su segregacion mendeliana con la POI
dentro de la familia. Todas las hermanas afectadas (l1l-1, I11-2 y 111-3) fueron homocigotas para la mutacién
mientras que los padres y los hermanos fértiles fueron portadores heterocigotos (Figura 9b). No se
identificaron varones homocigotos en la familia impidiendo el andlisis del impacto de esta variante en la
fertilidad masculina. La serina mutada (Ser167) esta altamente conservada y 11 de los 18 predictores de
patogenicidad disponibles en dbNSFP 3.5 predicen la variante como patogénica o deletérea (ver anexo, Tabla
S5, Figura S1 y Figura S2). Estos andlisis fueron llevados a cabo por el grupo del Dr. Reiner A.Veitia y los
resultados obtenidos sugieren que la variante S167L en HSF2BP podria ser la responsable del desarrollo de

POI en esta familia.

a
17 18 . Afectada por POI
1971 Afo de nacimiento
Primos en m:13 Edad menarquia (afios)
primer grado
” 4 Secuenciacion exoma
1 completo (WES)
GIA *  DNA disponible
G/A Genotipo en la posicién
“I de la variante en HSF2BP
1 2 3
1973 1973 1971
m: 14 m:13 AlA
A/A  AIA
IV 23 afios

Tratamiento de
fertilidad

11I-1: Hermana afectada por POI I1I-6: Hermana fértil 111-10: Hermana fértil
GTTTTGT GAAGTBIGTTAGACGGT( G A A G Trm G T T A | 6T G A G TG T T G AC G G T
AAATRATRAY AW YW TV
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Figura 9. Identificacidn de la variante S167L en HSF2BP en una familia consanguinea afectada por POI. (a) Pedigri de la
familia de estudio. Cuando se conocen, se indican el afio de nacimiento y la edad de la menarquia. La paciente IlI-3 tuvo
un embarazo normal con ayuda de un tratamiento de fertilidad y un segundo intento fallido. El genotipo de cada
individuo para la variante identificada en HSF2BP se indica en azul en base a lo determinado por secuenciacion de Sanger
para los DNAs disponibles. (b) Cromatogramas obtenidos por secuenciacion Sanger de los familiares a los que no se
realizé secuenciacion del exoma completo. Se puede observar la segregacion mendeliana de la variante.
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Al comienzo de este trabajo la Unica informacidon disponible sobre HSF2BP (HSF2 Binding Partner) era su
identificacion como un interactor del factor de transcripcion HSF2 (Heat Shock Factor 2) especifico de
testiculo y su interaccion con BNC1 (Basonuclin 1), ambas detectadas mediante cribado de doble hibrido en
levaduras (Y2H, Yeast Two Hybrid)(Yoshima et al. 1998; Wu et al. 2013). La deficiencia de ambas proteinas
se ha relacionado con problemas de fertilidad en ratdn (Kallio et al. 2002; Ma et al. 2006). Esto, junto con el
patron de expresion altamente restringido a testiculo de HSF2BP (proteinatlas.org/ENSG00000160207-
HSF2BP/summary/rna), nos llevé a considerar este gen como un buen candidato causal de la POl de la familia
en estudio. Para analizarlo, en primer lugar, encargamos el desarrollo de Abs policlonales frente a la proteina
HSF2BP murina (Proteogenix, ver material y métodos) y analizamos su localizacién en esparcidos de
espermatocitos y oocitos WT mediante IF (Figura 10a-b). HSF2BP mostré un patrén de localizacién tipico de
la maquinaria de recombinacién meidtica formando foci sobre los ejes cromosdmicos que empezaron a
aparecer al inicio de zigotena y fueron aumentando durante este estadio para después disminuir a lo largo
de paquitena y finalmente desaparecer totalmente en paquitena tardia (Figura 10a-b). Esta localizacion
sugiere que HSF2BP podria ser una nueva proteina de recombinacién meidtica y apoya la idea de que la

variante HSF2BP-S167L es una firme candidata a producir la POl en la familia de estudio.

Paqui temprana

Figura 10. Localizacion de HSF2BP en meiocitos WT. (a-b) Doble IF con SYCP3 y HSF2BP en esparcidos de (a)
espermatocitos y (b) oocitos WT. En ambos casos HSF2BP muestra un patréon de foci localizados sobre los ejes
cromosomicos desde zigotena temprana hasta el final de paquitena alcanzando su maximo nivel en zigotena tardia.
Barras de escala, 10 um.

2.2.Generacioén de los modelos murinos mutantes para Hsf2bp

Con el fin de determinar si la variante HSF2BP-S167L es realmente la causante de POI en la familia de
estudio y de analizar la funcidn de esta nueva proteina en la meiosis, generamos dos modelos murinos
mediante la tecnologia de edicion del genoma CRISPR/Cas9 (Figura 11a-b y material y métodos). El primero

es portador de la variante causante de POl (Hsf2bp®167t/5167.) y e| segundo es un modelo de pérdida de funcién
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de HSF2BP que permite un analisis comparativo directo entre el comportamiento de la variante S167L y el

alelo nulo (KO, knockout o Hsf2bp™"; Figura 11b-c).
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Figura 11. Generacion y caracterizacion de los modelos murinos mutantes para Hsf2bp. (a-b) Representacién

esquematica de la estrategia de edicion gendmica utilizada para la generacién del (a) modelo portador de la variante

S167Ly (b) el modelo nulo. Las guias del sistema CRISPR (sgRNAs) se localizan en el exdn 6. Los cuadros grises representan

los exones codificantes y los blancos los no codificantes. Los cromatogramas muestran las secuencias de la regidn editada
en ratones WT, Hsf2bpSt67t/5167L v Hsf2bp-. ATG, coddn de inicio, TGA/TAA y *, codones de stop. (a) El ssODN lleva la
mutacion deseada (TCA>TTA, S171L) en el residuo homodlogo al de la variante asociada con POl en humanos (S167L)

aunqgue en todo el trabajo se denomina al alelo murino con la nomenclatura del residuo humano (S167L). (b) Las lineas

gruesas (secuencias codificantes) y finas (no codificantes) localizadas bajo los exones indican la transcripcién esperada

desde el alelo WT y el alelo nulo. (c) Genotipado por PCR de ratones WT (+/+), heterocigoto (+/-) y homocigoto para el
alelo nulo (-/-) de Hsf2bp con los primers F1y R1. Se detecta una banda de 383 bp para el alelo WT y una banda de 355

bp para el alelo mutante. (d) WB de extractos de testiculo procedentes de ratones de 13 dpp (WT, Hsf2bpS167L/5167L y
Hsf2bp™") con un Ab frente a HSF2BP. Como control de carga se empled Tubulina. (e) Doble IF frente a SYCP3 y HSF2BP
en espermatocitos Hsf2bp*/* y Hsf2bp-. Esta IF, junto con el WB, demuestran la ausencia de HSF2BP en el modelo nulo,

asi como la especificidad de los Abs generados frente a HSF2BP. (f) Doble IF frente a SYCP3 y EGFP en espermatocitos

tras la electroporacion in vivo en testiculo de EGFP-HSF2BP mostrando un patréon punteado muy similar al obtenido con

los Abs frente al HSF2BP enddégeno (panel e). Barras de escala, 10 um.
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La validacion del modelo nulo se realizé por WB e IF de extractos y preparaciones de testiculo obtenidas
de ratones Hsf2bp*/* y Hsf2bp™~ utilizando los Abs previamente generados frente a HSF2BP. En ambos casos
se observo la ausencia de proteina en estos ratones en comparacion con los ratones WT (Figura 11d-e)
demostrando que se trata realmente de un alelo nulo y validando la especificidad de estos Abs. Esta
validacion también se llevo a cabo mediante electroporacion in vivo de un plasmido que codifica para EGFP-
HSF2BP en los testiculos de ratdn. Transcurridas 48 horas tras la electroporacion, EGFP-HSF2BP se detecté
en forma de foci sobre los ejes cromosdmicos desde zigotena hasta paquitena (Figura 11f). Esta localizaciéon

coincide con la observada con los Abs generados frente a HSF2BP.

2.3.HSF2BP es esencial para la fertilidad en ratdn y la variante S167L produce una
reduccién parcial de la misma

Los ratones Hsf2bp™" y Hsf2bp$1¢7Y5167L se desarrollaron con normalidad y no mostraron ningtin fenotipo
aparente. Sin embargo, los machos Hsf2bp™- fueron estériles y las hembras presentaron una subfertilidad
muy penetrante, cercana a la infertilidad (Figuras 12b y 13b). Con el fin de analizar el impacto de la variante
S167L en la fertilidad del ratén, establecimos cruces de hembras y machos Hsf2bp$1¢7Y/5167 y Hsf2bp*/* con

+/+

machos y hembras Hsf2bp*/*, respectivamente. La presencia de tapdn vaginal se monitorizé diariamente y
se anotaron las camadas obtenidas y el nimero de crias en cada una de ellas. Ambos sexos fueron capaces
de reproducirse, pero presentaron cierta tendencia hacia una reduccién en la fertilidad, siendo esta mas
evidente en el caso de las hembras en las que se observd una reduccion significativa en el nimero de
camadas (Figura 12a). Estos resultados sugieren que la ausencia de HSF2BP produce defectos severos en la

fertilidad del ratén y la variante S167L tiene cierto impacto en la misma.

El andlisis histoldgico de los ovarios mostré una drdstica reduccion de la reserva folicular en las hembras

S167US167L ng se observaron diferencias aparentes en la

Hsf2bp™-. Sin embargo, en los ovarios Hsf2bp
morfologia ni en el numero de foliculos en comparacidn con los ovarios WT (Figura 12b-c). En machos, los
testiculos de los ratones Hsf2bp” mostraron una reduccién de tamafio del 70% con respecto a los testiculos
WT, representado como la relacién peso del testiculo/peso corporal. Esta reduccidon también se observo,
aunque menos acusada, en los ratones Hsf2bpS67/5167 (reduccién del 21%, Figura 13a). De acuerdo con esto,
el analisis histolégico de los testiculos Hsf2bp™ revelé un bloqueo en el estadio IV del ciclo del epitelio
seminifero acompafiado por una ausencia total de espermatozoides en el epididimo (Figura 13b). Los tubulos
bloqueados en este estadio se caracterizan por la presencia de una apoptosis masiva de espermatocitos con
apariencia similar a zigonemas conjuntamente con espermatogonias intermedias (In) dividiéndose a
espermatogonias B (Ahmed and de Rooij 2009). Estos defectos dan lugar a una azoospermia no obstructiva

S167L/5167L 5@ observd un

y la consiguiente infertilidad en estos ratones. En el caso de los testiculos Hsf2bp
bloqueo parcial con tubulos seminiferos que presentaban un elevado nimero de divisiones meidticas en
apoptosis y una menor cantidad de espermatozoides en el epididimo (Figura 13b). Conforme con estos

$167L/S167L presentaron un mayor numero de células

resultados, los cortes procedentes de ratones Hsf2bp
positivas para la tincion TUNEL (marcaje de apoptosis, TdT mediated dUTP Nick End Labelling) que
correspondian siempre con divisiones meidticas (Figura 13c). Ademas, la cuantificacidon de espermatozoides
en el epididimo corroboré la existencia de una reduccién del 23% en el nimero de espermatozoides de los

ratones Hsf2bpS17t/5167L con respecto a los Hsf2bp*/* (Figura 13d). Por Gltimo, en ninguno de los mutantes se
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vio alterada la presencia de espermatogonias, células de Sertoli y células de Leydig (Figura 13b). En conjunto,
estos resultados indican que HSF2BP es esencial para la fertilidad del ratdn y su ausencia produce un fenotipo

S167L/S167L - con evidentes

sexualmente dimodrfico. Ademads, el fenotipo observado en los ratones Hsf2bp
defectos en espermatogénesis y una reduccion significativa de la fertilidad en hembras, sugiere que los

ratones portadores de la variante causante del POl fenocopian parcialmente la enfermedad humana.
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Figura 12. Analisis de fertilidad y caracterizacion de los ovarios en los mutantes para Hsf2bp. (a) Analisis de fertilidad
de hembras y machos Hsf2bpS167/5167Ly Hsf2bp*/* mostrando el nimero de camadas por mes y el nimero de crias por
camada. n=6 ratones por genotipo (excepto en hembras Hsf2bpS167t/5167L; n=7). (b) Tincidn de H&E en secciones de
ovarios adultos (8 semanas). Mientras los ovarios Hsf2bp”- presentan una fuerte deplecién del pool de foliculos, los
ovarios Hsf2bp’- muestran una apariencia normal. Barras de escala, 100 pm. (c) Cuantificacién del nimero de foliculos
por ovario en hembras de 5 dpp, 6 semanas y 13 meses. n (5 dpp)= 5 ovarios +/+y S167L/S167L, 4 -/-; n (6 semanas) = 5
ovarios +/+y S167L/S167L, 3 -/-; n (13 meses)= 3 ovarios +/+ y S167L/S167L. Andlisis Welch t-test de dos colas: ns, no
significativo, *p<0,05; **p<0,01; ***p<0,001.
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Figura 13. Analisis y caracterizacion de los defectos en la espermatogénesis de los mutantes para Hsf2bp. (a) Tamafio
de los testiculos de ratones Hsf2bpSi67L/s167L y Hsf2bp’/- en comparacidon con los correspondientes WT. El grafico
representa la cuantificacion del peso del testiculo referido al peso corporal de cada animal (%). n= 14 testiculos +/+, 12
S167L/S167Ly 6 -/-. (b) Tincidn de PAS -hematoxilina en secciones de testiculo de los tres genotipos. Los asteriscos azules
marcan las divisiones meidticas en apoptosis y las flechas indican la apoptosis masiva observada en el KO. Barras de
escala, 10 um (paneles de arriba) y 20 um (paneles de abajo). TS, Tubulos Seminiferos; Ep, Epididimo. (c) Detecciéon
inmunohistoquimica (TUNEL) de células apoptéticas en secciones de testiculo mostrando el incremento de apoptosis en
divisiones meidticas observadas en tubulos en estadio Xl en los ratones Hsf2bpS167t/5167L E| grafico a la derecha del panel
representa la cuantificacion. n= 3 ratones por genotipo. Barra de escala, 25 um. (d) Cuantificacion del nimero de
espermatozoides presentes en el epididimo de ratones Hsf2bpSi67\/S167L v Hsf2bp*/* adultos. n= 8 epididimos por
genotipo. Anadlisis Welch t-test de dos colas: ns, no significativo, *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

2.4.la ausencia de HSF2BP produce fuertes defectos en sinapsis y la variante S167L
provoca una pérdida parcial de funcion

A la vista de los defectos en gametogénesis y fertilidad de ambos mutantes nos propusimos caracterizar
en detalle la progresion de la meiosis en los mismos. Para ello, en primer lugar analizamos el
ensamblaje/desensamblaje del SC en los meiocitos de estos ratones mediante el seguimiento de la
distribucion de las proteinas SYCP1 y SYCP3. De acuerdo con el bloqueo en estadio IV del ciclo epitelial
seminifero, los machos Hsf2bp”" mostraron un bloqueo en un estadio que se asemeja al de zigotena
(zigotena-like) (Figura 14a). Muchos de los espermatocitos presentaban un fenotipo denominado de cambio
de pareja (partner-switch phenotype), frecuentemente observado en mutantes con defectos en

recombinacidn (Romanienko and Camerini-Otero 2000; Kumar et al. 2010). En estos espermatocitos los AEs
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se alargan correctamente, pero no son capaces de aparearse y sinapsar con su homdlogo vy, finalmente,
establecen una sinapsis aberrante entre regiones de cromosomas no homaélogos (Figura 14a). En el caso de
los espermatocitos Hsf2bp31e7/S167L no se observaron defectos en la sinapsis y desinapsis desde leptotena
hasta diplotena (Figura 14b). Sin embargo, observamos un elevado nimero de células apoptdticas que
mediante tincion con SYCP3 y ACA (marcaje de centromeros) mostraron ser metafases. Estas células
presentaban una pérdida total o parcial de la inmunoreactivdad frente a los Abs utilizados, caracteristica de
las células apoptdticas (Figura 14c). Estos resultados son acordes al bloqueo parcial observado en el andlisis

histoldgico (Figura 13b-c).
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Hsf2bp'-y (b) Hsf2bpS167t/5167L | a variante S167L
o no produce defectos en sinapsis mientras que la
ausencia de HSF2BP da lugar a un bloqueo en
estadio zigotena-like. (c) Doble IF con SYCP3 y
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seminiferos de ratones WT y S167L. Los ratones
S167L presentan un elevado numero de
metafases apoptdticas con una pérdida parcial
o total de inmunoreactividad de las proteinas
marcadas. Barras de escala, 10 um.

En hembras, los oocitos Hsf2bp”- mostraron un retraso en la progresion de la profase I. A 17,5 dias post-

coito (dpc) casi todos los oocitos Hsf2bp*/* habian alcanzado ya el estadio de paquitena mientras que la
mayor parte de los oocitos Hsf2bp”" de esta misma edad se encontraban en zigotena. Ademas, se observé
un aumento en el porcentaje de oocitos con defectos en sinapsis en ausencia de HSF2BP (Hsf2bp™:
45,5%+1,5 frente a las Hsf2bp*/*: 7,5%%1,5; n=2 por genotipo; **p<0,01; Figura 15a). Sin embargo, en las
hembras Hsf2bp3167YS167L ng observamos ninglin defecto en sinapsis/desinapsis (Figura 15b). En conjunto,
estos resultados sugieren que la ausencia de HSF2BP produce defectos severos en sinapsis y que la variante

S167L presenta una pérdida parcial de funcion (alelo hipomorfo).
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Figura 15. Analisis de la sinapsis en hembras mutantes para Hsf2bp. (a-b) Doble IF de SYCP1 y SYCP3 en esparcidos de
oocitos de hembras (a) Hsf2bp™-y (b) Hsf2bpS167t/5167L De igual manera que en machos, las hembras Hsf2bpS167/5167L ng
muestran defectos en sinapsis durante la profase | pero las hembras Hsf2bp”/- muestran un retraso en la progresion de

la misma y un elevado nimero de células con defectos en sinapsis. Barras de escala, 10 um.

2.5.La variante S167L produce una reduccidon de la expresidon/estabilidad de la
proteina

Para confirmar si la variante S167L se comporta como un alelo hipomorfo, analizamos la localizacion de
HSF2BP en los meiocitos Hsf2bpS¥7YS167L Tanto en espermatocitos como en oocitos, se observé una
importante reduccién de HSF2BP en los ejes cromosdmicos tanto en numero de foci como en su intensidad
(Figura 16). Ademas, mediante WB de extractos de testiculo de ratones de 13 dpp (dia en el que todas las
células estan en zigotena dada la sincronia de la primera ronda meidtica) observamos que la reduccién
detectada por IF correlacionaba con una reduccidon en la expresién de la proteina en los ratones
Hsf2bp5167/5167L (Figura 17). Estos resultados sugieren que la variante HSF2BP-S167L produce una reduccién

de la expresién y/o estabilidad de la proteina.
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Figura 16. Localizaciéon de HSF2BP en los meiocitos Hsf2bpS167L/167L Doble IF de SYCP3 y HSF2BP en esparcidos de
espermatocitos (arriba) y oocitos (17,5 dpc, abajo) mostrando una fuerte reduccién del marcaje de HSF2BP. Graficos a
la derecha de cada panel: cuantificacion del nimero de foci y la intensidad de HSF2BP. n= 30-40 células de cada estadio
y genotipo (u.a. unidades arbitrarias). Analisis Welch t-test de dos colas: ****p<0,0001. Barras de escala, 10 um.
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& 1504 Figura 17. Expresion de HSF2BP en los
&
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Hsf2bp™* HsfappSie7usten.  Carga se empled Tubulina. Andlisis Welch t-

test de dos colas: *p<0,05.

2.6.HSF2BP es esencial para la recombinacién meidtica y la variante S167L produce
defectos severos en este proceso

Dado que HSF2BP presenta una localizacién similar a la maquinaria de recombinacién meidtica decidimos
analizar el comportamiento de diferentes proteinas implicadas en este proceso mediante IF en los meiocitos

Hsf2bp™- y Hsf2bpSte7L/s167L,

En primer lugar, analizamos la dindmica de reparacion de las DSBs mediante la deteccién de YH2AX y RPA
por IF. La fosforilacidn de H2AX es la primera modificacién que aparece tras la induccion de las DSBs en
leptotena y se observa como una sefial difusa en la cromatina. A medida que las células avanzan a través de
zigotena esta sefial va disminuyendo, quedando restringida al sex body en paquitena. Sin embargo, en los
espermatocitos Hsf2bp™" la sefial de YH2AX no disminuyé quedandose acumulada en todo el nicleo de las

S167L/S167L presentaron

zigonemas-like bloqueadas (Figura 18a). Por su parte, el 80% de las paquinemas Hsf2bp
un intenso marcaje de YH2AX sobre los autosomas mientras que en los ratones WT solo se detecté este
patrén en un 9% de ellas (Figura 18a). En ambos mutantes, esta acumulacién de yH2AX correlacion6
perfectamente con la acumulacién de la proteina de unién a ssDNA RPA. Asi, en los ratones Hsf2bp™
observamos niveles de RPA similares al WT en leptotena pero una acumulacién significativa en el bloqueo

S167L/5167L ghservamos que, aunque el nimero de

en zigotena-like (Figura 18b). En los espermatocitos Hsf2bp
focis de RPA en leptotena y zigotena era similar al de los ratones WT, se producia una gran acumulacion de
foci intensos en paquitena (Figura 18b). De igual forma, en las hembras observamos una intensa acumulacién
de yH2AX en los oocitos en paquitena del mutante nulo que fue menos pronunciada en los oocitos
portadores de la variante S167L (Figura 18c). Sin embargo y sorprendentemente, no observamos
acumulacion de RPA en los oocitos de ninguno de los dos modelos mutantes, sugiriendo la existencia de
mecanismos alternativos durante estos procesos de la recombinacién meidtica en oocitos (Figura 18d). En

conjunto, estos resultados indican que la variante S167L produce importantes defectos en la reparacién de

las DSBs que son similares a los producidos por la ausencia de HSF2BP, aunque mucho mas leves.

Dados los defectos en reparacion del DNA de los mutantes de Hsf2bp, a continuacion, analizamos el
comportamiento de las recombinasas RAD51 y DMC1, proteinas encargadas de la invasién del cromosoma
homadlogo durante la recombinacion meidtica. El analisis por IF mostré que la ausencia de HSF2BP produce
una drastica reduccidn, casi total, de la localizacién de ambas proteinas en los ejes cromosdmicos en ambos
sexos (Figura 19a-d). Esta reduccion también se observé en menor medida en los ratones portadores de la
variante causante de POl (Figura 19a-d). Por tanto, HSF2BP es necesaria para la localizacion de las

recombinasas en los RNs tempranos y la variante S167L reduce sustancialmente esta funcidn.
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Figura 18. Reparacion de las DSBs en los mutantes de Hsf2bp. (a-c) Doble IF de SYCP3 y YH2AX en esparcidos de (a)
espermatocitos y (b) oocitos (17,5 dpc) de ratones WT, Hsf2bps167/5167L y (b) Hsf2bp-. (b-d) Doble IF de SYCP3 y RPA en
esparcidos (b) espermatocitos y (d) oocitos (16,5 y 17,5 dpc) de ratones WT, Hsf2bpSi67/5167L y (b) Hsf2bp-. (a-c) En
machos se observa una acumulaciéon de ambas proteinas en ambos mutantes, siendo esta mayor en los ratones Hsf2bp-
/-. (b-d) En hembras, se produce una acumulacién de yH2AX, aunque no de RPA, que es mas acusada los oocitos Hsf2bp-
/. Los graficos a la derecha de los paneles representan las cuantificaciones en cada estadio y genotipo. Cuantificacion %
de paquitenas con acimulos: n>360 paquitenas. Cuantificacion intensidad yH2AX: (a) n= 53-60 células (c) n= 19-21
células (17,5 dpc). Cuantificacién foci RPA: (b) n= 29-46 células (d) n= 23-42 células. Analisis Welch t-test de dos colas:
ns, no significativo, *p<0,05; **p<0,01; ****p<0,0001. Barras de escala, 10 um.
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Figura 19. La carga de las recombinasas se encuentra afectada en los mutantes de Hsf2bp. (a-c) Doble IF de SYCP3 con
(a,c) DMC1 o (b,d) RAD51 en esparcidos de (a,b) espermatocitos y (c,d) oocitos (17,5 dpc) de ratones Hsf2bp*’*,
Hsf2bpsS167v/5167L y Hsf2bp /. Se observa una fuerte reduccidon (Hsf2bp~-) y una reduccidn intermedia (Hsf2bp S167L/5167L) del
numero de foci de ambas recombinasas en comparacion con los niveles WT. Los gréaficos debajo de cada panel
representan la cuantificacién de foci en cada estadio y genotipo. n (a y b)= 37-43 células, n (c)= 18-30, n (d)= 35-42.
Analisis Welch t-test de dos colas: ns, no significativo; **p<0,01; ***p<0,001; ****p<0,0001. Barras de escala, 10 um.

A continuacion, decidimos analizar el estado de SPATA22, proteina que forma un heterodimero con

MEIOB y que a su vez interacciona con RPA participando en la proteccidn del ssDNA tras la reseccién, asi

como en la captura del segundo extremo en los D-loops durante el procesamiento de los RNs intermedios

(Luo et al. 2013; Xu et al. 2017). El analisis por IF de SPATA22 en los espermatocitos Hsf2bp”~ mostré una

97



Resultados

intensa acumulacidn de esta proteina en los ejes cromosdmicos que fue menor en presencia de la variante
S167L (Figura 20). En los oocitos Hsf2bp”- también se observé una fuerte acumulacién de SPATA22 mientras
que en los Hsf2bpS167Y/5167L sol0 se produjo un ligero aumento no significativo del marcaje (Figura 20). Estos
resultados concuerdan con la acumulacién de RPA y la deslocalizacidn de las recombinasas observados en
nuestros mutantes. Los defectos en la carga/estabilizacién de las recombinasas provocarian defectos en el
desplazamiento del complejo de unién a ssDNA RPA/SPATA22/MEIOB de las regiones de las DSBs

provocando su acumulacidn.
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Figura 20. Analisis de SPATA22 en los mutantes Hsf2bp. Doble IF de SYCP3 y SPATA22 en esparcidos de espermatocitos
(arriba) y oocitos (17,5 dpc, abajo) de ratones Hsf2bp*/*, Hsf2bpSi67t/S167L v Hsf2bp'-. SPATA22 se acumula en los
espermatocitos y oocitos KO y muestra una acumulacion intermedia en los espermatocitos Hsf2bpSi67t/5167L En |os
oocitos Hsf2bpS1671/5167L solo se observa una ligera acumulacion no significativa. Los graficos bajo los paneles representan
la cuantificacién de la intensidad de SPATA22 en cada estadio y genotipo. n (machos)= 20 células, n (hembras)= 38-41
células. Analisis Welch t-test de dos colas: ns, no significativo; **p<0,01; ****p<0,0001. Barras de escala, 10 um.

El objetivo final de la recombinacién meidtica es la formacion de al menos un CO por bivalente
estableciéndose asi las uniones fisicas (quiasmas) entre los cromosomas homadlogos necesarias para la
correcta segregacion durante la primera division meidtica. En vista de la acumulacion de RPA/SPATA22 y los
defectos en el reclutamiento de RAD51/DMC1, analizamos si todo ello alteraba la formacién de los COs. De
acuerdo con el bloqueo en zigotena-like, no se detectaron foci de MLH1 en los espermatocitos Hsf2bp™”"
(Figura 21a). En el caso de los espermatocitos Hsf2bp31¢7/5167L se observé una reduccién significativa en el
numero total de COs en comparacion con los ratones WT (Figura 21a). Ademas, esta reduccion estaba
acompafada de un mayor porcentaje de bivalentes que no mostraban foci de MLH1, afectando en mayor
medida al bivalente sexual (Figura 21b). Acorde con la reduccién de los COs, los ratones Hsf2bpS167/5167
mostraron un mayor porcentaje de paquinemas con los cromosomas sexuales desinapsados (Figura 21c) vy,

consecuentemente, la presencia de metafases | con univalentes libres (Figura 21d). Estos resultados podrian

explicar el elevado nimero de metafases apoptdticas observadas en estos mutantes (Figura 13b-cy 14b).
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Figura 21. Formacién de COs en los machos Hsf2bpS167L/s167L_(3) Doble IF de
Hsf2bp** Hsf2bpstervsier SYCP3 y MLH1 en paquitenas WT, Hsf2bpSi67L/s167L y Hsf2bp- mostrando una
’ ; reduccion de foci de MLH1 en los mutantes S167L y la ausencia total en los
ratones nulos. El grafico bajo el panel muestra la cuantificacion del numero
total de foci. n= 60-89. (b) Cuantificacion del % de espermatocitos con alguin
autosoma o el bivalente sexual sin foci de MLH1. n (autosomas)=90-94, n (XY)=
59-64. (c) Doble IF de SYCP3 y YH2AX en paquitenas WT y S167L permitiendo
identificar claramente el sex body. El grafico a la derecha representa el % de
paquitenas con el bivalente XY sinapsado/desinapsado. n= 150. (d) IF con
SYCP3 (DNA tefiido con DAPI) mostrando los univalentes observados en las
metafases | de los ratones Hsf2bpS167t/s167L (flechas). Andlisis Welch t-test de
dos colas: *p<0,05; **p<0,01; ****p<0,0001. Barras de escala, 10 um.

En los oocitos la cuantificacidon de los COs se llevé a cabo usando CDK2 como marcador. Durante la
profase I, CDK2 se localiza en los telémeros de los cromosomas desde leptotena hasta diplotena. Sin
embargo, adicionalmente, en paquitena aparecen sefiales intersticiales de CDK2 que colocalizan con MLH1
y marcan los sitios de CO participando en la regulacion de la formacidn de los mismos (Ashley et al. 2001;
Palmer et al. 2020). Por tanto, como medida del nimero de COs en oocitos se consideraron Unicamente los
foci intersticiales de CDK2. Esta cuantificacion mostré una importante reduccién en el nimero total de COs
en las hembras Hsf2bp™" con respecto a las WT que fue menor en las hembras Hsf2bp167Y/S167L (Figura 22a).
Ademas, el porcentaje de bivalentes sin foci intersticiales de CDK2 se vio fuertemente aumentado en los

oocitos Hsf2bpS167t/5167L y "ain mas, en los oocitos Hsf2bp™ (Figura 22b).
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En conjunto, todos estos resultados indican que HSF2BP es esencial para la carga de las recombinasas
RAD51/DMC1 vy, por tanto, para la recombinacién meidtica. Ademas, la comparativa directa con el modelo
nulo demuestra que la variante S167L tiene efectos menos severos que la ausencia de proteina, apoyando
la hipdtesis de que esta variante se comporta como un alelo hipomorfo. Por ultimo, aunque tanto los machos
como las hembras Hsf2bp®17Y/5167L presentan alteraciones moleculares similares en la ruta de recombinacién

meidtica, en el ambito reproductivo su efecto es diferente en ambos sexos.

2.7.Los defectos meidticos producidos por la variante S167L no estan mediados por
BRCA2

Una vez determinada la funciéon de HSF2BP en meiosis y caracterizadas las alteraciones meidticas que
produce la presencia de la variante S167L en ratén, profundizamos en el mecanismo por el cual esta
mutacién produce los defectos descritos. Recientemente, se ha demostrado que HSF2BP interacciona con
BRCA2 (Brandsma 2016), una proteina esencial para la recombinacién meidtica (Sharan et al. 2004; Martinez
et al. 2016). Esta interaccién involucra al menos a la Arg200 de HSF2BP y a la regidn Gly2270-Thr2337 del
fragmento C-terminal de BRCA2 (comunicacion personal) por lo que nos preguntamos si la variante S167L
en HSF2BP afectaria a esta interaccion. Dada la imposibilidad de detectar la proteina BRCA2 enddgena en
nuestros ratones debido a la ausencia de Abs funcionales, llevamos a cabo ensayos in vitro de
interaccién/colocalizacién entre HSF2BP y el extremo C-terminal de BRCA2 (BRCA2-C) en sistemas
heterdlogos (células HEK293T y U20S). En primer lugar, llevamos a cabo un ensayo de co-
inmunoprecipitacién (co-IP) entre BRCA2-C y las dos variantes de HSF2BP (WT y S167L) mediante la
transfeccidon en células HEK293T de estas proteinas marcadas con diferentes epitopos (Flag o GFP). Los

resultados mostraron que BRCA2-C co-inmunoprecipita de manera similar con HSF2BP-WT y HSF2BP-S167L
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(Figura 23a). A continuacion, mediante IF en células U20S transfectadas con GFP-BRCA2-C y Flag-HSF2BP
analizamos el patrén de localizacién de cada una de ellas en ausencia o en presencia de la otra. En las
transfecciones simples ambas variantes de HSF2BP mostraron una localizacion homogénea en el nlcleo y en
el citoplasma mientras que BRCA2-C mostrd una localizacién Unicamente nuclear. Cuando se co-
transfectaron BRCA2-C y HSF2BP, su localizacidon cambié drasticamente hacia un patron punteado en el
nucleo (Figura 23b). Sin embargo, cualitativa y cuantitativamente, este cambio de patrén fue similar en
presencia de ambas variantes de HSF2BP (Figura 23b-c). Ambos resultados, sugieren que los efectos de la
variante HSF2BP-S167L observados no estan mediados directamente por una alteracién de la interaccién

con BRCA2-C o una deslocalizacion de la misma.
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Figura 23. Comparativa de la interaccion entre BRCA2-C y las dos variantes de HSF2BP. (a) co-IP de BRCA2-C con ambas

variantes mostrando una interaccion similar en ambos casos. Las células HEK293T se transfectaron con Flag-HSF2BP (WT
y S167L) y GFP-BRCA2-C. Los extractos proteicos se incubaron ON con los Abs indicados en verde y se analizaron
mediante WB con los Abs indicados en rojo. (b) Doble IF con Abs frente a EGFP y Flag en células U20S transfectadas con
los pldsmidos indicados a la izquierda. Se observa el cambio de patron de EGFP-BRCA2-C en presencia de HSF2BP, siendo
similar con ambas variantes. Barra de escala, 20 um. (c) Cuantificacion de porcentaje de células con foci nucleares
detectadas en las transfecciones de U20S. n>450 células. Andlisis Welch t-test de dos colas: ns, no significativo; *p<0,05;
***p<0,001.

2.8.BRME1, un nuevo interactor de HSF2BP

Con el fin de profundizar en el mecanismo subyacente a la patogenicidad de la variante HSF2BP-S167L,
nos propusimos identificar proteinas que interaccionen con HSF2BP mediante un screening de Y2H utilizando
una libreria de cDNAs (DNA complementario) de testiculo de ratdn. La secuenciacion de los clones obtenidos
mostré que 19 de los 98 clones correspondian a un gen no caracterizado denominado 4930432K21Rik en
raton (C190RF57 en humano) y ahora renombrado como BRME1 (Break Repair Meiotic recombinase
recruitment factor 1). Este nuevo interactor putativo de HSF2BP tiene una longitud de 600 aminoacidos con
un alto contenido en residuos acidos, no tiene dominios funcionales reconocibles y presenta una estructura
intrinsecamente desordenada. Esta interaccion se validé mediante co-IP de ambas proteinas obtenidas por
transfeccién transitoria de plasmidos que codifican para Flag-HSF2BP y GFP-BRME1. Ademas, con este

ensayo comprobamos que ambas variantes (HSF2BP-WT y HSF2BP-S167L) interaccionaban de manera
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similar con BRME1 (Figura 24a) sugiriendo que la mutacion causante de POI no altera la interaccion entre
ambas proteinas. A continuacion, validamos la interaccién in vivo mediante co-IP de ambas proteinas a partir
de extractos totales de testiculo de ratdn con Abs especificos frente a cada una de las proteinas (Figura 24b).

Los Abs frente a BRME1 fueron generados por encargo por Proteogenix (ver material y métodos).

a b

Flag-HSF2BP + GFP-BRME1 FENN @
© a- INPUT y INPUT __ & AN & & o
IP: a-Flag (3%) a-GFP 19G  o-GFP (a%) a-Flag 1gG q?" Q& &Qﬁ, o ér\, & 4.\“ o
WT kDa - - kDa P: & A & IP: & \\;Q & &
- R T
wWB: BRME1 WB: HSF2BP
S167L — — — - a——
35 — —130
WB: FLAG GFP

Figura 24. BRME1 es un nuevo interactor de HSF2BP. (a) co-IP de BRME1 con ambas variantes mostrando una
interaccion similar en ambos casos. Las células HEK293T se transfectaron con Flag-HSF2BP (WT y S167L) y GFP-BRMEL.
Los extractos proteicos se incubaron ON con los Abs indicados en verde y se analizaron mediante WB con los Abs
indicados en rojo. (b) IP de extractos de testiculo con Abs (verde) frente BRME1, HSF2BP e IgGs como control negativo y
deteccion por WB con los Abs indicados en rojo.

2.9.BRME1 es un nuevo componente de los RNs que co-localiza con HSF2BP

Tras demostrar la interaccion entre BRME1 y HSF2BP tanto in vitro como in vivo, nos preguntamos cual
seria su funciéon en meiosis y si, de igual manera que HSF2BP, formaria parte de los RNs meidticos. Para
responder a esta pregunta llevamos a cabo un analisis mediante IF en esparcidos de espermatocitos y oocitos
de ratones WT utilizando los Abs policlonales generados frente a BRME1. Esta proteina se detectd asociada
a los ejes cromosdémicos desde leptotena hasta paquitena mostrando un patrén de foci discretos tipico de
los RNs (Figura 25a-b). De acuerdo con los resultados obtenidos en los experimentos de Y2H y co-IP, BRME1
co-localizé perfectamente con HSF2BP en los ejes (Figura 25c), co-localizacidn que fue verificada mediante
microscopia de super-resolucion (Figura 25d). La cuantificacidén de esta co-localizacidn se realizé mediante
el contaje del nimero de foci positivos para HSF2BP solo, para BRME1 solo o para ambos a la vez. Como
control negativo se realizd este mismo contaje girando una de las dos imagenes 90 grados con respecto a la
otra, método que permite calcular el porcentaje de co-localizacién inespecifica o aleatoria. Los resultados
mostraron una co-localizaciéon de HSF2BP y BRME1 del 90-95% en zigotena tardia y paquitena temprana
(Tabla 2). La menor co-localizacion de BRME1 con HSF2BP observada en zigotena temprana (Tabla 2) podria
explicarse por una menor sensibilidad de los Abs frente a HSF2BP en comparacion con los de BRME1 o bien

por una carga mas tardia de HSF2BP a los RNs.
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BRME1

Leptotena Zigo temprana Zigo tardia

BRME1

Paqui intermedia |Diplotena

Desplazadas

Paquitena

Figura 25. BRME1 forma parte de los RNs donde co-localiza con HSF2BP. (a-b) Doble IF de esparcidos de (a)
espermatocitos y (b) oocitos de ratones WT con un Ab policlonal generado frente BRME1 (proteina completa
recombinante) y SYCP3, mostrando que BRME1 se localiza en los RNs desde leptotena hasta paquitena intermedia
alcanzando la maxima sefial en zigotena tardia. (c) Triple IF de SYCP3, BRME1 y HSF2BP en esparcidos de espermatocitos
WT mostrando la alta co-localizacién de BRME1 y HSF2BP especialmente en zigotena tardia y paquitena (ver la
cuantifiacion en la Tabla 2). (d) Doble IF de BRME1 y HSF2BP en esparcidos de espematocitos WT analizada mediante
microscopia de super-resolucién (STED, Stimulated emission depletion). Barras de escala, 10um (a,b y c), 5um (d).

Foci HSF2BP positivos para BRME1  Foci BRME1 positivos para HSF2BP

Skl Especifica Inespecifica Especifica Inespecifica
(sin rotacién) (con rotacién) (sin rotacidn) (con rotacién)
Zigotena temprana 91,5% + 2,0 4,1%+1,3 68,7%+ 1,0 3,1%+1,0
Zigotena tardia 94,1% + 1,2 3,1% £ 0,7 88,0% + 3,0 2,9% + 0,7
Paquitena temprana 92,6% 2,6 2,8%+1,7 89,6%+ 2,8 2,7%+1,7

Tabla 2. Cuantificacion de la co-localizacién entre BRME1 y HSF2BP. La cuantificacién se llevé a cabo en tres células
de cada estadio.

Dada la localizacion de BRME1 y HSF2BP en los RNs desde profase temprana (leptotena-zigotena
temprana) hasta paquitena, decidimos analizar su co-localizacién con dos proteinas clasicas de los RNs que
muestran una localizacién ligeramente diferente a lo largo de la profase, RPA y DMC1. De acuerdo con la
fuerte co-localizacién entre BRME1 y HSF2BP y la funcién de HSF2BP en reparaciéon de las DSBs y
recombinacién meidtica, ambas proteinas co-localizaron con los foci de RPA y DMC1 (Figura 26a-b). Sin
embargo, HSF2BP y BRME1 mostraron una mejor co-localizacidén espacio-temporal con RPA que con DMC1

(Tabla 3), posiblemente debido a la restringida localizacion temporal de DMC1 que es eliminada rapidamente
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tras la invasion del homdlogo (Moens 2002). En conjunto, estos resultados sugieren que BRME1 es una nueva
proteina de los RNs con un patrén altamente similar al de HSF2BP y RPA que, probablemente, tiene alguna

funcidn en la reparacion de las DSBs y la recombinacién meidtica.

Desplazadas Desplazadas

Paquitena

Zigo tardia

Paquitena §

Figura 26. Co-localizacion de BRME1 y HSF2BP con RPA y DMCL1. (a-b) Triple IF de BRMEL1 (izda) y HSF2BP (dcha) con
SYCP3 y (a) RPA o (b) DMC1 en esparcidos de espermatocitos WT. La localizacién de BRME1 y HSF2BP es mas similar a la
de RPA que a la de DMC1 a lo largo de la meiosis. Ver cuantificaciones en Tabla 3. Barras de escala, 10um.

2.10. BRME1 interacciona con HSF2BP a través de su extremo C-terminal

A continuacion, abordamos el analisis de la region de interaccion de BRME1 con HSF2BP. Para ello, y dada
la ausencia de dominios reconocibles en BRME1, dividimos arbitrariamente la proteina en tres fragmentos
(N-terminal, region central y C-terminal) y generamos 3 plasmidos que codificaban para versiones de BRME1
gue carecian de cada uno de estos fragmentos (Figura 27). Mediante la sobrexpresion de HSF2BP junto con
cada una de estas 3 versiones de BRME1 acoplada a co-IP, observamos que Unicamente en ausencia del
extremo C-terminal no se producia la interaccion, indicando que en esa region reside el dominio de

interaccién de BRME1 con HSF2BP (residuos 475-600 de la proteina murina, Figura 27).
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Foci BRME1 positivos para RPA2 Foci RPA2 positivos para BRME1 Tabla 3.

ESTADIO

Especifica Inespecifica Especifica Inespecifica Cuantificacién de la co-

(sin rotacién) (con rotacidn) (sin rotacion) (con rotacién) localizacién entre

Zigotena temprana 90,5% +2,3 2,2%+0,9 84,6+3,9 2,1%+0,8 BRME1 y HSF2BP con
Zigotena tardia 90,2% £ 1,5 2,0%+0,4 95,2% £ 0,6 2,1%+ 0,4 RPA y DMCL La
cuantificacion se llevo a

Paquitena temprana 87,7% £5,0 1,8%+0,2 92,4% + 4,8 1,9% +0,3 cabo en tres células de

cada estadio.

Foci HSF2BP positivos para RPA1 Foci RPA1 positivos para HSF2BP

ESTADIO

Especifica Inespecifica Especifica Inespecifica

(sin rotacién) (con rotacidn) (sin rotacién) (con rotacién)
Zigotena temprana 76,3% +2,0 55%+4,4 69,2% +0,8 50%+4,1
Zigotena tardia 81,8% +3,1 3,0% + 0,9 82,4%+3,4 3,0% +1,0
Paquitena temprana 79,7% £ 3,5 2,8%+1,7 88,6% +3,5 3,1%+2,0

Foci DMC1 positivos para BRME1

Foci BRME1 positivos para DMC1

ESTADIO

Especifica Inespecifica Especifica Inespecifica

(sin rotacion) (con rotacién) (sin rotacidn) (con rotacion)
Zigotena temprana 58,3% +4,6 51%+2,4 55,5% +5,0 49% + 2,5
Zigotena tardia 30,8% +2,6 2,7%+1,0 78,8% + 13,7 7,0% 1,7

Foci DMC1 positivos para HSF2BP

Foci HSF2BP positivos para DMC1

ESTADIO

Especifica Inespecifica Especifica Inespecifica
(sin rotacién) (con rotacién) (sin rotacion) (con rotacién)
Zigotena temprana 74,0% £ 11,1 1,0% +0,5 87,3% +8,1 1,2% + 0,7
Zigotena tardia 55,3% + 13,4 1,9% +1,1 89,1% + 6,1 3,3% +2,5
1 600

TSN 1 — 111 ] —

Figura 27. Determinacion de la region de

MA2-4T2  p—— — — = — = =~ = e — »
interaccion de BRME1 con HSF2BP. Esquema de la
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kna‘ S ka indicando que la regién C-terminal de BRME1 es la
1

—70
100 esencial para su interacciéon con HSF2BP.

WB: FLAG GFP

A la vista de este resultado, analizamos si el resto de BRME1 era esencial para su funcion mediante el
desarrollo de un modelo murino Brme12142:472/8142-472 qe expresa esta proteina sin su parte central (330
aminoacidos, mas de la mitad de la proteina). Estos ratones fueron fértiles y no mostraron deslocalizacion
de BRME1 (Figura 28a-d). Ademads, no presentaron ningutin defecto en la sinapsis ni ninguna alteracion en la
localizacidon de HSF2BP en los ejes cromosdmicos (Figura 28e-f). Estos resultados indican que una gran

fraccidn de la proteina codificante de BRME1 no es esencial para la funciéon de BRME1/HSF2BP in vivo.
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Figura 28. Los ratones Brme14142-472/0142-472 no muestran defectos en meiosis. (a) Esquema de la estrategia de edicion
gendmica utilizada para la generacién del modelo Brme1A142-472/0142-472 | o5 cuadros grises representan los exones
codificantes y los blancos los no codificantes. Las lineas gruesas (codificantes) y finas (no codificantes) localizadas bajo
los exones indican la transcripcion esperada desde cada alelo. El cromatograma muestra la secuencia de la region
editada. ATG, coddn de inicio, TAAy *, codones de stop. (b) Genotipado por PCR de ratones WT (+/+), heterocigoto (+/A)
y homocigoto para el alelo delta (A/A) de Brmel. (c) WB de extractos de testiculo procedentes de ratones WT vy
Brme1142-472/0142-472 con yn Ab frente a BRME1. BRME1 se detecta a 130 KDa (tamafio esperado 65 KDa), muy
probablemente debido a su alto contenido de residuos acidos. De igual manera, BRME1 A142-472 deberia detectarse en
torno a 30 KDa pero aparece mas alta. Tubulina, control de carga. (d) Doble IF de SYCP3 y BRME1 en espermatocitos de
ratones WT y Brme1Ah142-472/0142-472  In yjyo BRME1 A142-472 se localiza en los RNs de igual manera que la proteina
completa. (e) Doble IF de SYCP3 y SYCP1 en espermatocitos de ratones WT y Brme14142:472/0142:472 mostrando la ausencia
de defectos en sinapsis en los mutantes. (e) Doble IF de SYCP3 y HSF2BP en espermatocitos WT y Brme14142-472/0142-472
mostrando que la ausencia de la regidn central de BRME1 no altera la localizacién de HSF2BP. Barras de escala, 10 um.
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2.11. HSF2BP es necesaria para la localizacion/estabilidad de BRME1

Teniendo en cuenta la interaccién entre BRME1 y HSF2BP y la fuerte co-localizacién de ambas en los RNs,
nos propusimos determinar si la localizacion de BRME1 seria dependiente de HSF2BP. Para ello llevamos a
cabo un anélisis por IF en los meiocitos Hsf2bp™" y Hsf2bp>'¥7/5167L Tanto en machos como en hembras, los
resultados mostraron una ausencia total de sefial de BRME1 en los ratones deficientes en HSF2BP y una

S167L/S167L an comparacién con los WT (Figura

reduccion significativa del nimero de foci en los ratones Hsf2bp
29a-b). Ademas, los foci detectados en los espermatocitos portadores de la variante S167L presentaban una
intensidad significativamente menor (Figura 29a). El andlisis de la expresién de BRME1 mediante WB de
extractos de testiculo de ratones de 13 dpp mostré una fuerte reduccién en los testiculos Hsf2bps167t/5167t
que fue mayor en los testiculos Hsf2bp™- (Figura 29c). Estos resultados sugieren que HSF2BP es necesaria no

s6lo para la localizacién de BRME1 en los RNs sino también para su expresion y/o estabilidad.
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Figura 29. Andlisis de BRME1 en los mutantes de Hsf2bp. (a-b) Doble IF de SYCP3 y BRME1 en esparcidos de (a)
espermatocitos y (b) oocitos (17,5 dpc) procedentes de ratones Hsf2bpSi67t/S167L y Hsf2bp’/- mostrando una fuerte
reduccion en los mutantes S167L y la ausencia total en los KO. (a) Los gréficos a la derecha del panel representan la
cuantificacion del numero de fociy la intensidad de estos en cada estadio y genotipo. n=15-20 células. (b) El gréfico bajo
el panel representa la cuantificacion del nimero de foci en paquitena. n= 18 células. Barras de escala, 10 um. (c) WB de
extractos totales de testiculo obtenidos de ratones WT, Hsf2bpSi67L/S167L Hsf2bp- y Brmel”- de 13 dpp. Se observa la
ausencia total de proteina en los ratones Brmel”-y una reduccién importante en los mutantes de Hsf2bp, mas acusada
en el modelo nulo. Como control de carga se empled Tubulina. Analisis Welch t-test de dos colas: *p<0,05; ****p<0,0001.
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2.12. BRME1 y HSF2BP intervienen en los eventos tempranos tras la formacion
de DSBs

Para determinar de forma mas especifica el posicionamiento de BRME1 y HSF2BP en la ruta de
recombinacién meidtica, analizamos su patrén de distribucidn en distintos modelos murinos que carecen de
proteinas relacionadas con la recombinacién y la sinapsis. Estos mutantes presentan defectos de
recombinacién en diferentes puntos de la via, lo cual permite acotar los procesos que son esenciales para la
funcidn de la proteina de interés. En concreto, los mutantes utilizados carecian de las siguientes proteinas:
la cohesina REC8 (Bannister et al. 2004), la proteina del elemento central del SC SIX60S1 (Gomez-H et al.
2016), las ligasas E3 RNF212 (SUMO) y HEI10 (Ubiquitina) implicadas en la estabilizacién de las proteinas de
recombinacidn en los RNs tardios, la proteina del espermatoproteasoma PSMAS8 (Gomez-H et al. 2019) y la
proteina encargada de la generacién de las DSBs SPO11. Los mutantes para Rnf212, Heil0 y Spoll se
describen por primera vez en este trabajo y han sido validados comparando sus fenotipos (arresto meidtico,
defectos en sinapsis y alteraciones moleculares) con los de los mutantes ya publicados (ver material y
métodos). El analisis se llevd a cabo en zigotena tardia en los mutantes que presentaban un bloqueo

posterior a este estadio, o en zigotena-like en aquellos mutantes que estaban bloqueados en ese punto.

d BRME1

WT Rec8™ Six6os 1" Rnf212* Hei10™" Psma8" Spo11'-

BRME1

WT Rec8’- Six6os 1" Rnf212"- Hei10"- Psma8" Spo11-

‘$ i N
Zigotena tardia : igo-li queo zigo-like| Zigotena tardia |Zigotena tardia |Zigotena tardia

Figura 30. La localizacion de BRME1 y HSF2BP depende de la formacién de DSBs pero no de la sinapsis. (a-b) Doble IF
de SYCP3 y (a)BRME1 o (b) HSF2BP en esparcidos de espermatocitos de ratones WT, Rec8/-, Six60s1~/-, Rnf212-/,
Heil07/-, Psma8~'-y Spol1-/-. Se observa la correcta localizacién en los mutantes con defectos en recombinacién (de
mds a menos severos: Rec87/-, Six6os1~/-, Rnf212-/-, Heil0~/- y Psma8~/~) pero una ausencia total en los ratones Spo11-/-,
indicando una dependencia total de la formacién de las DSBs y un posicionamiento genético en los eventos tempranos
tras la formacion de estas. Barras de escala, 10 um.

Los resultados mostraron que todos los mutantes analizados presentan una localizacion de BRME1 vy
HSF2BP similar a los ratones WT a excepcién de los mutantes de Spo11, en los que no se detectd ninguna de

las dos proteinas (Figura 30a-b). Estos resultados indican que la formacion de DSBs por SPO11 es esencial
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para la carga de BRME1 y HSF2BP a los RNs. Ademas, el hecho de que mutantes con bloqueos en los primeros
estadios de la profase y defectos tempranos en la reparacién de DSBs y la recombinacion, como es el caso
de Rec8vy Six60s1, no tengan alterada la localizacién de BRME1/HSF2BP indica que su carga es independiente
del establecimiento de la sinapsis y que, por tanto, este complejo estaria implicado en los eventos tempranos

que ocurren tras la formacidn de DSBs.

2.13. BRMELy HSF2BP no tienen capacidad de unidn al DNA

Muchas de las proteinas de los RNs implicadas en recombinacién meidtica y reparacién de las DSBs
presentan capacidad para unirse al DNA como es el caso de RPA, BRCA2, las recombinasas RAD51 y DMC1 o
el complejo MEIOB/SPATA22 (Yang et al. 2002; Luo et al. 2013; Souquet et al. 2013; Hinch et al. 2020). Por
esta razdn, y teniendo en cuenta la dependencia de la formacién de DSBs observada para la carga en los ejes
de BRME1 y HSF2BP, analizamos si BRME1 y HSF2BP (WT o S167L) se unen directamente al DNA. Para ello
expresamos ambas proteinas usando un sistema de transcripcién/traduccion in vitro (TnT) con el cual se
obtienen proteinas altamente purificadas y libres de proteinas nucleares y cromatina (Loregian et al. 2004;
Souquet et al. 2013). Estas proteinas se incubaron con bolas magnéticas cubiertas con biotina (control
negativo), biotina-ssDNA (DNA de hebra simple) o biotina-dsDNA (DNA de doble hebra) de manera que si
presentan capacidad de union al DNA seran retenidas y podran ser detectadas posteriormente por WB.
Como control positivo utilizamos la proteina de union a ssDNA RPA. Nuestros resultados mostraron que
ninguna de las dos proteinas presenta capacidad de unién al DNA in vitro (Figura 31) y, por tanto, podria
hipotetizarse que su carga a los RNs esté mediada por la interaccidn con proteinas intermedias como, por

ejemplo, BRCA2.

a wrurs 0% S — Figura 31. BRME1 y HSF2BP no
50 RPAT BRMET . Biotina ssDNA dsDNA Biotina ssDNA dsDNA presentan capacidad de union al
130 = DNA. (a-b) Las proteinas BRMEL,
S 130—
o HSF2BP (WT y S167L) y RPA1l
2= 95 (proteina de unidon a ssDNA,
55 72— _— control positivo) se produjeron
55— unidas a Flag en un sistema libre de
WB: «oFlag aFlag , .
b células (TnT) y se incubaron con
bolas magnéticas cubiertas con
INPUTS (10%) Flag-RPA1 Flag-HSF2BP-WT Flag-HSF2BP-S167L o o Lo
RPA1 WT S167L Biotina ssDNA dsDNA Biotina ssDNA dsDNA Biotina ssDNA dsDNA blOtlnal bIOtIna-SSDNA o blOtlna-
95— dsDNA. Las proteinas retenidas se
72 - - e eluyeron y se analizaron por WB
ol con un Ab frente a Flag. BRME1 y
. HSF2BP no unen DNA in vitro.
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WB: aFlag aFlag

2.14. BRME1 es esencial para la fertilidad en ratén

Con el fin de analizar funcionalmente la implicacion de BRME1 en la fertilidad del raton y comprobar si
su funcién es redundante con la de HSF2BP, generamos un mutante nulo de esta proteina (Brmel”")
mediante edicién gendmica con CRISPR/Cas9 (Figura 32a-b). La validacion del modelo se realizé por WB e IF

de extractos y preparaciones obtenidas de los testiculos de ratones Brmel*/*y Brmel”". En ambos casos se
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observd la ausencia de proteina en estos ratones en comparacion con los ratones WT (Figura 32c-d)
demostrando que es un modelo nulo y validando la especificidad de los Abs generados frente a BRME1. De
igual manera que en el caso de HSF2BP esta validacion también se llevd a cabo mediante electroporacién in
vivo en testiculos de raton de un plasmido que codifica para EGFP-BRMEL. Transcurridas 48 horas tras la
electroporacion, EGFP-BRME1 se detectd en forma de foci sobre los ejes cromosdmicos desde zigotena hasta
paquitena (Figura 32e). Esta localizacidn coincide con la observada con los Abs generados frente a BRME1

(Figura 25a).
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Figura 32. Generacién y caracterizacién del modelo Brmel--. (a) Representacién esquematica de |a estrategia de edicidn
gendmica utilizada para la generacion del modelo. Cuadros grises: exones codificantes; cuadros blancos: no codificantes.
El cromatograma muestra la secuencia de la region editada en los mutantes. ATG, coddn de inicio, TAG/TAAy *, codones
de stop. Las lineas gruesas (secuencias codificantes) y finas (no codificantes) localizadas bajo los exones indican la
transcripcion esperada desde el alelo WT y el alelo nulo. (b) Genotipado por PCR de ratones WT (+/+), heterocigoto (+/-
) y homocigoto para el alelo nulo (-/-) de Brme1 con los primers F2 y R3. Se detecta una banda de 646 bp (alelo WT) y
una banda de 606 bp (alelo mutante). (c) WB de extractos de testiculo procedentes de ratones Brmel*/*y Brmel’- con
un Ab frente a BRME1L. Tubulina, control de carga. (d) Doble IF frente a SYCP3 y BRME1 en espermatocitos (izda) y oocitos
(dcha) Brme1*/* y Brmel--. Esta IF, junto con el WB, demuestran la ausencia de BRME1 en el modelo nulo, asi como la
especificidad de los Abs generados frente a BRMEL. (e) Doble IF frente a SYCP3 y EGFP en espermatocitos tras la
electroporacion in vivo en testiculo de EGFP-BRME1 mostrando un patron punteado idéntico al obtenido con los Abs
frente al BRME1 enddgeno (panel d). Barras de escala, 10 um.

Los ratones Brmel”" se desarrollaron con normalidad y no presentaron ningtin fenotipo aparente. Sin
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embargo, las hembras Brmel” presentaron una subfertilidad muy severa, debido a una fuerte reduccién de
la reserva folicular (Figura 33a). Por su parte, los machos eran infértiles y mostraron una fuerte reduccidn
del tamafio de los testiculos (reduccion del 76% con respecto a los WT, Figura 33b). El analisis histolégico
mostré un bloqueo meidtico en el estadio |V del ciclo epitelial seminifero con una presencia de un elevado
numero espermatocitos apoptdticos y una ausencia de espermatozoides en el epididimo (Figura 33c) lo que

da lugar a una azoospermia no obstructiva.
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Figura 33. La ausencia de BRME1 produce defectos de fertilidad en ratén. (a) Tincion de H&E en secciones de ovarios
de hembras WT y Brme1/- (3 meses) mostrando la fuerte deplecidn de foliculos en las hembras Brmel+-. El grafico de la
derecha representa la cuantificacion del niumero de foliculos en estas hembras, n= 3 ovarios/genotipo. Escala, 50 um.
(b) Tamafio de testiculo de los ratones Brme1*/* y Brmel”-. El grafico representa la cuantificacion del peso del testiculo
referido al peso corporal de cada animal (%). n= 14 testiculos +/+ y 6 -/-. (c) Tincidon PAS-hematoxilina en secciones de
testiculo mostrando un arresto en estadio IV en los ratones Brmel”. Los asteriscos rojos indican la apoptosis masiva de
espermatocitos. Escala, 10 um (arriba) y 20 um (abajo). TS, Tubulos Seminiferos; Ep, Epididimo. Analisis Welch t-test de
dos colas: ns, no significativo, *p<0,05; ***p<0,001; ****p<0,0001.

A continuacion, dados los defectos observados en el analisis histoldgico, nos propusimos analizar en
detalle la progresion de la meiosis en ausencia de BRME1 siguiendo el ensamblaje/desensamblaje del SC. En
los espermatocitos Brmel”- el marcaje doble de SYCP3 y SYCP1 mostré una sinapsis parcial que en muchos
casos ocurria entre cromosomas no homalogos (fenotipo de cambio de pareja) produciendo un bloqueo en
zigotena-like (Figura 34a) muy similar al observado en los espermatocitos Hsf2bp”~ (Figura 14a). Una
pequefia fraccion de los espermatocitos (3,7% + 1,9; n= 3) fue capaz de escapar del bloqueo y alcanzar el

estadio de paquitena temprana. En el caso de las hembras Brme1” el fenotipo también fue altamente similar
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al observado en ausencia de HSF2BP (Figura 15a) mostrando un retraso en la profase | y un elevado
porcentaje de oocitos con defectos en sinapsis con diferente grado de severidad (Brmel”: 47,9%+2,2 frente

a las Brme1*/*: 12%#+5,7; n=2 por genotipo; *p<0,05; Figura 34b).

Brme1**

Leptotena

Brme1”

b

Brme1** Brme1-

Defectos en sinapsis

Figura 34. La ausencia de BRME1 produce defectos severos en sinapsis. (a-b) Doble IF con SYCP3 y SYCP1 en esparcidos
de (a) espermatocitos y (b) oocitos (18,5 dpc) de ratones Brmel*/* y Brmel”-. (a) Los espermatocitos deficientes en
BRME1 mostraron un bloqueo en zigotena-like en el que se observa sinapsis entre cromosomas no homélogos. (b) Los
oocitos Brmel” presentaron un elevado porcentaje de células con defectos en sinapsis con diferente grado de severidad.
Barras de escala, 10 um.

2.15. Laausencia de BRME1 produce defectos en la recombinacion meidtica

Una vez determinados los defectos en la progresidn de la meiosis de los mutantes de Brmel vy, teniendo
en cuenta la alta similitud del fenotipo observado con el de los ratones Hsf2bp” y su localizacién en los RNs

llevamos a cabo un analisis detallado de la recombinacién meidtica en ausencia de BRME1.

El marcaje de los espermatocitos Brmel”- con yH2AX y RPA mostré una acumulacién de ambas proteinas
en las zigonemas-like bloqueadas (Figura 35a-b) indicando la presencia de DSBs no reparadas. Los oocitos
Brmel”" presentaron una acumulacién de YH2AX en paquitena (Figura 35c) pero, pese a esta acumulacién
de dafo, no se observd una acumulacién de RPA (Figura 35d), de igual manera que lo observado en los

oocitos mutantes para Hsf2bp (Figura 18d).
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Figura 35. Defectos en la reparacién de las DSBs en los meiocitos Brme1-/-. (a-b) Doble IF de SYCP3 con (a-c) YH2AX o
(b-d) RPA1 en esparcidos de meiocitos Brmel1*/*y Brmel’- . (a-b) En los espermatocitos Brmel”- se observa una intensa

acumulacién de ambas proteinas en las células bloqueadas en zigotena-like. Notese que en los ratones WT la sefal de

YH2AX desaparece en paquitena de los autosomas. Los graficos bajo los paneles muestran la cuantificacion en cada
estadio y genotipo. n (YH2AX)= 20-30 células; n (RPA1)= 26-34 células. Barras de escala, 10 um. (c-d) En los oocitos (17,5
dpc) Brme1/- se observa acumulacién de YH2AX pero no de RPA en comparacion con los WT. Los graficos bajo los paneles

muestran la cuantificacion en cada estadio y genotipo. n (yH2AX)= 20-21 células; n (RPA1)= 22-42 células. Barras de
escala, 10 um. Andlisis Welch t-test de dos colas: ns, no significativo, *p<0,05; **p<0,01; ****p<0,0001.
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El andlisis de RAD51 y DMC1 en los meiocitos deficientes en BRME1 mostré una fuerte reduccién del
numero de foci de ambas recombinasas (Figura 36a-d), sugiriendo que esta proteina es necesaria para su
localizacién en los RNs. En linea con estas observaciones, los meiocitos Brmel”- presentaron una intensa
acumulacion de SPATA22 (Figura 37a-b), indicando que los defectos en la carga de las recombinasas y la
invasion del homdlogo previenen la eliminacidn de las proteinas que protegen las regiones de ssDNA como
son RPA y el complejo MEIOB/SPATA22. Por ultimo, el anélisis de la formacién de COs en espermatocitos
mostré una ausencia total de foci de MLH1, de acuerdo con el bloqueo meidtico observado en estos
mutantes (Figura 37c). En hembras, el nimero total de COs, medidos como foci intersticiales de CDK2, se vio
reducido de manera significativa con respecto a los WT, observandose un mayor porcentaje de oocitos con
bivalentes sin CO (Figura 37d). Estos resultados son muy similares, si no idénticos, a los descritos para los
mutantes nulos de Hsf2bp (seccidn 2.6) y, por tanto, ambos andlisis funcionales nos permiten concluir que
HSF2BP y BRME1 son dos nuevas proteinas esenciales para la recombinacion meidtica que actuan
conjuntamente como un complejo heterodimérico funcional y cuya ausencia produce fenotipos altamente

similares que incluyen un marcado dimorfismo sexual.
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Figura 36. La ausencia de BRME1 provoca una fuerte reduccion de la localizacion de las recombinasas RAD51 y DMC1.
(a-b) Doble IF de SYCP3 con (a) RAD51 o (b) DMC1 en esparcidos de espermatocitos Brmel*/*y Brmel’. (c-d) Doble IF
de SYCP3 con (a) RAD51 o (b) DMC1 en esparcidos de oocitos (17,5 dpc) Brmel*/*y Brmel--. En todos los casos se observa
una disminucién significativa del nimero de foci de recombinasas en los ratones Brmel”-. Los graficos a la derecha de
cada panel muestran la cuantificacion en cada estadio y genotipo. n (a, RAD51 machos) = 37-45 células; n (b, DMC1
machos) = 41-50 células. n (c, RAD51 hembras) = 31-42 células; n (d, DMC1 hembras)= 18-31 células. Barras de escala,
10 um. Andlisis Welch t-test de dos colas: ****p<0,0001.
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Figura 37. Defectos en recombinacién en los ratones Brmel--. (a-b) Doble IF de
SYCP3 y SPATA22 en (a) espermatocitos y (b) oocitos (17,5 dpc) Brmel*/*y Brmel-
/- mostrando una mayor intensidad SPATA22 en los mutantes. Los graficos de la
derecha muestran la cuantificacién de la intensidad. n (machos)= 20 células; n
(hembras)= 40 células. (c) Doble IF de SYCP3 y MLH1 en espermatocitos Brmel*/*
y Brme1-/-, mostrando la ausencia de COs en los ratones Brme1--. (d) Doble IF de
SYCP3 y CDK2 en oocitos (17,5 dpc) Brmel1*/*y Brmel’ mostrando una reduccion
del nimero de COs (foci de CDK2 intersticiales) en las hembras mutantes. Los
graficos bajo el panel muestran la cuantificacion del nimero total de foci y del %
de oocitos con bivalentes sin CO. n=49-79 células. Barras de escala, 10 um. Analisis
Welch t-test de dos colas: ns, no significativo, *p<0,05; ***p<0,001; ****p<0,0001.

2.16. BRMEL1 es necesaria para la localizacion/estabilidad de HSF2BP

Teniendo en cuenta la similitud de los fenotipos observados en ausencia de BRME1 y de HSF2BP, asi
como la deslocalizacién de BRME1 en los mutantes de Hsf2bp, decidimos comprobar si la localizacion de
HSF2BP también era dependiente de BRMEL. El andlisis por IF de los espermatocitos Brmel” reveld una
importante reduccién en el nimero de foci de HSF2BP con respecto a los Brme1*/* (Figura 38a) mientras que
en el caso de los oocitos Brmel” se observé una ausencia total de foci de HSF2BP (Figura 38b). El analisis
por WB de la expresion de HSF2BP en extractos de testiculo de ratones de 13 dpp mostré una fuerte
reduccién en los ratones Brmel”- en comparacién con la detectada en los WT (Figura 38c). Estos resultados
indican que BRME1 es necesaria para la localizacion y la expresion/estabilidad de HSF2BP y junto con la
reduccién de BRME1 observada en ausencia de HSF2BP (Figura 29a-c), sugieren una fuerte interdependencia

entre ambas proteinas.
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Figura 38. Analisis de HSF2BP en los mutantes Brmel-/-. (a-b) Doble IF de SYCP3 y HSF2BP en esparcidos de (a)
espermatocitos y (b) oocitos (17,5 dpc) mostrando la fuerte reduccion de la sefial de HSF2BP en machos y una ausencia
total en hembras. El gréfico de la derecha del panel (a) muestra la cuantificacidon del nimero de foci de HSF2BP en los
espermatocitos Brmel-, n= 30 células/genotipo. Barras de escala, 10 um. (c) WB de extractos totales de testiculo

Dada la fuerte interdependencia de BRME1 y HSF2BP, decidimos analizar in vitro el comportamiento de
ambas proteinas de forma individual y conjunta, mediante su transfeccién (o co-transfeccion) en células
U20S. En las transfecciones simples, las dos variantes de HSF2BP (WTy S167L) se localizaron en toda la célula
de forma homogénea, aunque la intensidad de fluorescencia de la variante HSF2BP-S167L fue menor que la
de HSF2BP-WT, indicando una menor expresion/estabilidad de la misma (Figura 39a). La localizacion de
EGFP-BRME1 fue claramente nuclear (Figura 39a). Cuando ambas variantes se co-transfectaron con BRME1
la intensidad de ambas aumentd y cambid su patrén drasticamente pasando a marcar de forma intensa el
nucleoplasma formando invaginaciones nucleares similares a las que forma el reticulo nucleoplasmico
(Malhas et al. 2011). Este patrén se observé en un menor nimero de células cuando BRME1 se co-transfectd
con la variante HSF2BP-S167L, probablemente debido a la menor presencia de esta variante (Figura 39a). A
continuacion, la menor expresidn/estabilidad fue validada mediante WB de extractos procedentes de
HEK293T transfectadas con ambas variantes (Figura 39b) observdndose ademds que ambas variantes se
acumulaban en presencia de BRME1 (Figura 39b). Esta acumulacidén también se detectd, aunque en menor
medida, cuando las células se trataron con el inhibidor del proteasoma MG132 (Figura 39b), indicando una
degradaciéon de HSF2BP parcialmente dependiente del proteasoma que es rescatada por la presencia de
BRMEL1. El hecho de que la acumulacién de HSF2BP, tanto en presencia de BRME1 como del inhibidor del
proteasoma, sea mayor en el caso la variante S167L probablemente es debido a la menor estabilidad basal
de esta variante que se traduce en una mayor degradacién via proteasoma cuando BRME1 no estd presente
para estabilizarla. En conjunto, tanto los resultados in vivo como in vitro sugieren la existencia de una fuerte
interdependencia funcional entre BRME1 y HSF2BP que da lugar a una menor expresion/estabilidad de
ambas en los meiocitos de los ratones mutantes (incluyendo los portadores de la variante causante de POI)

gue, en ultima instancia, produce fuertes defectos en la recombinacidon meidtica.
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Figura 39. BRME1 estabiliza a HSF2BP (a) Células U20S transfectadas con plasmidos que codifican para Flag-HSF2BP
(WT o S167L) y EGFP-BRMEL1 individual o conjuntamente y detectados con Abs frente a Flag o EGFP. Se observa un
cambio drastico de ambas proteinas cuando son co-transfectadas, mostrando un patréon de invaginaciones
nucleoplasmicas. Este fenotipo es menos severo en presencia de la variante S167L. El grafico bajo el panel representa la
cuantificacién del nimero de células con patrén de reticulo nucleopldsmico. n>400 células. Barras de escala, 20 um. (b)
Células HEK293T transfectadas con Flag-HSF2BP (WT o S167L) y EGFP-BRME1 individual o conjuntamente. Ademds, las
células transfectadas se trataron con el inhibidor del proteasoma MG132 (10uM). Los extractos se analizaron por WB
con un Ab frente a Flag y como control de eficiencia de transfeccidn se co-transfecté un plasmido que codificaba para
Cherry. HSF2BP-WT se expresa en mayores niveles que HSF2BP-S167L y la deteccidn se vio incrementada en presencia
de BRME1 aunque este incremento fue mayor en la variante S167L. La incubaciéon con MG132 produjo un efecto similar
al de BRME1 aunque menos acusado. Los graficos bajo el panel muestran la cuantificacién de la intensidad de las bandas
del WB. n= 3 transfecciones independientes para cada condicidén. Analisis Welch t-test de dos colas: **p<0,01;
#%%p<0,001; ****p<0,0001.

2.17. BRME1y HSF2BP forman un complejo multimérico con PALB2 y BRCA2

Por ultimo, con el fin de profundizar en el mecanismo molecular subyacente a los defectos en
recombinacidn observados en los ratones Brmel”", Hsf2bp’ y Hsf2bps'¥7/5167t abordamos el estudio del
interactoma de BRME1 mediante su inmunoprecipitacion en extractos de testiculo de ratén acoplado a
espectrometria de masas. Como cabia esperar identificamos a HSF2BP como su principal interactor pero
también se identificaron BRCA, su interactor clasico PALB2 (Xia et al. 2006), RAD51 y RPA, sugiriendo que

todos ellos forman un gran complejo multimérico (Tabla 4).
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Abl-N2de Ab2-N2de Control- N2

Pro::[;ina pt:ap:cidos pt:ap.tidos [ [ ?é.ptidos iBAQ Ab1 iBAQ Ab2 ler::g)l Grupo
tinicos Unicos Unicos
Hsf2bp Q9D4G2 20 16 0 168840000 37607000 0 Ably Ab2
C19orf57 Q6DIA7 16 13 1 77473000 22181000 50511 Ably Ab2
(Brmel)
Brca2 P97929 78 77 0 5296400 3125000 0 Ably Ab2
Palb2 Q3UoP1 7 11 0 1102300 896460 0 Ably Ab2
Rad51 Q08297 2 4 0 509370 367390 0 Ably Ab2
Rpa2 Q62193 3 0 0 235990 0 0 Ab1 solo

Tabla 4. Proteinas implicadas en recombinacion meiética identificadas como posibles interactores de BRME1. Estos
resultados se obtuvieron mediante IP de BRME1 desde extractos de testiculo de ratdn acoplada a espectrometria de
masas. Se llevaron a cabo dos experimentos en paralelo con dos Abs policlonales de conejo generados frente a la
proteina BRME1 completa (Abl y Ab2). Como control negativo se usé una IP con IgGs de conejo. El iBAQ representa la
intensidad detectada para cada proteina.

Para validar estas interacciones, co-transfectamos los plasmidos que codificaban para cada una de estas
proteinas marcadas con diferentes epitopos en células HEK293T y realizamos ensayos de co-IP. BRME1 por
si solo no mostré interaccion con ninguna de las regiones de BRCA2 (Nterminal, Medio o Cterminal) (Figura
40a). Sin embargo, en presencia de HSF2BP, BRME1 y BRCA2-C co-inmunoprecipitaron (en ambos sentidos,
Figura 40b). Teniendo en cuenta la interaccion directa de HSF2BP con BRCA2-C (Figura 23a) y BRME1 (Figura
24a-b), estos resultados indican que las tres proteinas forman un complejo en el que HSF2BP actuaria de

puente entre BRCA2 y BRMEL.

La validacién de las interacciones entre BRME1 y HSF2BP con RPA, RAD51 y PALB2 mostré co-
inmunoprecipitacidn positiva, aunque leve, de HSF2BP con todos ellos y de BRME1 con RAD51 y RPA pero
no con PALB2 (Figura 40c). Muchas de las proteinas de la maquinaria implicada en la recombinacidn meidtica
participan también en la recombinacién homadloga que se produce en células somaticas, como es el caso de
BRCA2, RPA o RADS51. Es por ello, que en este contexto celular (células HEK293T) también se encuentran
presentes otras proteinas de la maquinaria de reparacion que podrian favorecer la deteccidon de
interacciones indirectas. Por este motivo, decidimos validar las interacciones detectadas con RPA, RAD51 y
PALB2 expresando cada una de ellas en un sistema libre de células (Sistema TnT) evitando asi la presencia
de proteinas accesorias. Mediante esta aproximacion solo detectamos interaccion directa entre BRME1 y
HSF2BP (Figura 40d), siendo negativas el resto de las interacciones (Figura 40d) y sugiriendo que estas
proteinas no interaccionan directamente con HSF2BP y BRME1 sino que forman un complejo (o complejos)
in vivo, probablemente mediado por BRCA2. La formacion de estos complejos estaria afectada tanto en
ausencia de BRME1 como de HSF2BP lo que desencadenaria los defectos en recombinacidn observados en
los mutantes nulos. Ademas, la variante causante de POl (HSF2BP-S167L), dada su menor
expresidn/estabilidad podria estar alterando, aunque de forma mas sutil, la formacién de estos grandes
complejos de recombinacién que incluyen a BRCA2, dando lugar al fenotipo menos severo de estos

mutantes.
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Figura 40. Co-inmunoprecipitacion de BRME1 y HSF2BP con los posibles interactores identificados por espectrometria
de masas. (a-c) Los plasmidos codificantes para BRME1, HSF2BP, BRCA2 (C, M o N), RPA1, RAD51 o PALB2 marcados con
diferentes epitopos se co-transfectaron en células HEK293T. Los complejos proteicos se inmunoprecipitaron con los Abs
indicados en verde y se analizaron por WB con los Abs indicados en rojo. Las IgGs se usaron como control negativo. (a)
BRME1 y BRCA2-C co-inmunoprecipitan en presencia de HSF2BP. La co-inmunoprecipitacion de HSF2BP con BRCA2-C se
muestran en la Figura 23a. (b) BRME1 no co-inmunoprecipita con BRCA2-N, BRCA2-M o BRCA2-C cuando estan los dos
solos. (c) BRME1 (izquierda) co-inmunoprecipita ligeramente con RPA1 y RAD51 pero no con PALB2. HSF2BP (derecha)
co-inmunoprecipita ligeramente con RPA1, RAD51y PALB2. (d) BRME1, HSF2BP y sus posibles interactores (RPA1, RAD51
y PALB2) se expresaron marcados con un epitopo (Flag o HA) en un sistema libre de células TnT. Estas proteinas se
incubaron juntas 30 min a RT para permitir formar los complejos y se inmunoprecipitaron con los Abs indicados en verde.
El anélisis por WB se hizo con los Abs indicados en rojo. La Unica interaccién directa detectada fue entre BRME1 y HSF2BP.
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Discusion

1. USP26 no es esencial para la fertilidad en ratén

1.1.La ausencia de USP26 no afecta a la meiosis ni la fertilidad en ratén

En el presente estudio hemos generado dos modelos de pérdida de funcidon de Usp26, uno de ellos
portador de dos inserciones consecutivas (alelo?!) y otro portador de una delecidn que elimina la cisteina
catalitica de USP26 (mutante inactivo, alelo®). Aunque el analisis in silico predice que ambos alelos generan
proteinas truncadas, no hemos podido demostrar la ausencia de USP26 en nuestros mutantes debido a la
falta de sensibilidad de los Abs utilizados, incapaces de detectar la proteina USP26 enddgena. Pese a esto, la
delecién generada en el mutante catalitico (Cat) asegura que, de expresarse parte de la proteina, esta no

seria funcional como proteasa especifica de ubiquitina dando lugar a un mutante de pérdida de funcion.

USP26 pertenece a la superfamilia de las enzimas desubiquitinantes encargadas del mantenimiento de
la homeostasis de la ubiquitina en las células mediante el procesamiento de sus péptidos precursores y la
eliminacidn de la ubiquitina de sus sustratos (Komander et al. 2009). La ubiquitinacidon desempefia funciones
fundamentales a lo largo de la espermatogénesis, desde el establecimiento y la diferenciacion de las SSCs
hasta la espermiogénesis (Bose et al. 2014). En este sentido, diferentes enzimas desubiquitinantes se han
asociado con defectos en diferentes estadios de la espermatogénesis, asi como con defectos en fertilidad
(entre ellas USP2 (Bedard et al. 2011), USP7 (Luo et al. 2015), USP9X (Kishi et al. 2017) y Uchl-1 (Kwon et al.
2005)). Sin embargo, nuestros datos muestran que los ratones deficientes en USP26 son fértiles, tienen
camadas del mismo tamafio que los silvestres y presentan un nimero y distribucion normal de las células

del testiculo.

Usp26 alcanza su maximo nivel de transcripcion durante los primeros estadios de la profase meidtica (ver
anexo, Tablas S1 y S2) (Margolin et al. 2014; da Cruz et al. 2016). Este patron de expresién, junto con la
importancia del sistema ubiquitin-proteasoma en la regulacién de la profase en ratén (Rao et al. 2017) y la
implicacion de USP26 en la reparacion del DNA y la recombinacién homologa en células somaticas (Typas et
al. 2016), sugieren un posible papel de USP26 en estos procesos. Sin embargo, el analisis citolégico de los
espermatocitos mutantes no mostré defectos aparentes en sinapsis, reparacion de las DSBs y recombinacién

meidtica sugiriendo que la funcion de USP26 no estaria relacionada con la regulacion de la profase | meidtica.

1.2. Asociacion entre USP26 e infertilidad humana

La asociacion de esta proteina especifica de testiculo con la infertilidad masculina ha sido foco de muchos
estudios durante las ultimas dos décadas, aunque con resultados controvertidos. Diversos trabajos han
relacionado mutaciones en USP26 con infertilidad masculina en humanos (Paduch et al. 2005; Stouffs et al.
2005; Zhang et al. 2007; Lee et al. 2008a; Asadpor et al. 2013; Xia et al. 2014; Li et al. 2015; Ma et al. 2016;
Li et al. 2020a; Arafat et al. 2020). Sin embargo, nuestros estudios funcionales indican que USP26 es
prescindible para la fertilidad del raton y concuerdan con los trabajos que muestran una ausencia de
asociacion entre los polimorfismos genéticos en USP26 y la infertilidad masculina (Ravel et al. 2006; Stouffs
et al. 2006; Christensen et al. 2008; Ribarski et al. 2009; Shi et al. 2011; Zhang et al. 2015; Luddi et al. 2016).
Ademas, nuestras observaciones estan respaldadas por la identificacién de un paciente normo-zoospérmico

portador de una mutacion en USP26 (c.882 C>A) que genera un coddén de STOP prematuro y da lugar a una
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proteina truncada en la posicidn 293 y que, por tanto, carece de la cisteina catalitica humana (Cys305) (Luddi

et al. 2016).

Nuestros resultados aportan nuevas evidencias que podrian arrojar luz sobre la gran controversia
existente en relacién con USP26 vy la infertilidad masculina en humanos. Sin embargo, aunque el raton es el
modelo mas utilizado en la investigacion biomédica (Rosenthal and Brown 2007), no podemos descartar que
la relevancia funcional de USP26 difiera entre ambas especies, teniendo un papel critico en humanos pero
no en ratdén. Por otra parte, en paralelo con nuestro estudio Tian et al. (2019) describieron la presencia de
defectos en la espermatogénesis y subfertilidad en un modelo nulo para Usp26 tras mas de 6 generaciones
de retrocruces en un fondo genético C57BL/6J. En contraposicidén con este estudio, otro trabajo posterior no
detectd defectos en la espermatogénesis ni en la fertilidad de mutantes nulos para Usp26 retrocruzados 5
veces en ese mismo fondo, pero si cuando se retrocruzaron de 3 a 5 generaciones en un fondo genético
DBA/2 (Sakai et al. 2019). Los ratones retrocruzados en fondo DBA/2 mostraron defectos en sinapsis y una
reduccién en el nimero de espermatozoides que condujeron a fenotipos de subfertilidad o, incluso, en
algunos casos, infertilidad. En conjunto, estos estudios ponen de manifiesto la influencia del fondo genético
en los andlisis funcionales realizados en mutantes murinos, asi como la importancia de considerarlo a la hora
de extrapolar las conclusiones a los humanos. Los dos modelos desarrollados en este trabajo se encuentran
en un fondo mixto no consanguineo B6/CBA F2 (hibridos entre las cepas C57BL/6J y CBA/J) que refleja mejor

la variabilidad genética presente en las poblaciones humanas.

Por Ultimo, dada la expresidn restringida a testiculo de Usp26 y la importancia de la regulacién del
balance ubiquitinacién/desubiquitinacidn en la célula, la ausencia total de fenotipo de nuestros mutantes
resulta sorprendente y podria explicarse por una redundancia genética en la funcion de Usp26. El andlisis in
silico del perfil de transcripcidon de diferentes USPs durante la espermatogénesis muestra que varias de ellas
presentan un patrén altamente similar al de USP26 (USP9X, USP37, USP14, USP53, USP33, USP28 y USP3;
ver anexo Tablas S1y S2 (Margolin et al. 2014; da Cruz et al. 2016)) postulandose como posibles candidatas
a compensar la pérdida de funcién de USP26. Seria interesante analizar si alguna de estas USPs se encuentra
sobrexpresada en ausencia de USP26, lo que apoyaria la existencia de algun tipo de redundancia funcional.
De identificarse alguna, para obtener la demostracidn definitiva seria necesaria la generacién del modelo de

pérdida de funcion de ambas proteinas simultaneamente.
En conclusidn, este trabajo supone el primer analisis funcional de USP26 en ratén, asi como la primera

evidencia in vivo de que USP26 no es esencial para la gametogénesis y la fertilidad del ratdn, aportando

nuevos datos a la gran controversia existente en torno a esta ubiquitin-proteasa.
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2. Una variante en HSF2BP causa POl a través de su nuevo interactor
BRME1

2.1.La variante S167L en HSF2BP afecta a la fertilidad en mujeres

Mediante la secuenciacién del exoma de tres casos de POI hereditarios procedentes de una familia
endogamica de origen drabe-israeli, se ha identificado la variante S167L en HSF2BP como la mejor candidata
causal de la infertilidad. En esta familia todos los miembros afectados son homocigotos para la mutacién
mientras que los miembros sanos son portadores heterocigotos. Esto, junto con la identificacion de HSF2BP
como una nueva proteina esencial para la recombinacion meidtica y la fertilidad en ratén, apoyan la
causalidad de la variante HSF2BP-S167L en la POI. Dicha causalidad fue corroborada por el fenotipo meiético
y la subfertilidad observada en las hembras Hsf2bpS67t/S167L Ademds, los defectos observados en los

$167L/5167L como son la reduccién del nimero de foci de RAD51/DMC1 en las DSBs vy la

meiocitos Hsf2bp
consiguiente reduccidn del nimero de COs, ponen de manifiesto que esta variante provoca alteraciones en
la recombinacidn meidtica. El analisis comparativo del alelo S167L con el alelo nulo para Hsf2bp mostré que
esta variante de cambio de sentido se comporta como un alelo hipomorfo, lo cual esta de acuerdo con la
amenorrea secundaria observada en las pacientes y la fertilidad residual (con asistencia médica) presente
en una de las hermanas afectadas. La identificacién de HSF2BP como un nuevo gen causante de POl debido
a alteraciones en la recombinacién meidtica concuerda con la creciente aunque reducida lista de genes de
esta ruta responsables de POI que incluye a BRCA2, MEIOB, SYCE1, MSH4 o DMC1 (De Vries et al. 2014;

Carlosama et al. 2017; He et al. 2018; Caburet et al. 2019; Caburet et al. 2020).

Aunque no podemos descartar la aparicidn con el tiempo de un fenotipo de POI en estos ratones, la
subfertilidad de las hembras Hsf2bp®17'/S167L representa un fenotipo menos severo que el observado en las
pacientes. Esto podria deberse a una menor sensibilidad del ratén con respecto al humano ante los alelos
hipomorfos, como sucede con la menor sensibilidad del ratén a la dosis génica en aquellos genes que son
haploinsuficientes en humanos (Veitia 2003). Por otro lado, los eventos iniciales de la meiosis femenina en
humanos parecen ser mas propensos a la aparicidon de errores que en ratédn o que en hombres, como se
evidencia por la mayor incidencia de defectos en sinapsis presente en los oocitos humanos. Ademds, el hecho
de que los foci de MLH1 se detecten mucho antes durante la profase | femenina humana en comparacién
con la masculina o la de ratdn, sugiere una diferente regulacion temporal de la recombinacidon en mujeres
(Hassold et al. 2007). Por ultimo, recientemente se ha descrito que los oocitos humanos presentan cierta
ineficiencia en la maduracion de los CO de tal forma que, pese a formarse un mayor nimero de COs en
mujeres, la frecuencia de bivalentes sin CO es mds elevada en estas que en los hombres (Wang et al. 2017b).
Todas estas observaciones podrian explicar el fenotipo mas severo de las pacientes con POl en comparacion
con las hembras del modelo Hsf2bpS167t/5167,

En el caso de los hombres, la ausencia en la familia de hermanos varones portadores de la mutacién en
homocigosis impide la comparacién directa entre el fenotipo observado en los ratones macho
Hsf2bp5167/5167L y |os humanos. Sin embargo, la extrapolacion a los humanos de nuestros resultados en ratén
sugiere que la presencia de la variante S167L en homocigosis provocaria defectos de fertilidad en los varones.

No es descartable que estudios futuros identifiquen esta u otras variantes en HSF2BP asociadas a
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infertilidades masculinas. En este sentido, recientemente se ha descrito una variante en HSF2BP (G224*) que
afecta a la recombinacién meidtica en hombres y podria estar asociada con problemas de fertilidad. Los dos
hermanos portadores de esta variante (hombre y mujer) no presentaron problemas de salud pero ninguno
de ellos tuvo descendencia, lo que podria indicar que ambos eran infértiles (Halldorsson et al. 2019). Esta
observacion refuerza la hipétesis de que diferentes variantes en HSF2BP podrian afectar también la fertilidad

masculina en humanos.

2.2.Los mutantes de Hsf2bp y Brmel presentan dimorfismo sexual

Los mutantes meidticos en ratén a menudo presentan fenotipos sexualmente dimérficos (Morelli and
Cohen 2005; Cahoon and Libuda 2019). Esta disimilitud puede deberse a las diferencias estructurales en el
SC descritas entre sexos como son la distinta longitud de los ejes cromosdmicos (Gruhn et al. 2013) o la
diferente funcidn de ciertas proteinas de los ejes entre machosy hembras, como ocurre en el caso de RAD21L
(Herrdn et al. 2011). En los mutantes de recombinacion meiética, las hembras habitualmente son capaces
de avanzar mas en la meiosis que los machos. De acuerdo con esto, los mutantes nulos de Hsf2bp y Brmel
mostraron un bloqueo en zigotena-like en machos y, sin embargo, las hembras fueron capaces de generar
un reducido nimero de oocitos fertilizables pese a los defectos observados en sinapsis. Este dimorfismo
puede deberse, ademas de a las diferencias estructurales del SC, a la ausencia de silenciamiento del
cromosoma Y cuando el bivalente sexual no sinapsa en los machos mutantes y/o a la presencia de

checkpoints menos severos durante la oogenesis femenina (Hunt and Hassold 2002).

Los ratones Hsf2bpSi67t/5167 también mostraron cierto dimorfismo sexual tanto molecular como
reproductivo. Aunque ambos sexos comparten gran parte de las alteraciones moleculares en la ruta de
recombinacién meiédtica, destacando la reduccién del nimero de foci de RAD51/DMC1 vy la consiguiente
reduccién en el numero de COs, también se observaron ciertas diferencias. En las hembras la reduccidn de
DMC1 fue mas acusada y no presentaron acumulacién de RPA pese a la acumulacién de dafio en el DNA,
algo que también se observd en las hembras de los modelos nulos. Estas diferencias apuntan hacia la
existencia de diferentes mecanismos subyacentes en la recombinacidon meidtica de cada sexo, de manera
similar a lo que ocurre con TEX15, proteina esencial para la carga de RAD51/DMC1 en machos pero no en
hembras (Yang et al. 2008). La existencia de estos mecanismos moleculares diferenciales explicaria que la

recombinacién meidtica sea el proceso donde mas dimorfismo sexual se ha descrito hasta el momento.

Desde el punto de vista reproductivo también encontramos diferencias entre sexos en los mutantes
Hsf2bpSte7Y/5167L  Ambos muestran una disminucidn significativa del nimero de COs y, consecuentemente,
una mayor frecuencia de meiocitos con bivalentes sin COs. Sin embargo, mientras que en machos esto da
lugar a una disminucién del numero de espermatozoides en el epididimo, en hembras el nimero de oocitos
de la reserva folicular no se ve afectado. Paradéjicamente, los machos no presentaron una reduccién de la
fertilidad mientras que las hembras fueron subfértiles. El hecho de que no hayamos detectado ningun
impacto estadisticamente significativo de la variante S167L en la fertilidad masculina podria deberse a la alta
variabilidad obtenida tanto en la frecuencia de las camadas como en el tamafio de las mismas, lo que
provocaria una disminucidon de la potencia estadistica del analisis. Por otra parte, se sabe que una fuerte

reduccién en la cantidad de espermatozoides (de hasta el 60%) no afecta a la fertilidad del ratdn lo que
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explicarfa la fertilidad normal de los machos Hsf2bp®t¢7Y5167 3 pesar de los evidentes defectos meidticos
observados (Schirmann et al. 2002). En el caso de las hembras la leve subfertilidad observada (reduccién en
la frecuencia de las camadas) podria deberse al menor nimero de gametos disponibles para ser fertilizados
con respecto a los machos, pero también a las diferencias moleculares en la recombinacién meidtica de
ambos sexos que hemos comentado anteriormente (Cahoon and Libuda 2019). Dado que en hembras la
metafase | se completa tras la ovulacién, proceso posterior al establecimiento de la reserva de oocitos del
ovario (Bolcun-Filas and Handel 2018), la reduccion del nimero de COs observado en las hembras
Hsf2bpte7/5167 nodria producir defectos en la metafase | dando lugar a oocitos que, tras la fertilizacién,
producirian embriones no viables. Esto explicaria la reduccion de la fertilidad pese a no existir diferencias en
la reserva folicular. En el caso de las hembras Hsf2bp” y Brmel”", los defectos en recombinacién son tan
severos que los oocitos presentan fuertes alteraciones de la sinapsis que conllevan su eliminacion tras la

profase | y la consiguiente reduccidn de la reserva folicular.

2.3.HSF2BP y BRME1 forman un complejo funcional esencial para la recombinacion

Mediante diferentes aproximaciones complementarias tanto in vivo e como in vitro hemos demostrado
que las proteinas HSF2BP y BRME1 constituyen un complejo funcional en el que ambas subunidades son
esenciales para la recombinacion meidtica y para su expresion y/o estabilidad mutua. De acuerdo con esto,
la eliminacién genética de HSF2BP o BRME1 da lugar a fenotipos muy similares, si no idénticos. La oogénesis
de ambos mutantes nulos presenta defectos severos en sinapsis que producen la eliminacién de la mayoria
de los oocitos antes de la formacidon de los foliculos primordiales. Por su parte, la espermatogénesis se
encuentra bloqueada en un estadio zigotena-like dando lugar a la ausencia de espermatozoides.
Mecanisticamente, estos defectos son debidos a la disminucién drastica de las recombinasas RAD51/DMC1
que impide la correcta reparacién de las DSBs y produce una ausencia total o una reduccién significativa de
los COs en machos y hembras, respectivamente. Como consecuencia de estos defectos en reparacion los
espermatocitos bloqueados en zigotena-like acumulan las proteinas de unidn a ssDNA, RPA y SPATA22,
mientras que los oocitos Unicamente acumulan SPATA22. El fenotipo de estos mutantes, junto con la alta
co-localizacion de HSF2BP/BRME1 con RPA, sugiere que estas proteinas actian en los eventos tempranos de
la recombinaciéon meidtica tras la formacién de las DSBs. De acuerdo con esto, la ausencia de BRME1 y
HSF2BP en el mutante nulo de Spo11 indica que su localizacidn es dependiente de la formacion de las DSBs.
Ademas, el hecho de que la localizacién de BRME1 y HSF2BP no se viera alterada en los mutantes de pérdida
de funcidn de Rnf212 y Hei10, con defectos en la designacion y maduracion de los COs (Qiao et al. 2014), ni
en los de Rec8y Six60s1, en los que no se produce la invasion del homodlogo debido a la asinapsis (Bannister
et al. 2004; Gomez-H et al. 2016), nos permite determinar que la funcién de HSF2BP/BRME1 es
independiente del establecimiento de la sinapsis y anterior a la invasién del homdlogo mediada por

RAD51/DMC1.

Durante la caracterizacidén de la funcion de HSF2BP y BRME1 en meiosis y de como la variante S167L
modifica la fertilidad en ratones, se han descrito dos modelos knockout para Hsf2bp (Brandsma et al. 2019;
Zhang et al. 2019) y cuatro modelos knockout para Brmel (Takemoto et al. 2020; Shang et al. 2020; Li et al.
2020b; Zhang et al. 2020b) lo que pone de manifiesto el interés creciente en el desciframiento de los

mecanismos moleculares que gobiernan la meiosis y, mds concretamente, la recombinacién meidtica. De
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forma similar a lo descrito en esta tesis, estos grupos reportaron de manera independiente que HSF2BP y
BRME1 son esenciales para la recombinacion meidtica y la fertilidad del ratdn. En el caso de los mutantes
nulos para Hsf2bp, el fenotipo de los machos fue igual al observado en nuestros mutantes. Sin embargo, la
ausencia de HSF2BP en hembras dio lugar a fenotipos con diferente severidad, siendo en unos casos
subfértiles ((Zhang et al. 2019) y esta tesis) y en otro fértiles (Brandsma et al. 2019). En cuanto a los mutantes
de pérdida de funcion de Brmel, en todos los casos los machos mostraron problemas de fertilidad y
alteraciones moleculares similares aunque con diferente severidad. Nuestro modelo Brmel” mostré un
bloqueo casi total en estadio zigotena-like y una ausencia de COs. Sin embargo, los mutantes de Zhang et al.,
Shang et al. y Li et al. presentaron un alto porcentaje de células capaces de alcanzar el estadio de paquitena
y formar COs e incluso una pequefia fraccion alcanzé diplotena y metafase I. Sorprendentemente, el mutante
de Takemoto et al. presentd una cantidad residual de espermatidas y espermatozoides que condujeron a
una subfertilidad muy severa pero no a la infertilidad. En cuanto a las hembras, solo tres de los trabajos
abordaron superficialmente su analisis mostrando una fertilidad normal, en contraposicion con la fuerte
reduccién de la reserva folicular y los defectos meidticos de nuestras hembras Brmel”- (Takemoto et al.
2020; Shang et al. 2020; Li et al. 2020b). Estas diferencias no parecen deberse a la naturaleza de la mutacion
de cada modelo dado que el mutante con el fenotipo menos severo es el que tiene la delecién mas grande
(el mutante de Takemoto et al. carece de los Ultimos 6 exones, delecidén que abarca la region delecionada en
los otros 4 mutantes). Por lo tanto, la mayor severidad del fenotipo de nuestros mutantes Brmel”", tanto en
machos como en hembras, podria explicarse por los distintos fondos genéticos de estos ratones. De igual
manera, las diferencias en el fondo genético de los mutantes de Hsf2bp descritos podria explicar la severidad

variable del fenotipo observado en las hembras.

En relacion con el andlisis de la funcion de BRME1 durante la meiosis, ademds de los defectos en
recombinacién meidtica ya mencionados, Li et al. (2020b) describen una fuerte alteracion de la
ubiquitinacién tanto en los autosomas como en el sex body en ausencia de BRME1. Sus resultados descartan
gue esta proteina actle como E3 ligasa o que sea en si mismo un sustrato de ubiquitinacidn y proponen que
BRME1 podria participar en la progresidon de la profase | meidtica regulando la ubiquitinacién de proteinas
meidticas clave (Li et al. 2020b). Nuestros resultados (in vivo e in vitro) sugieren una estabilizacién de HSF2BP
dependiente de BRME1 y del proteasoma apoyando la hipdtesis de que BRME1 podria participar en la
regulacion de la profase | y la recombinacion meiética modulando la ubiquitinacién de diferentes sustratos.
Dado que nuestro andlisis in vivo sugiere que HSF2BP es necesaria para la estabilidad de BRME1, y teniendo
en cuenta la fuerte interdependencia funcional de ambas proteinas, no podemos descartar que HSF2BP

también esté implicada en esta regulacion dependiente de ubiquitinacién.

Finalmente, la inmunoprecipitacion de BRME1 de extractos de testiculo acoplada a espectrometria de
masas detectd principalmente a su pareja HSF2BP, pero también a las proteinas PALB2, RAD51, RPA y BRCA2.
Sin embargo, mediante ensayos in vitro observamos que la Unica interaccién directa se producia entre
BRME1 y HSF2BP. Todo ello sugiere que el resto de interacciones podrian estar mediadas por la proteina
multidominio BRCA2 ya que HSF2BP interacciona directamente con ella (este trabajo y Brandsma et al. 2019)
y con BRME1 (este trabajo). Ademds, BRCA2 también interacciona directamente con PALB2 (Xia et al. 2006),

con las recombinasas RAD51 y DMC1 y con el DNA, a través de su capacidad de union a este (Siaud et al.
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2011). Estos complejos multiproteicos gobernados por BRCA2 participan en la sucesion ordenada de eventos
qgue ocurren en la reparacién de las DSBs como son la unidn inicial de RPA a las zonas reseccionadas, el
intercambio de RPA por RAD51/DMC1 vy la carga de MEIOB/SPATA22 a los complejos de RPA (Zhao et al.
2015; Martinez et al. 2016). Recientemente, se han identificado variantes en pacientes con POl en genes
relacionados con BRCA2 e implicados en los procesos tempranos de la reparacién de las DSBs meidticas
como son MEIOB, DMC1 o el propio BRCA2 (He et al. 2018; Caburet et al. 2019; Caburet et al. 2020). Todo
ello pone de manifiesto la elevada susceptibilidad y la importancia de la regulacidn de este punto de la ruta

meidtica, asi como el papel central que BRCA2 desempefia en la misma.

2.4.La variante HSF2BP-S167L se comporta como un alelo hipomorfo en ratéon

El analisis de la variante en HSF2BP causante de POI (S167L), tanto in vivo como in vitro, ha mostrado que
se esta comporta como un alelo hipomorfo en ratén dando lugar a una reduccién de su propia
expresion/estabilidad y la de su interactor BRME1. Como consecuencia de ello, los meiocitos Hsf2bp51674/5167
presentaron cualitativamente las mismas alteraciones moleculares en la ruta de la recombinacién meidtica
que los meiocitos Hsf2bp”-y Brme1” pero cuantitativamente menos severas. Estas incluyeron una reduccién
de RAD51/DMC1 y de los COs, asi como una acumulacion de RPA (solo en machos) y de SPATA22. Estas
alteraciones condujeron a una disminucién de la cantidad de espermatozoides sin afectar a la fertilidad de

los machos Hsf2bp®167/5167L

y a una ligera reduccion en la fertilidad en las hembras. De acuerdo con la pérdida
parcial de funcién de la variante S167L, dichos fenotipos fueron menos severos que los observados en los

mutantes nulos.

La acumulacién de RPA observada en los machos Hsf2bpS1674/5167

probablemente se corresponde con la
primera oleada de actividad de RPA que tiene lugar durante los primeros estadios de la recombinacion. El
complejo RPA (RPA1-RPA2-RPA3) se une y estabiliza los intermediarios de ssDNA que se forman durante la
reparacion del DNA y en meiosis forma un complejo con otras dos proteinas esenciales, MEIOB y SPATA22.
(Luo et al. 2013). Se ha postulado que RPA actia en dos momentos diferentes durante la meiosis. En primer
lugar, durante las fases iniciales de la recombinacidn uniéndose al ssDNA generado tras la reseccion de las
DSBs donde es reemplazado rapidamente por las recombinasas RAD51/DMCL. En segundo lugar, durante la
invasién del cromosoma homédlogo mediada por RAD51/DMC1 protegiendo las regiones de ssDNA del D-
loop que se forman tras el desplazamiento de la hebra (Shi et al. 2019). La demostracion de que HSF2BP y
BRME1 no se unen directamente al DNA sugiere un modelo en el que el complejo HSF2BP/BRME1 se localiza
en las DSBs probablemente a través de la interaccion con BRCA2 siendo indispensable para la posterior
localizacion de RAD51/DMC1. La ausencia del complejo HSF2BP/BRME1 impide el reemplazamiento de RPA
por RAD51/DMC1 en los RNs lo que produciria la acumulacién observada de RPA y de su interactor SPATA22.
De igual manera, la reduccion de la cantidad de HSF2BP/BRME1 como consecuencia de la variante S167L
provocaria un reemplazo menos eficiente de RPA por RAD51/DMC1 dando lugar a la acumulacion, aunque
en menor grado, de RPA/SPATA22 y provocando una disminucién del nimero de COs. En el caso de las
hembras no se observé acumulacién de RPA en ninguno de los tres modelos mutantes analizados, pero si de
SPATA22. Dado que se desconoce la funcién in vivo de RPA en la oogénesis y que la carga de MEIOB/SPATA22

a las DSBs es independiente de RPA (Shi et al. 2019), podriamos especular que en la meiosis femenina el
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papel de RPA en la unidn del ssDNA y su reemplazo por RAD51/DMC1 en los estadios tempranos de la
recombinacion podria ser llevado a cabo por otro complejo como SPATA22/MEIOB de manera dependiente
de HSF2BP/BRMEL1.

Recientemente, el desarrollo de un mapa de recombinacion meidtica de alta resolucion ha permitido
identificar nuevos loci implicados en el control de este proceso a través del andlisis de variantes que
modifican la tasa de recombinacion y/o la localizacion de los COs (Halldorsson et al. 2019). Entre ellos estan
genes relacionados con la formacion del SC (Syce2, Rad21l, Sycp3 y Six6os1) y proteinas de la propia
magquinaria de recombinacion meidtica. Dentro de esta segunda categoria se identificaron variantes en las
E3 ligasas RNF212 (SUMO-ligasa) y HEI10 (Ubiquitin-ligasa), proteinas ampliamente documentadas como
determinantes de la tasa de recombinacidn (Reynolds et al. 2013; Lake and Hawley 2013), pero también en
proteinas de los eventos tempranos de recombinacién como Meiob y, lo que es mds importante, en Hsf2bp
(Halldorsson et al. 2019). Es importante destacar que algunos de estos genes descritos como modificadores
de la recombinacion meidtica han sido descritos como “genes de fertilidad” en humanos, como es el caso de
SYCP3, HFM1 vy HSF2BP (Wang et al. 2014; Geisinger and Benavente 2017 y este trabajo). Con estos
antecedentes, planteamos la hipotesis de que diferentes variantes en el mismo gen pueden alterar la tasa
de recombinacién en diferente grado pudiendo dar lugar desde fenotipos leves (sin efectos perjudiciales) a
fenotipos severos (causantes de infertilidad) cuando esta tasa de recombinacion se reduce por debajo del
limite de un CO por bivalente. En el caso bajo estudio, los resultados sugieren que la variante S167L provoca
una hipoactividad del complejo HSF2BP/BRME1 que da lugar a una reduccion de la tasa de recombinacién
por debajo de ese limite. Hasta donde sabemos, HSF2BP es uno de los escasos genes humanos con variantes
que afectan tanto a la recombinacidn meidtica en la poblacién (Halldorsson et al. 2019) como a la fertilidad
de manera directa a través de defectos en la segregacion cromosdmica causados por la reduccidn de la tasa
de recombinacion (este trabajo). En linea con esta hipdtesis, es factible que la presencia de variantes con
efectos aditivos pueda conducir a una mayor reduccién de la tasa de recombinacién y, por lo tanto, a la
aparicidn de aneuploidias e infertilidad (Schimenti and Handel 2018). Concretamente, variantes aditivas en
proteinas implicadas en recombinaciéon meidtica o componentes del SC podrian estar detrds de una parte
importante de las infertilidades idiopaticas. En principio, estas variantes deberian estar sometidas a
seleccién negativa y reducirse en gran medida o incluso eliminarse de la poblacion. Sin embargo, esto no
ocurriria en aquellos genes con dimorfismo sexual donde los individuos de uno de los sexos son portadores
fértiles de dichas variantes, algo que sucede en un gran nimero de genes meidticos incluidos Hsf2bp y Brme1l

(Gershoni and Pietrokovski 2014; Cahoon and Libuda 2019).

En resumen, en este trabajo hemos descrito por primera vez una familia humana donde la POI co-segrega
mendelianamente con la variante S167L en HSF2BP. Mediante el andlisis de los ratones humanizados hemos
demostrado que la variante S167L se comporta como un alelo hipomorfo que provoca una menor expresiéon
y/o estabilidad del complejo HSF2BP/BRME1 y fenocopia, aunque de manera menos severa, los defectos

meidticos observados en los ratones que carecen de HSF2BP o de su nuevo interactor BRME1.
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3. Relevancia del estudio

La infertilidad humana es un problema de salud publica que lejos de atajarse se ve acrecentado por los
cambios socioculturales de la poblacién, entre los que destaca el aumento de la edad en la que se decide
tener el primer hijo (Balasch and Gratacés 2012). Este hecho hace que cada vez mas parejas necesiten la
ayuda de técnicas de reproduccion asistida para concebir lo que conlleva un gran esfuerzo psicolégico y
econdmico. La presencia de alteraciones genéticas que provoquen defectos en la gametogénesis de los
pacientes puede afectar de manera importante e incluso impedir el éxito de estas técnicas. En estos casos,
el diagnodstico temprano de las alteraciones genéticas subyacentes es fundamental pudiendo evitarse la
aplicacién de procedimientos costosos e inefectivos. Por lo tanto, descifrar las bases genéticas de la
infertilidad humana ampliando la bateria de genes relacionados con esta patologia resulta fundamental para
su diagnéstico y, posiblemente, para su tratamiento futuro. En este sentido, las clinicas de reproduccion
asistida incluyen en su practica clinica paneles de genes de fertilidad basados en publicaciones cientificas
que, en el mejor de los casos, evidencian una relacidn causal entre las alteraciones genéticas y los defectos
de fertilidad en humanos o en ratdn. La utilizacidn de estos paneles facilita la identificacidn y aplicacién de
los tratamientos y técnicas de reproduccidn asistida mas apropiados para cada pareja (Harper et al. 2018;
Cariati et al. 2019). En relacidn con esto, en la presente tesis hemos abordado el estudio de dos genes
candidatos a producir infertilidad en humanos, USP26 y HSF2BP. En el caso de USP26, el debate sobre su
relacion con la infertilidad humana se ha mantenido desde hace décadas y aunque nuestros datos sugieren
gue no existe una relacion directa entre este gen vy la infertilidad, al menos en ratdn, siguen existiendo
resultados controvertidos siendo necesarios mas estudios para confirmar o descartar su causalidad. Por el
contrario, en el caso de HSF2BP, nuestra investigacion demuestra una relacidn directa entre una mutacién

en este gen y el desarrollo de la infertilidad previamente identificada en humanos.

Por otro lado, los resultados obtenidos en esta tesis doctoral suponen un paso mas en el desciframiento
de los mecanismos moleculares existentes en la meiosis del ratdn. Dado que la meiosis humana no puede
ser analizada funcionalmente de forma directa, el uso del ratén como modelo de estudio representa
actualmente la mejor alternativa para profundizar en el conocimiento de estos procesos en humanos. La
descripcion de USP26 como proteina prescindible para la espermatogénesis de ratén, al menos en ciertos
fondos genéticos, abre la posibilidad de que existan mecanismos redundantes en la regulacion de la
ubiquitinacién durante este proceso y que, ademads, su efectividad dependa del paisaje genético concreto
de cada individuo. Esta hipdtesis tiene fuertes implicaciones en la extrapolacion de los resultados al humano,
ya que, de demostrarse, seria necesario un analisis individualizado de cada paciente, asi como la
identificacion de marcadores adicionales que pudieran predecir el efecto de las mutaciones en USP26 en
cada uno de ellos. Ademds, es factible suponer que puedan existir multiples genes sometidos a mecanismos
compensatorios, aumentando la complejidad del diagndstico genético en la practica reproductiva. En un
futuro proximo, el desarrollo de células iPS (induced Pluripotent Stem) de cada individuo, junto con la
diferenciacion in vitro a linea germinal y la edicidon gendmica, permitiran el analisis de la interrelacién de las
mutaciones en genes implicados en reproduccidn con su fondo genético particular con un detalle y precisién

sin precedentes (Ishii 2014; Zhou et al. 2016).
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Por ultimo, en este trabajo hemos seguido una ruta inversa a la habitual en la que a partir del estudio de
una mutacién en un gen anénimo candidato a producir POl hereditaria, hemos identificado y caracterizado
un nuevo heterodimero (HSF2BP/BRME1) que a su vez forma parte de un supra-complejo proteico
ensamblado entorno al supresor tumoral BRCA2. La ausencia de cualquiera de las subunidades del
heterodimero, o su disminucidon como consecuencia de la variante causante de POI, provoca defectos en la
recombinacidn meidtica y la fertilidad del ratdn. Estos resultados aportan nuevos e importantes
conocimientos sobre los mecanismos moleculares que gobiernan la recombinacién meiética, evidenciando
su complejidad y la necesidad de seguir profundizando en estos procesos ya que, a pesar del conocimiento
actual de los elementos que participan en esta ruta, todo apunta a que existen elementos por identificar con

funcién aun desconocida.
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10.

11.

Conclusiones

USP26 no es esencial para la fertilidad del ratén en un fondo genético mixto C57BI6/CBA.

USP26 no participa en la regulacién de la profase |, en la reparacién de las DSBs ni en la recombinacién

meidtica del raton.

HSF2BP es esencial para la fertilidad del ratén y su variante S167L produce una reduccion parcial de la

misma.

HSF2BP es esencial para la localizacién de las recombinasas RAD51/DMCL1 y la formacién de los COs en

el raton .

La variante S167L reduce la expresion y/o estabilidad de HSF2BP y se comporta funcionalmente como un

alelo hipomorfo el cual provoca defectos en la recombinaciéon meidtica menos severos que su alelo nulo.

C190RF57/BRME1 es un nuevo componente de los nddulos de recombinacion que interacciona

fuertemente con HSF2BP.

BRME1 es esencial para la fertilidad del ratén y funcionalmente participa en los mismos procesos de la

recombinacién meidtica que HSF2BP.

El complejo HSF2BP/BRME1 muestra una elevada interdependencia funcional en el que ambas proteinas

son necesarias para la localizacion y/o estabilizacién de la otra.

El heterodimero HSF2BP/BRME1 forma parte de un complejo macromolecular superior dependiente de

BRCA2.

La variante S167L de HSF2BP produce una reduccién del complejo HSF2BP/BRMEL1 in vivo que es la
responsable de los defectos en recombinacion meidtica y la subfertilidad observados en los ratones que

la portan.

La variante S167L de HSF2BP es la responsable de la POI en el pedigri familiar produciendo defectos en

la recombinacion meidtica mediados por la alteracion del nuevo complejo HSF2BP/BRME1.
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Anexo

1. Material suplementario

1.1 USP26 no es esencial para la fertilidad en ratén

Tabla S1. Expresion de diferentes USPs (mRNA) descrita por da Cruz et al. (2016). Unidades: RPKM (reads
per Kilobase per million mapped reads).

Min I S Max

Fraccion 2C Fraccidn RS
(Espermatogonia y células
somaticas)

Fraccion LZ Fraccion PS

(Lepto-Zigotena) (Paquitena) (Espermatidas

redondas)
Usp54 10,23
Usp33 8,31

Usp10 3,54

Uspl4
Usp9x
Usp5
Usp24
Usp40
Usp28
Usp3
Usp53
Usp26
Usp34
Usp19
Usp7
Usp31
Usp38
Uspll
Usp32
Usp4d7
Usp37
Usp39
Usp36
Usp27x
Uspénl
Usp22
Usp48
Uspl2
Uspll
Usp35
Usp49
Uspl6
Usp51
Uspl
Usp42
Usp8
Usp4d
Usp15
Usp29
Uspdd
Usp20
Usp4a5
Usp21
Usp4d6
Usp30
Usp25
Usp2
Usp50
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Tabla S2. Expresion de diferentes USPs (mRNA) descrita por Margolin et al. (2014).

6dpp, espermatogonia; 10dpp leptotena; 12dpp zigotena; 14dpp paquitena; 16 dpp paquitena-diplotena;
18dpp espermatocitos secundarios; 20dpp espermatida redonda; 38 dpp ratéon adulto. Unidades: RPKM
(reads per Kilobase per million mapped reads).

Min [

S Max

6dpp 10dpp 18dpp 20dpp 38dpp
Usp37 24,25
Usp26 22,46
Usp9x 23,50
Usp53 13,20
Usp33 17,68
Usp14 18,03
Usp46 12,56
Usp45
Usp28
Usp3 23,55
Usp9y 1,73
Uspll
Usp35
Usp38
Usp22
Usp48
Uspl3
Usp25
Uspl2
Usp40
Usp7
Usp24
Uspl8
Usp10
Usp32
Usp4d3
Usp54
Usp52
Uspll
Usp39
Uspa7
Uspl5
Uspl6
Uspl
Usp8
Usp4d2
Usp5
Uspd
Usp21
Usp44d 3,98
Usp49 8,74
Uspénl _ 7,29
Usp20 15,15
Usp50
Usp30
Usp29
Usp2
Usp19
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1.2 Una variante en HSF2BP causa POl a través de su nuevo interactor BRME1

Tabla S3. Secuenciacion del exoma completo y datos de mapeo de las pacientes de POl y la hermana no
afectada (NA).

Lecturas

Profundidad | Cobertura Mismatch Mismatch
[ETCELE .
. media >25X Lectura 1l Lectura 2
(millones)
POI 111-2 56,2 79,05 X 80,1 % 0,13 % 0,23 %
POL 11I-3 36,5 26,81 X 89,86 % 0,15 % 0,29 %
NA 111-10 31,1 38,39X 92,1% 0,16 % 0,25%

Tabla S4. Filtrado de las variantes identificadas por secuenciacion del exoma completo.

Variantes localizadas en POI 111-2 POI 111-3 NA 111-10
118545

SNPs 108106 96854 98621

Indels 10439 9045 9219

Variantes en homocigosis | 42695 39741 39640

Variantes en heterocigosis | 75850 66158 68200

Filtros aplicados a las variantes # de variantes

Cobertura > 9 lecturas en los 3 exomas 130021
Homocigosis en pacientes o Heterocigosis en la hermana no afectada 8897
En regiones codificantes 4553
Con efecto en la proteina (no sinénimas) 2295
No homocigosis en los controles fértiles no relacionados 66
MAF < 1% en GhomAD 5

Con informacién functional coherente 1
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Tabla S5: Predicciones de patogenicidad de la variante S167L en HSF2BP.

Software Score'para 1a Umbral de patogenicidad Predic?if’)n
variante patogenicidad
SIFT 0,114 <0,05 Tolerada
SIFTAG 0,004 <0,05 Dafiina
Benigna (indicada como
PolyPhen 2 0,135 >0,8 probablemente dafiina
en GnomAD)
M-CAP 0,0232 > 0,025 Tolerada (en el limite)
FATHMM-MKL 0,8975 >0,5 Dafiina
LRT 0,000293 Score is a p-value Deletérea
MutationTaster 0,994943 0,5 Causante de enfermedad
MutationAssessor 1,87 > 0,65 Baja
FATHMM -0,06 <-1,5 Tolerada
FATHMM-MKL coding 0,89755 0,5 (default) 0,80 (stringent) Deletérea
PROVEAN -2,88 -2,28 Dafiina
MetaSVM -0,8926 0 Tolerada
MetalR 0,1613 0,5 Tolerada
REVEL 0,068 0,5 (default) 0,75 (stringent) Benigna
DANN 0,996469 0,96 Dafiina
CADD 5,470242 1,75 Dafiina
GERP++ RS 4,36 > 4,4 Conservada
phyloP100way_vertebrate 5,335 >1,6 Altamente conservada
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Anexo

Figura S1. El residuo Serl67 en proteina HSF2BP estda altamente conservado en 99 mamiferos.
Alineamiento multiple de los ortélogos de HSF2BP con CLUSTAL W 2.0. La Ser167 humana (verde) esta
conservada en 97 de las 99 secuencias disponibles de mamiferos. Solo se han identificado dos cambios

(resaltados en amarillo) en Cavia aperea (Cape,cobaya brasilefia) y Cavia porcellus (Cpor, cobaya).

ENSP00000291560_ Hsap/1-334

ENSTTRP00000000680_Ttru/1-334
ENSGGOP00000029257 Ggor/1-339
ENSPPYP00000012806 Pabe/1-326
ENSMFAP00000037975_Mfas/1-334
ENSMAUP00000020636_Maur/1-344
ENSAMEP00000011987 Amel/1-334
ENSSARP00000010935_ Sara/1-237
ENSDORP00000027761 Dord/1-337
ENSHGLP00000012308_Hgfe/1-336
ENSTSYP00000000982 Csyr/1-334
ENSCWAP00000028492 Cwag/1-334
ENSPEMP00000025118 Pmba/1-338
ENSOGAP00000008822_Ogar/1-334
ENSSSUP00005002765_Ssur/1-367
ENSSBOP00000029851 Sbbo/1-334
ENSCCAP00000027862 Ccap/1-331
ENSCANP00000035144 Capa/1-334
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ENSSTOP00000010567 Itri/1-334
ENSBIXP00005017111 Bihy/1-334
ENSOCUP00000008291_ Ocun/1-285
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ENSCLAP00000009399 Clan/1-334
ENSPPAP00000023666_ Ppan/1-334
ENSFDAP00000004802_Fdam/1-334
ENSMLUP00000007048 Mluc/1-338
ENSMOCP00000006501 Moch/1-339
ENSLCNP00005011741 Lcan/1-334
ENSMSIP00000014116 Mspi/1-338
ENSODEP00000015972 Odeg/1-338
ENSMICP00000004266 Mmur/1-334
ENSOARP00000012082 Oari/1-334

MGP_PahariEiJ P0056165 Mpah/1-140

ENSEASP00005002169 Eaas/1-365
ENSMUGP00000008716_ Mung/1-338
ENSCGRP00001003313 Cgch/1-344
ENSCJAP00000067900_ Cjac/1-330
ENSRBIP00000029948 Rbie/1-294
ENSTBEP00000000217_Tbel/1-322
ENSCAPP00000016811 Cape/1-330
ENSMPUP00000009697 Mpfu/1-271
ENSNLEP00000043894 Nleu/1-334
ENSNVIP00000008731 Nvis/1-378
ENSCSAP00000004229 Csab/1-334
ENSUMAP00000035491 Umar/1-323
ENSCGRP00001023249 Cgch/1-344
ENSPCOP00000007770_Pcoqg/1-334
ENSCAFP00040020861 Clfa/1-395
ENSPCTP00005020625 Pcat/1-334
ENSMMSP00000014742 Mmos/1-334

ILGGDKALKFFSITGQTMESEFVKSLDGDVQ---ELDSDESQFVFALAGIVTNVAA
ILGGGKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVQ---ELDSDESQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESYVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILAGGKAPKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILAGEKALKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSNENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFTITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFNITGQTMESFVKSLDGDVR---EVDSDENQFVFALAGIVTNVAA
ILEGDKALKFEFNITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESEFVKSLDGDTK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVR---EPDSDENQFVFALAGIVTNVAA
ILGGDKALKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGEKALKFEFNITGQTMESFVKSLDGDVK---ELDSNENQFVFALAGIVTNVAA
ILGGDKALKFFTITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGGKALKFFSITGQTMESFVKSLDGSIK--QELDSDENQFVFALAGIITNVAA
ILGGDKALKFFNITGQTMESFVKSLDGNIK--QELDSDENQFVFALAGIITNVAA
ILGGDKALKFEFNITGQTMESYVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESEFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFNITGQTMESFVKSLDGDVK---ELDSNENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVQ---ELDSDESQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTVESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDEDVK---EVDSSESQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILAGDKALKFFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
MLGGDKASKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVQ---ELDSDESQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDDK---ELDSDENQFVFALAGIVTNVAA
LLGGDKALKFENITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFNITGQTMESFVKSLDGDVR---EVDSDENQFVFALAGIVTNVAA
MLGGDKALKFEFNITGQTMESFVKSLDEDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
MLGGDKASKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGNVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILRGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESYVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
XXXXDKALKFFTITGQTMESFVKSLDGNVK---EVDSDENQFVFALAGIVTNVAA
ILGGEKALKFFHITGQTMESFVKALDGDVK---DLNSDENQFVFALAGIVTNVAA
ILGGEKALKFFSITGQTMESFVKSLDGDVK---EPDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGEKALKFFSITGQTMESFVKSLDGDVK---EPDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESYVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
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MGP_CAROLIEiJ P0043868 Mcar/1-140

ENSPTEP00000011398 Ptep/1-324
ENSNGAP00000002756 Ngal/1-336
ENSBTAP00000023149 Btau/1-334
ENSMUSP00000157466 Mmus/1-338
ENSRFEP00010000301 Rfer/1-335
ENSPCIP00000020369 Pcin/1-341
ENSCHIP00000002348 Chir/1-338
ENSCCNP00000021165 Ccan/1-336

MGP SPRETEiJ P0045780 Mspr/1-338

ENSFCAP00000051155 Fcat/1-334
ENSECAP00000028432 Ecab/1-334
ENSLAFP00000000645 Lafr/1-192
ENSCAFP00020024009 C1di/1-329
ENSMLEP00000036425 Mleu/1-326
ENSCAFP00000015614 Cfam/1-334
ENSUPAP00010003977 Upar/1-334
ENSVVUP00000033914 Vvul/1-416
ENSMMMP00000012516 Mmma/1-322
ENSCGRP00000008257 Cgcr/1-344
ENSBMUP00000016891 Bmut/1-374
ENSPANP00000012834 Panu/1-334
ENSMNEP00000030151 Mnem/1-299
ENSANAP00000039687_Anan/1-334
ENSBBBP00000006093_Bbbi/1-334
ENSTGEP00000025068 Tgel/1-334
ENSMMUP00000051879 Mmul/1-334
ENSCPOP00000002177_Cpor/1-333
ENSMODP00000026301_Mdom/1-338
ENSOANP00000010330_Oana/1-336

ILGGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTS—-—--
ILGGDKALKFEFNITGQTMESFVKSLDGDV----EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELNSDENQFVFALAGIVTNVAA
ILGGGKALKFEFNITGQTMESEFVKSLDGSIK--QELDSDENQFVFALAGIITNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNIIGQTIESFVKSLDGEVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTS—-—--—
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSAENQFVFALAGIVTN-SI
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFRITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESYVKSLDGDVK---EVDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFEFNITGQTMESFVKSLDGDVK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGDKALKFFSITGQTMESFVKSLDGDIK---ELDSDENQFVFALAGIVTNVAA
ILGGEKALKFFHITGQTMESFVKALDGDVK---DLNSDENQFVFALAGIVTNVAA
ILGGGKALKFEFNLTGQTMESFVRSLDGNSK--QELDSDENQFVFALAGILTNVAA
IIGGSKAAKFFNISGQTMESYVKSLEGDVKQQOQELESDENQFVFALAGIVTNVA

Figura S2. El residuo Ser167 en proteina HSF2BP esta altamente conservado en 48 especies de aves y
reptiles y 64 especies de peces. Alineamiento multiple de los ortélogos de HSF2BP con CLUSTAL W 2.0. La
Serl67 humana (verde) esta conservada en las 48 secuencias disponibles de aves y reptiles (secuencias en
azul) y en 63 de las 65 secuencias disponibles de peces (secuencias en verde). Solo se han identificado dos
cambios en peces (resaltadas en amarillo) en Hippocampus comes (Hcom, caballito de mar cola de tigre) y
Danio rerio (Drer, pez cebra). El resto de peces tienen una Ser en esta posicion incluidos los Celacantos y los
vertebrados sin mandibula mas lejanos la lamprea y el pez de la guarda.

ENSP00000291560_Hsap/1-334

ENSGAGP00000000454_ Gaga/1-336
ENSCCEP00000018733_Ccae/1-336
ENSNMEP00000014616 Nmel/1-382
ENSSCAP00000015316_Scan/1-347
ENSLCOP00000002986 Lcor/1-336
ENSMUNP00000011578 Mund/1-361
ENSCPUP00000017770_Cpug/1-301
ENSEGOP00005008603 Egou/1-335
ENSSHBP00005011292 Shab/1-305
ENSPCLP00000008530_Pcol/1-336
ENSACAP00000017574 Acar/1-301
ENSPTXP00000015356 Ptex/1-337
ENSARWP00000026189 Arow/1-329
ENSCPBP00000017720_ Cpbe/1-342
ENSACOP00000010942 Acol/1-326
ENSFALP00000002102 Falb/1-336
ENSSMRP00000029796 Smer/1-301
ENSNPEP00000012775 Nper/1-329
ENSAPLP00000003727 Appl/1-336
ENSLSDP00000011344 Lsdo/1-339
ENSSPUP00000023120_ Spun/1-327
ENSNSUP00000009799 Nscu/1-335
ENSPMJP00000014199 Pmaj/1-336
ENSPVIP00000026890 Pvit/1-301
ENSCPIP00010010640 Cpic/1-340
ENSCABP00000014577 Cabi/1-327
ENSAHAP00000003935 Ahaa/1-311
ENSCJPP00005009998 Cjap/1-363
ENSMVIP00005009255 Mvit/1-336

ILGGDKALKFFSITGQTMESFVKSLDGDV--QELDSDESQFVFALAGIVTNVAA

ILGGSKAVKFFTITGQTMESFVRSLGEDIKHQDLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDVKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGGSKAGKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLGEDMKQQODLDSDENQFVLALAGIVTNVAA
LLGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGTKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGSSKAVKFFYIAGQTMESFVRSLSEDIKQONMDSDESQFVLGLAGIVTNIAA
ILGSAQAVKFFNIAGQTMESEFVCSLNEDSKHQDMDSDESQFVLGLAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLNEDMKQQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITGQTMESFVRSLGEDTKHQDLDSDENQFVLALAGIVTNVAA
ILGGTKAVKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGSSKAVKFFRLAGQTMESFVRSLSENIKQQODMESDESQFVLGLTGIVTNVAA
ILGASKAVKFFTITAQTMESFVKSLNEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGTKAVKFFTITAQTMESFVKSLSEDMKQQODVDSEENQFVLALAGIVTNVAA
ILGGNKAATFFSIAGQTMESFVKSLGEDIKQQODMDSDENQFVLALAGIVTNVAA
ILGSAQAVKFEFNIAGQTMESFVCSLNEDSKHQDMDSDESQFVLGLAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGSNKAITIFFNIAGQTMESYVRSLSDDIKQQODMDSDESQFVLGLAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDVKQQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITGQTMESFVRSLGEDIKHQDLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLNEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAGKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
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ENSPSIP00000008390 Psin/1-322
ENSMGAP00000015454 Mgal/1-322
ENSABRP00000017191 Abra/1-306
ENSPMRP00000034335 Pmur/1-345
ENSDNVP00000009224 Dnov/1-334
ENSACCP00020000703 Acch/1-340
ENSJHYP00000017704 Jhye/1-409
ENSSCUP00000016503 Scau/1-336
ENSACUP00000019635 Acun/1-326
ENSAOWP00000021620 Aowe/1-337
ENSACDP00005009735 Acyg/1-306
ENSCPGP00000014458 Cpyg/1-336
ENSTGUP00000006085 Tgut/1-335
ENSPSTP00000012794 Pcri/1-320
ENSZALP00000002189 Zalb/1-301
ENSVKKP00000020715 Vkom/1-321
ENSANIP00000018222 Anis/1-336
ENSGALP00000026071 Ggal/1-336
ENSCPRP00005023694 Cpor/1-308

ENSPHSA00000291560_Hsap/1-334

ENSOABP00000040411 Oaur/1-343
ENSGAFP00000024427 Gaff/1-336
ENSMMOP00000005954 Mmol/1-304
ENSGACP00000020225 Gacu/1-322
ENSPKIP00000027491 Pkin/1-345
ENSSORP00005023028 Sorb/1-309
ENSIPUP00000020465 Ipun/1-350
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ENSATEP00000017112 Ates/1-324
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ENSTRUP00000056411 Trub/1-394
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ENSXMAP00000030843 Xmac/1-338
ENSPNAP00000012466 Pnat/1-349
ENSAOCP00000007621 Aoce/1-327
ENSHBUP00000021919 Hbur/1-239
ENSORLP00015015570_0lhs/1-379
ENSTNIP00000017492 Tnig/1-337
ENSLOCP00000001492 Locu/1-342
ENSPMGP00000019233 Pmag/1-307
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ENSXETP00000025892 Xtro/1-315
ENSSLDP00000019834 S1do/1-339
ENSMAMP00000005262 Marm/1-330
ENSACLP00000010749 Acal/1-341
ENSSPAP00000019130 Spar/1-336
ENSAPOP00000016808 Apol/1-345
ENSSDUP00000030608 Sdum/1-354
ENSACIP00000022763 Acit/1-312
ENSPFOP00000000434 Pfor/1-324
ENSDARP00000114662 Drer/1-365
ENSSFAP00005047030_ Sfas/1-327
ENSSAUP00010012427 Saur/1-348
ENSCVAP00000003098 Cvar/1-257
ENSSFOP00015035913 Sfor/1-362
ENSDCDP00000028687 Dclu/1-335
ENSAMXP00005023676_ Ampa/1-356

Anexo

ILGGSKAVKFFTITGQTLESFVRSLGEDTKHQDLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQQODLDSDENQFVLALAGIVTNVAA
ILGSSKAIKFFSIAGQTMESFVRSLSEDIKQQDMDSDESQFVLGLAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLNEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTIAAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQQODLDSEENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLNEDVKQQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLNEDMKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDMKQODLDSDENQFVLALAGIVTNVAA
LLGGSKAVKFFTITAQTMESFVKSLSEDMKQQODLDSDENQFVLALAGIVTNVAA
ILGGTKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDVKQODLDSDENQFVLALAGIVTNVAA
ILGGSKAVKFFTITAQTMESFVKSLSEDMKQODLDSEENQFVLALAGIVTNVAA
ILGSSKAVKFFNIAGQTMESEFVRSLTEDMKQQODLDSDESQFVLGLAGIITNVAA
ILGGSKAVKFFTIAAQTMESFVKSLSEDMKQQODLDSDENQFVLALAGIVTNVAA
ILGGSKAAKFFTITAQTMESFVKSLSEDTKQQODLDSDENQFVLALAGIVTNVAA
ILGG————=——————=————— VISLHSKMS-————-—-—-——-— LVIILCSVV-DVAA

ILGGD-KALKFFSITGQTMESFV-KSLDGDV----QELDSDESQFVFALAGIVT-NVAA

WLADG-KLOQAFLAVAAQTLESFV-TSLDEEEKTQTEDYNSHEHQFVLAVAGTIT-NVAA
WLADG-KLPSFLTVAAQTLESFV-KSMDDEIKTQPGDHNSQEHQFVLALVGTIT-NIAA
WL--G-KLQSFLEVAAQTLESEFV-ASLDQEVKNLTEDHNSQEHQFVLALAGTIT-NIAA
WLTDA-KLQSFLQVAAQTLESEFV-GSLDDDANTLAEDHNP-DHQFVLAWLEPLLSDVAA
ILAGS-YIEPFLALAGQTLESFV-SSLN-PVKMEKEDSSCQEHQFVLAVAGIIT-NIAA
—---G-KLRSFVAVAAQTLESFV-RSLDEDAKTQTEDQDSEEHQFVLALAGILT-NIAA
VLADG-KLEPFLSVAGQTLESFV-KSLDEEEKPQOONYNSHEHQFVLALAGVIT-NLAA
ILVEG-NLQSFLSMAGQILESYV-KSLDGEARAEQQODSNSHEQQFVLALAGVVT-NVAA
WLADG-KLLSFVSVSAQTLESFV-KSLDEEVKDQSDDYNSHEHQFVLALVGTVT-NVAA
WLADG-KLPSFLTVAAQTLESFV-KSMDDEMKT--EEPGSHEHQFVLALAGTIT-NVAA
WLADG-KLQSFLAVAAQTLESFV-GSLDAEVKNLTEDHNSQEHHFVLGLAGTIT-NIAA
WL--G-KLQAFLAVAAQTLESEFV-TSLDEEEKSQTEDYNSHEHQFVLAVAGTIT-NVAA
WLO-G-KLOSFLTVAGQTLESEFV-RSLDSEVKTQTEDHNSQEHQFVLALAGTIT-NIAA
WL--G-KLQSFLIVATQTLESFV-KSLDDEMKTQTEDPNSTEHQFVLALVGTIT-NIAA
WL--G-KLKSFLTVAAQTLESFV-GSLDEEVKTQSEDLNSQEHQFVLALAGTIT-NIAA
WLADG-KLQAFLAVAAQTLESEFV-TSLDEEEKSQTEDYNSHEHQFVLAVAGTIT-NVAA
WL--G-KLPSFLTVAAQTLESEFV-KSMDDEIKTQPGDHNSQEHQFVLALVGTIT-NIAA
WL--G-KLOQAFLAVAAQTLESFV-TSLDEEEKTQTEDYNSHEHQFVLAVAGTIT-NVAA
WLADG-KLASFLTVAAQTLESFV-KSMDDEIKTQPGDHNSQEHQFVLALVGTIT-NIAA
WLADG-KLQSFLVLAAQTLESEFV-RSLDEDGKAQTEDHNSQEHQFVLALAGTIT-NIAA
WLADG-MLQPFLAVASQTLESEFV-RSLDDEVKTQTEDHSSQEHQFVLALAGTIT-NIAA
XXXXG-KLPSFLDLAGQTLQSFV-QSGEDDADL---DQTSTEHQFVLAWLGSQ--DVAA
WLTDG-KLPSFLTVAAQTLESFV-KSMDDEIKTQPGDHNSQEHQFVLALVGTIT-NIAA
ILADG-KLEPFLKVAGQTLESEFV-KSLDEEEKPQ-ONYSSHEHQFVLALAGIIT-NLAA
WL--G-KLQAFLTVAAQTLESEFV-RSLDEDMKTQTEDHNSHEHQFVLALAGTIT-NIAA
WLADG-KLOAFLAVAAQTLESFV-TSLDEEEKSQTEDYNSHEHQFVLAVAGTIT-NVAA
WLADG-KLLSFVSVSAQTLESFV-KSLDEEVKDQSDDYNSHEHQFVLALVGTVT-NVAA
WLADG-KLQPFLAVATQTLESEFV-TSLDDEVKTQTEDHNSQEHQFVLGLAGTIT-NIAA
ILAGS-RVQTFFTVAGQTLESEFV-KSLDGDGRPGQODLSSDENQFVLALAGVIT-NIAA
WLSDHVKLQSFLLVAAQTLESFV-CSLDEDVKVQTEDPNSQEHTFVLALAGTIT-NIAA
WLADG-KLPCFLTVTAQTLESFV-KSMGDEIKTQPGDHNSQEHQFVLALVGTIT-NIAA
WLADG-KLQAFLAVTAQTLEIFV-KSLDEEVKTQVEDHNCQEHQFVLALARTIT-NIAA
WVAQG-KLOSFLTVAGQTLESEFV-KSLDEEVNAQSEDYNTHEHQFVLGLAGVIT-NVAA
WLADG-SLPAFVAVATQTLGSEFV-RTLDEDVKTRSEDCDTQEYQFVLALAGTIT-NIAA
WLAD-—-—--- AFLATAAQTLESFI-GSLDVELKPQTEDONSQEHQFVLALAGTIT-NIAA
WLADG-KLLSFVSVSAQTLESFV-KSLDEEVKDQSDDYNSHEHQFVLALVGTVT-NVAA
WLTDG-KLPSFLTVAAQTLESEFV-TSLDEETKTQTEDHNSQEHQFVLALAGTIT-NIAA
WL--G-KLSSFLTVAAQTLESEFV-KSMDDEIKTQPSDHNSQEHQFVLALVGTIT-NIAA
ILGGS-KAPMFFSLAAQTLSSFV-RSLTSE---QPQODEENEESHFVLGLAGTVT-NVAA
WL--G-KLQAFLAVAAQTLESFV-RSLDVELKTQTEDQONSKEHQFVLALAGTIT-NIAA
WLSDG-KLQSFLGLAAQTLESEFV-KSLDDEVKTQIEDHNSQEHQFVLALAGTIT-NIAA
WLADG-KLQAFLAVAAQTLESEFV-TSLDEEEKSQTEDYNSHEHQFVLAVAGTIT-NVAA
WL--G-KLQSFLTVAAQTLESFV-SSLDEEMKTQTEDHNSHEHQFVLALAGTIT-NIAA
WLADG-KLRSFLTVAAQTLESFV-RSLDEDMKTQTEDHNSHEHQFVLALAGTIT-NIAA
WLADG-KLQAFLAVAAQTLESEFV-RSLDVELKTQTEDONSQEHQFVLALAGTIT-NIAA
WL--G-KLQAFLAVAAQTLESEFV-KSLDEDMTTQTDDHNSHELQFVLAVAGTIT-NIAA
WLADG-KLSSFLTVAAQTLESFV-KSMDDEIKTQPSDHNSQEHQFVLALVGTITIDIAA
ILANG-KLEDFLSIAGQTLETFI-KLLVDEAKPQQSD-NSHEHNFVLALAGVVT-NIAA
W-—--G-KLPSFLTVAAQTLESEFV-RSLDEETKTQTEDPSSQEHQFVLALAGSIT-NIAA
WLADG-KLQSFLSVAAQTLESEFV-RSLDEDVKTQTEDHTSQEHQFVLALAGTIT-NIAA
WLSDG-KLHTFLNIAAQTLESFV-KSLDEEIKPPAEDHSSNENQFVLALVGTIT-NIAA
ILADR-KAEAFLAVAAQTLESFVGQSLDREGKVEQQT-SSQEMQFVLALAGIVT-NIAA
ML--G-KLEPFLSLAGQTLESFV-KSLGEEVKPPQVEHNSHEYQFVLALAGEFVT-NLAA
ILADG-KLEPFLSVAGQTLESFV-KSLDEEEKPQOQOHYNSHEHQFVLALAGVIT-NIAA
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ENSNMLP00000006028 Nmel/1-345
ENSOMEP00000009520 Omel/1-341
ENSCHAP00000000583 Char/1-368
ENSBSLP00000013271 Bspl/1-344
ENSCGOP00000002370 Cgob/1-345
ENSAPEP00000012225 Aper/1-285
ENSEEEP00000024604 Eele/1-329
ENSCSEP00000009624 Csem/1-343
ENSLACP00000006144 Lcha/1-340
ENSEBUP00000012007 Ebur/1-327
ENSPMAP00000009832 Pmar/1-320

WLADQWKLQSFVVVAAQTLESFV-RSLDEDVKVQTEDPNSQEHKFVLALAGTIT-NIAA
WLVDG-KLPSFLNVAAQTLESFG-KSLDEEVKDQSEDYNSQEHQFVLAVAGTVT-NVAA
ILADG-KLEPFLSVAGQTLESFV-KSLDQDSKLPQODSNSHEHQFVLALAGVVT-NLAA
WLADG-KLQSFFCVAAQTLESFV-GSLDEEVKA--EDHNSQEHQFVLALAGTIT-NIAA
WLADG-KLQTFLSVAAQTLESFV-RSLDEEAKSQTEDHNSQEHQFVLALAGTIT-NVAA
————————————————— TLESFV-RSLDEDMKTQTEDHNSHEHQFVLALAGTIT-NIAA
I---G-LFKPFLTVAGQTLESFI-KSLDEEETPQQONYNSHEHQFVLALAGIIT-NVAA
WLADG-KLPSFLGVAAQTLESFV-DSLDAEVKTQTEDONSLEHQFVLALAGTVT-NIAA
ILGGS-KAVKFFTVAGQTIESFV-KSLDGDVK-QQQODLDSDENQFVMGLTGIVT-NIAA
ILNGA-KVEEFFTLTSQTLDSFM-KSMIEEGK--RKNIDEEENQFVLAMAGTIT-NVAA
ILVGC-KVKEFFTLASQTVESYV-KSMPGDFK--TEDAGGDESQFVLAMAGIVT-NIAA
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Abstract

Ubiquitin-specific protease 26 (USP26) is a deubiquitylating enzyme belonging to the USPs family with a transcription pattern
restricted to the male germline. Since protein ubiquitination is an essential regulatory mechanism during meiosis, many efforts
have been focused on elucidating the function of USP26 and its relationship with fertility. During the last decade, several studies
have reported the presence of different polymorphisms in USP26 in patients with non-obstructive azoospermia (NOA) or severe
oligozoospermia suggesting that this gene may be associated with human infertility. However, other studies have revealed the
presence of these and novel polymorphisms, including nonsense mutations, in men with normal spermatogenesis as well. Thus,
the results remain controversial and its function is unknown. In the present study, we describe the in vivo functional analysis of
mice lacking USP26. The phenotypic analysis of two different Usp26-null mutants showed no overt-phenotype with both males
and females being fertile. Cytological analysis of spermatocytes showed no defects in synapsis, chromosome dynamics, DNA
repait, or recombination. Histopathological analysis revealed a normal distribution and number of the different cell types in both
male and female mice. Finally, normal counts were observed in fertility assessments. These results represent the first in vivo
evidence showing that USP26 is not essential for mouse gametogenesis.

Keywords Fertility - Spermatogenesis - Ubiquitination - Meiosis - Ubiquitin-specific protease

Introduction
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20-30% of reported cases (Shatlip et al. 2002). Many factors
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frequent diagnosis among infertile males, and it is currently
believed that a high proportion is related with genetic causes
(Hamada et al. 2013).

Spermatogenesis, the process through which spermatogo-
nial stem cells generate mature spermatozoa, represents one of
the most complex differentiation programs in developmental
biology and requires an accurate spatio-temporal regulation of
gene transcription, translation, and protein turnover. In this
sense, ubiquitination becomes essential for the correct com-
pletion of spermatogenesis as it targets substrates for
proteasomal degradation but also can modify their biological
activity, stability, or subcellular localization (He et al. 2016).
Moreover, the importance of ubiquitination in the regulation
of protein turnover during spermatogenesis as well as in mam-
malian fertilization and sperm quality has been reported
(Baarends et al. 2000; Muratori et al. 2005; Yi et al. 2007).

The ubiquitin-specific protease 26 (Usp26) is a single-exon
gene firstly identified by Wang et al. (2001) from a screen for
genes expressed in mouse spermatogonia. USP26 belongs to a
family of cysteine-proteases that disassemble polymeric ubig-
uitin chains from substrates and is responsible for maintaining
ubiquitin homeostasis in cells (Komander et al. 2009). USP26
has attracted increased attention as a candidate infertility gene
due to its restricted expression pattern to testis and because of
its genetic linkage with X-chromosome (male are hemizy-
gous) which is enriched for testis-specific genes (Nishimune
and Tanaka 2006). More specifically, USP26 expression has
been described in spermatogonia (types A and B),
preleptotene and leptotene-zygotene spermatocytes, round
spermatids, and at the blood-testis bartier from both mouse
and human testes (Lin et al. 2011; Wang et al. 2005).
Additionally, in humans, it is also expressed in Sertoli and
Leydig cells (Wosnitzer et al. 2014).

Genetic polymorphisms identified in the USP26 locus have
been causally associated with male infertility from Sertoli cell
only-syndrome to non-obstructive azoospermia ot astheno-
zoospermia (Asadpor et al. 2013; Lee et al. 2008; Li et al.
2015; Ma et al. 2016; Paduch et al. 2005; Stouffs et al.
2005; Xia et al. 2014; Zhang et al. 2007). By contrast, other
studies have found the same frequency of USP26 polymor-
phisms in fertile and infertile men (Christensen et al. 2008;
Luddi et al. 2016; Ravel et al. 2006, Ribarski et al. 2009; Shi
etal. 2011; Stouffs et al. 2006; Zhang et al. 2015). In addition,
it has been reported that most of the described polymorphisms
do not abolish USP26 enzymatic activity (Liu et al. 2018;
Zhang et al. 2015).

Given the absence of functional studies, we have addressed
the in vivo functional analysis of mice lacking USP26. The
analysis of USP26-deficient mice showed no overt-phenotype
with both males and females being fertile. The histopatholog-
ical analysis of testis and ovaries showed a normal number
and distribution of cell types, and accordingly, the results ob-
tained in the fertility assessment were similar to the wild-type

2] Springer

ones. Finally, spermatogenesis in the absence of USP26
proceeded without any defect neither in synapsis nor in
DNA repair or meiotic recombination. These results represent
the first in vivo evidence showing that USP26 is not essential
for mouse gametogenesis.

Methods

Production of CRISPR/Cas9-edited mice Usp26-sgRNAs were
predicted at crisprmit.edu. Usp26-sgRNAs were produced by
cloning annealed complementary oligos (Table S1) at the Bbsl
site of pX330 (#42230, Addgene), generating PCR products
containing a T7 promoter sequence, and then performing
in vitro transcription using the MEGAshortscript™ T7
Transcription Kit (Life Technologies). The plasmid
pST1374-NLS-flag-linker-Cas9 (#44758; Addgene) was used
for generating CAS9 mRNA after linearization with Agel.
In vitro transcription and capping were performed using the
mMESSAGE mMACHINE T7 Transcription Kit (AM1345;
Life Technologies). Products were purified using the RNeasy®
Mini Kit (Qiagen). RNA (100 ng/ul Cas9 and 50 ng/ul each
guide RNA) was microinjected into zygotes (F1 hybrids be-
tween strains C57BL6/J and CBA/J also known as BGCBAF1/
J) as described previously (Singh et al. 2015). Edited founders
were identified by PCR amplification with primers flanking the
targeted regions (Table S2) and subcloned into pBlueScript
(Stratagene) followed by standard Sanger sequencing. The
lengths of the corresponding wild-type and mutant alleles were
307 bp and 411 bp respectively, in the 21 mutants and 259 bp
vs 173 bp in the catalytic mutants. The selected founder was
crossed with a wild type (B6CBAF1/J) to eliminate possible
unwanted off-targets. Usp26™ %D heterozygous mice were
sequenced again by Sanger and crossed to give rise to
Usp26©ditededited) [ omozygous. Genotyping was performed
by agarose gel electrophoresis analysis of PCR products from
DNA isolated from tail biopsies.

Fertility assessment Usp26™"Y, Usp26°Y, and Usp26°*Y
males and Usp26"VT Usp262V2!, and Usp26°°7C* females
(8 weeks old) were mated with wild-type females and males,
respectively during 3 months. Six mice per genotype were
crossed. The presence of copulatory plug was examined daily,
and the number of pups per litter was recorded.

Histology For histological analysis, adult testes/ovaries wete
fixed in Bouin’s fixative, processed into serial paraffin sec-
tions, and stained with Periodic acid-Schiff (PAS) and
Hematoxylin (testes) or hematoxylin-eosin (ovaries).

Immunocytology and antibodies Testes were detunicated and
processed for spreading using the “dry-down” technique and
incubated with the indicated antibodies for
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Fig. 1 Usp26 knockout generation by CRISPR-Cas9 genome editing. a
Schematic representation of the wild-type locus (WT) and the two
genome editing strategies at the Usp26 locus (left: knockout 21, right:
catalytic knockout Cat). The sgRNAs, the single-coding exon of Usp26
(gray) and the corresponding non-coding region (open box) are
represented. Thin (non-coding) and thick (coding sequences) lines
under the exon represent the expected transcripts derived from WT and
Usp26 edited alleles. ATG, start codon; TAG/TAA, stop codons; TGC,
codon encoding the catalytic Cys295; Restart ATG, codons encoding the
Met147(21) and Met331(Cat). Nucleotide sequence of the WT and the
edited allele derived from PCR amplification of DNA from the Usp26
edited mice is shown. In the allele®™, the catalytic cysteine (Cys) is
highlighted (red rectangle). The insertion (left panel) and deletion (right
panel) generate a frameshift (amino acids in red) and a premature STOP
codon. Double-headed arrows represent the predicted size (KDa) of the

immunofluorescence. The primary antibodies used for immu-
nofluorescence were goat oUSP26 (W-12) sc-51013 (Santa
Cruz, 1:5), rabbit «USP26-M (1:5, provided by Dr. Yi-Wen
Lin Institute of Biomedical Sciences, Taipei, Taiwan), mouse
aSYCP3 IgG sc-74569 (Santa Cruz, 1:60), rabbit aSYCP3
serum K921 (Prieto et al. 2004), rabbit aSYCP1 IgG ab15090
(Abcam, 1:200), rabbit anti-yH2AX (ser139) IgG #07-164
(Millipore, 1:150), and mouse aMLH1 51-1327GR (BD
Biosciences; 1:5). The secondary antibodies used were

LW ae PG F P MOD

st

[ & 2
& ©
& &
259bp
173bp

peptides that could be expressed in both alleles (from the canonical ATG
to the generated STOP codon and from the first ATG after the mutation -
restart ATG- to the canonical STOP codon). Arrows represent genotyping
primers. b PCR analysis of genomic DNA from three pups from
Usp26™"! heterozygous crosses. The PCR amplification with primers
F and R (arrows) revealed a fragment of 307 bp in the case of the allele™”
and 411 bp in the allele® (WT/WT), (WT/21), and (21/21) designate
wild-type, heterozygous, and homozygous knockout animals,
respectively. ¢ PCR analysis of genomic DNA from three pups from
Usp26™TC2 heterozygous crosses. The PCR amplification with
primers F and R (arrows) revealed a fragment of 259 bp in the case of
the allele™ " and 173 bp in the allele“™ (WT/WT), (WT/Cat), and (Cat/
Cat) designate wild-type, heterozygous, and homozygous knockout
females, respectively

TRITC a-mouse 115-095-146/x-rabbit 111-025-144 and
FITC o-mouse 115-095-146/a-rabbit 111-095-045 (Jackson
ImmunoResearch, all 1:100). Slides were visualized at room
temperature using a microscope (Axioplan 2; Carl Zeiss, Inc.)
with 63 x objectives with an aperture of 1.4 (Carl Zeiss, Inc.).
Images were taken with a digital camera (ORCA-ER;
Hamamatsu) and processed with OPENLAB 4.0.3 and
Photoshop (Adobe). Quantification of YH2AX fluorescence
signal was measured by Imagel software.
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Protein extraction and western blotting Whole testis extracts
were prepared in RIPA buffer (50 mM Tris Hcel (pH 7.5),
150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% sodium
deoxycholate). Fifteen micrograms of total protein was loaded
onto 10% reducing polyacrylamide SDS gels and transferred to
0.45 pm Hybond ECL nitrocellulose membranes (RPN303D;
GE Healthcare, Life Sciences). The membranes were blocked
with 5% nonfat dried milk diluted in TBS-Tween. The proteins
were detected by western blotting with the indicated antibod-
ies. Primary antibodies used for western blotting were rabbit
goat aUSP26 (W-12) sc-51013 (Santa Cruz, 1:2000), rabbit
aUSP26-M (1:2000, provided by Dr. Yi-Wen Lin, Institute
of Biomedical Sciences, Taipei, Taiwan), mouse
anti-o-Tubulin (T9026, Sigma, 1:40000), and mouse anti-3-
Actin (AS441, Sigma, 1:40000). Secondary horseradish
peroxidase—conjugated o-mouse (715-035-150, Jackson

Fig. 2 Histopathological analysis

does not show defects in USP26-

deficient mice. a Testis size was a
not affected by the absence of

USP26. b PAS + hematoxylin—

stained testis sections show a

normal number and distribution

of germ cells in the seminiferous

tubules (St) and normal counts of

spermatozoa in the epididymides

(Ep) of USP26™""Y and USP26*

¥ mice in comparison with

USP26™™ mice. Bar in upper b
panels (St), 10 pm, and in lower

panels (Ep), 20 pm. ¢

Comparative histopathological

analysis (hematoxylin + eosin

staining) of ovaries from St
USP26>"', USP26Y*, and

USP26™"™T females at 4 months

of age showing the presence of

follicles and corpora lutea and a

normal appearance of the stroma

in the absence of USP26. Bars

represent 50 pm

ImmunoResearch), «-rabbit (711-035-152, Jackson
ImmunoResearch), or a-goat (705-035-147, Jackson
ImmunoResearch) antibodies were used at 1:5000 dilution.
Antibodies were detected by using ImmobilonTM Western
Chemiluminescent HRP Substrate from Millipore.

Bioinformatic analysis of RNAseq datasets Gene expression
data were obtained from ecach article repository and proc-
essed to extract the relevant information of the genes of
interest (USP genes) into a dataframe using regular ex-
pressions in R language. Colors have been included to
represent a gradient of expression for each individual
gene. Red and green represent the lower and upper end-
points (stages with lower and higher expression level) and
between them an intermediate color gradient has been
established.

O S
& & &
& &P
NN\ SR\

Usp26"™" Usp264""Y
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Table 1 USP26 deficiency has no impact on fertility
Mean (offspring) SD n
Males uUsp26™Y 70 147 15
usp26°t¥ 69 231 18
USP26°2Y 64 232 16
Females Usp26WTWT 74 233 14
Usp26t 72 1.89 16
Uspascce 79 228 16

Numeric data (mean of pups per litter) obtained from the mating of
UsP26™™ | Usp26°"Y, and USP26°*Y males and USP26" "V,
USP26"2! | and USP26%* females with USP26™ ™! females and
USP26™YY males, respectively. 8-week-old mice were mated for
3 months (6 mice/genotype)

Results
Usp26 CRISPR-Cas9 knockout lines

To gain further insight into USP26 function, we generated a
mouse model by targeting the single-coding exon of Usp26
through CRISPR-Cas9 genome editing. The selected founder
carried two consecutive insertions of 85 and 19 base pairs (bp)
separated by 5 bp. The first insertion changes the frame and
generates a premature STOP codon at position 123 (14KDa)
resulting in a predicted null-allele (herein allele*'; Fig. 1a,
left). This founder was crossed with wild-type (WT) C57BL/
6J mice, and the heterozygous offspring was crossed to obtain
the homozygous mutant mice, which were identified by PCR
(Fig. 1b).

To test whether the generated mutation was a null-allele,
we analyzed the expression of USP26 in mouse testis with two
different antibodies, the commercial anti-USP26 (W-12) and
the anti-USP26-M kindly provided by Dr. Yi-Wen Lin (Lin
et al. 2011). We first carried out an immunofluorescence (IF)
analysis in spermatocyte spreads from both UspZt?ZUY and
Usp26™™Y mice. None of the antibodies showed detectable
signal in spermatocytes (leptonema, zygonema, pachynema,
diplonema, or diakinesis), spermatogonia, or round spermatid
(Fig. Sla-b and S2a-b), where the expression of USP26 has
been previously reported (Lin et al. 2011; Wang et al. 2005).
We also performed a western blot (WB) analysis of whole
testis exfracts from wild-type and mutant mice. We did not
observe any signal in the blot using the anti-USP26 (W-12)
antibody (Fig. Slc) whereas the anti-USP26-M generated
similar bands in Usp262”Y and Usp26WT/Y extracts (Fig.
S2¢). No shift in the migration of any detected band was
observed in the mutant extracts in comparison with the wild
type (USP26 size: WT, 95 KDa vs 14 KDa, allele’!). These
results strongly suggest that the available antibodies are not
able to recognize the endogenous protein and, consequently,
the detected bands do not correspond to USP26.

Nonsense mutations close to the 5 of open reading frames
(ORF) can lead to a translation restart from downstream AUG
codons using the same original frame (Makino et al. 2016).
The genomic locus of murine Usp26 encodes an in-frame
methionine at the position 147 which could be used as a
downstream AUG initiation codon in our initial mutant (al-
lele®") and could potentially lead to the generation of an N-
terminal truncated protein (79 KDa, Fig. 1a, left) with an intact
catalytic domain. We did not detect the predicted truncated
proteins of 14 KDa (premature STOP codon) or 79 KDa
(Restart ATG) in the Usp26°VY extracts by western blot (Fig.
Slc and S2c¢). Consequently, the absence of working antibod-
ies against USP26 that allowed us to ensure that the allele"
was a null mutant led us to generate a second mutant with a
deletion in the proteolytic domain of USP26 (dead mutant).
This domain is formed by two short motifs known as Cys and
His boxes that contain the catalytic triad, one catalytic cyste-
ine, and an histidine and asparagine/aspartate that facilitate the
cysteine nucleophilic attack (Davis and Simeonov 2015;
Nijman et al. 2005). To abolish the protease activity of
USP26, we targeted the CRISPR-Cas9 to the catalytic cyste-
ine (Cys295) generating an 86 bp deletion (including the cys-
teine) that produces a frameshift and consequently a prema-
ture STOP codon at position 293 (34KDa; Fig. 1a, right).
Once the founder transmitted the allele, the heterozygous
was crossed to obtain the homozygous mutants (herein,
Usp26°C or Usp26°*"Y), which were identified by PCR
(Fig. 1c¢). Immunofluorescence and western blot analysis were
petformed for the new catalytic mutant, and the results were
identical to those obtained in the Usp26%YY mutant (Fig.S1a—c
and S2a—c). The western blot analysis did not reveal any shift
on band migration nor identify the truncated proteins of 34
and/or 56 KDa that could be expressed from the allele®™ (See
Fig. la right and Slc and S2c¢). Thus, although we cannot
demonstrate the absence of USP26 in our mutants due to the
lack of working antibodies that recognize the endogenous
protein, the genetic strategy predicts that both of them are null.
Especially, the resultant catalytic mutant lacks the genomic
information to encode an active catalytic domain (Cys) and,
consequently, represents a dead mutant without ubiquitin-
specific protease activity.

USP26-deficient mice are fertile

Usp26*VY and Usp26°®Y mice developed normally and
showed no overt-phenotype including testis size and weight
(Fig. 2a). To determine the potential effect of USP26 absence
on mouse fertility, we performed a fertility test. Adult males
from Usp26™™Y, Usp26Y, and Usp26°*"Y lines were mated
with Usp26™PWT females. The presence of copulatory plug
was monitored daily to discard behavioral defects, and the
number of pups per litter was recorded. USP26 mutants
behaved similar to their wild-type counterparts, and no
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Metaphase |
Metaphase Il

Fig. 3 Chromosome behavior and synapsis proceed properly in
spermatocytes lacking USP26. Double immunolabeling of SYCP3 (red)
and SYCP1 (green) on spermatocyte spreads from USP26"Y, USP26“*"Y,

significant differences in litter size between the three groups
were observed (Table 1). The histopathological analysis of
seminiferous tubules from Usp26>'"Y and Usp26“™Y mice
showed a normal progression through the 12 stages of epithe-
lial cycle with an organization and number of germ cells sim-
ilar to the wild-type ones (Fig. 2b). Moreover, a normal
amount of spermatozoa were able to reach the epididymides
of USP26 mutants (Fig. 2b). Taken together, our findings
demonstrate that USP26 seems to have a minimal if any role
in mouse male fertility.

Usp26 is not expressed in human whole ovary and muta-
tions associated with female infertility have not been reported.
Accordingly, the fertility assessment and histological analysis
of Usp26°"?" and Usp26“*/“™ females did not reveal any
defect (Table 1 and Fig. 2c¢).

USP26-deficient spermatocytes showed normal
synapsis, DSBs dynamics, and recombination

Although Usp26 transcription starts in spermatogonia, it is
transcribed at maximum levels during the early stages of

@ Springer

Usp26CarY

and USP26™™Y mice. DNA was stained with DAPI (blue). No
differences were observed on synapsis/desynapsis processes between
USP26-deficient and WT spermatocytes. Bar in panels, 10 pm

meiosis (leptotene and zygotene, Tables S5 and S6 (da Cruz
et al. 2016; Margolin et al. 2014)). Moreover, the ubiquitin—
proteasome system (UPS) has been involved in the regulation
of meiotic prophase in mouse (Rao etal. 2017) and USP26 has
been associated with double-strand breaks (DSBs) repair and
homologous recombination in somatic cells (Typas et al.
2016). These data prompted us to analyze in more detail chro-
mosome synapsis, double-strand breaks (DSBs) generation/
resolution, and meiotic recombination during the meiotic pro-
phase I of USP26-deficient spermatocytes.

Chromosome synapsis is mediated by a proteinaceous
scaffold known as synaptonemal complex (SC). The SC
is composed of two axial elements (AEs) connected by
transverse filaments (TFs) through the assembly of the cen-
tral element (CE), generating a tripartite zipper-like struc-
ture. In mammals, the components of AEs are SYCP2 and
SYCP3, TFs consist of SYCP1, and five CE components
have been identified as follow: SYCE1-3, TEX12, and the
recently described SIX60S1 (Bolcun-Filas and Schimenti
2012; Gomez et al. 2016). To evaluate the synaptic pro-
cess, we analyzed the distribution of SYCP3 and SYCP1 in
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Fig. 4 DSB dynamics is not affected in the absence of USP26. a Double
immunofluorescence of y-H2AX (green) with SYCP3 (red) in wild-type
and USP26 mutant spermatocytes showing no differences in the forma-
tion and repair of DSBs. DNA was stained with DAPI (blue). DSB for-
mation occurs at leptotene, and they are processed during zygotene and
early pachytene. Consequently, y-H2AX labels intensely the whole nu-
cleus at leptotene and declines until mid-pachytene where the staining is

spermatocyte spreads from Usp26>'Y, Usp26°*'Y, and
Usp26™™Y mice (Fig. 3). We did not observe defects on
AEs formation, starting as short patches in leptotene that
got longer as zygotene proceeded. Full synapsis was
achieved at pachytene, and no defects were observed as
desynapsis progressed from diplotene to diakinesis.
Additionally, USP26-deficient metaphase I and II plates
showed normal morphology (Fig. 3). Altogether, these ob-
servations suggest that USP26 has no function on chromo-
some behavior and synapsis.

Meiotic recombination establishes the physical tethering
between homologous chromosomes essential to ensure the
correct chromosome segregation during the first meiotic divi-
sion. Meiotic recombination is initiated at leptotene with the
formation of programmed DSBs by SPO11 which are

restricted to the unsynapsed sex bivalent. b Plots under each panel repre-
sent the quantification of fluorescence intensity at the different stages and
shows no significant differences (n =60 cells from 2 different mice for
each genotype). See Table S3 for numeric data; bars represent standard
deviation (SD). Welch’s 7 test analysis: ¥p <0.01; ¥*p <0.001;
**¥p <0.0001. Bar in panels, 10 um

repaired during the prophase I by the homologous recombina-
tion (HR) machinery (Bolcun-Filas and Schimenti 2012).
Given the involvement of protein ubiquitination and
SUMOylation in DSBs repair (Bekker-Jensen and Mailand
2011), we analyzed USP26-deficient spermatocytes for the
labeling of phosphorylated H2AX (y-H2AX), the first
appearing modification after DSBs induction (Rogakou et al.
1998). The y-H2AX distribution in USP26-deficient sper-
matocytes resembled that of wild-type cells from leptotene,
showing whole nucleus labeling, to pachytene where the y-
H2AX signal was restricted to the sex body. These data indi-
cate that DSBs formation and repair are not compromised by
the absence of USP26 (Fig. 4).

During early prophase I, DSBs are frequently resolved as
non-crossovers (NCO) and only a reduced fraction of the
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Fig. 5 USP26-deficient mice do a
not show meiotic recombination
defects. a Immunostaining of
MLH]1 (green) and SYCP3 (red).
DNA was stained with DAPI
(blue). The number of MLH]1 foci
(corresponding to future chias-
mata) in mutant spermatocytes
resembles that observed in the
wild type. Bar in panels, 10 pm. b
Quantification of MLH]1 foci in
UsP26"V™, usp26*', and
USP26*"Y pachytene spermato-
cytes showing no significant dif-
ferences (n =52, 52, and 48 cells
respectively from 2 different mice
for each genotype). See Table S4
for numeric data; bars represent
standard deviation (SD). Welch’s
t-test analysis: ¥p <0.01;

*p <0.001; ¥**¥p <0.0001
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DSBs are processed as crossovers (CO), which will give rise Discussion

to chiasmata. Owing to the association of the UPS to the AEs
and its role in regulating meiotic recombination (Rao et al.
2017), we evaluated USP26-deficient spermatocytes for CO
formation by MLH1 staining, a mismatch repair protein that
marks CO sites (Guillon et al. 2005). No differences were
observed in the number of MLH]1 foci between Usp262'"Y,
Usp26“™Y, and Usp26™™Y spermatocytes (Fig. 5).

@ Springer

In the present study, we have generated two Usp26 knockout
models, one carrying two insertions (allele®") and a second
one lacking the catalytic Cys of the protein (dead mutant,
allele“™). Although the in silico analysis predicts that both
alleles generate truncated proteins, we have not been able to
demonstrate the absence of USP26 in the mutants, likely due

174



Chromosoma {2019) 128:237-247

245

to the lack of sensitivity of the antibodies which failed to
detect the endogenous protein. Even though we could not
demonstrate the absence of protein, the generated deletion in
the catalytic domain of USP26 (allele“™) ensures that the pro-
tein, if present, will not be functional as ubiquitin-specific
protease leading to a reliable loss-of-function mutant.

The testis-specific USP26 belongs to the superfamily of
deubiquitinating enzymes (DUBs) that remove ubiquitin
(Ub) peptides from substrates, process Ub precursors, and
disassemble polymeric Ub chains hence being responsible
for maintaining ubiquitin homeostasis in cells (Komander
et al. 2009). Ubiquitination plays essential roles during
spermatogenesis from the establishment and differentiation
of spermatogonial stem cells to spermiogenesis (Bose et al.
2014) and to date several deubiquitinating enzymes (i.e.,
USP2 (Bedard et al. 2011), USP7 (Luo et al. 2015),
USP9X (Kishi et al. 2017), Uchl-1(Kwon et al. 2005)) have
been associated with defects at different stages of spermato-
genesis and fertility impairment. However, here we show
that mice lacking the deubiquitinating enzyme USP26 are
fertile showing litters of the same size than those from wild-
type mice and a normal number and distribution of all the
testis cell types.

The maximum transcription levels of Usp26 are reached
during the first stages of meiotic prophase (Tables S5 and S6
(da Cruz et al. 2016; Margolin et al. 2014)). This expression
pattern along with the involvement of the UPS in the regula-
tion of meiotic prophase in mouse (Rao et al. 2017) and the
association of USP26 with DNA repair and homologous re-
combination in somatic cells (Typas et al. 2016) strongly sug-
gest a potential role of USP26 on these processes. However,
our cytological analysis of mutant spermatocytes did not re-
veal any obvious defect in synapsis, DSBs repair, and meiotic
recombination. These results suggest a very specific function
of USP26 that seems unrelated to the regulation of the meiotic
prophase L.

The association of this testis-specific protein with male
infertility has focused many efforts during the last decades
though with controversial conclusions. Several studies have
linked USP26 mutations with male infertility (Asadpor et al.
2013; Lee et al. 2008; Lietal. 2015; Ma et al. 2016; Paduch
et al. 2005; Stouffs et al. 2005; Xia et al. 2014; Zhang et al.
2007). However, our functional studies showing that USP26
is dispensable for mouse fertility are in agreement with pre-
vious works reporting a lack of association between USP26
genetic polymorphisms and male infertility (Christensen
et al. 2008; Luddi et al. 2016; Ravel et al. 2006; Ribarski
et al. 2009; Shi et al. 2011; Stouffs et al. 2006; Zhang et al.
2015). Supporting our observations, it has been described a
normozoospermic man carrying a nonsense mutation in
USP26 (c.882 C>A) that generates a premature STOP codon
(Luddi et al. 2016). This mutation produces a truncated
USP26 protein at the position 293 that consequently lacks

the catalytic Cys (Cys305). Our results provide new evi-
dences that could shed light on the existing controversy
about the relationship between USP26 mutations and human
male infertility. However, although the mouse is the most
commonly used organism model in human disease research
(Rosenthal and Brown 2007), we cannot exclude the idea
that the functional relevance of this protein could differ be-
tween both species, showing a critical role in human that
does not recapitulate in the mouse where the genetic back-
ground can also drastically modulate the observed pheno-
types. Nevertheless, our working models have been devel-
oped in an outbred background (B6CBAF1/J) that more
closely resembles the greater genetic variability of humans.

Given the Usp26 restricted expression pattern to testis and
the importance of the maintenance of ubiquitin homeostasis in
cells, the absence of phenotype in the USP26-deficient mice is
counterintuitive. Genetic redundancy or biological robustness
can be responsible for this lack of deviation in the reproduc-
tive phenotype. The in silico analysis of mRNA expression of
different USPs during mouse spermatogenesis showed several
USPs with an expression pattern highly similar to that of
USP26 (i.e., USP9X, USP37, USP14, USP53, USP33,
USP28, and USP3. See Tables S5 and S6 (da Cruz et al.
2016; Margolin et al. 2014)). It would be interesting to analyze
which of these putative candidates (if any) are upregulated in
the absence of USP26 that would provide an indication for
compensation. To prove it, a double loss-of-function analysis
should be carried out in future studies.

In conclusion, this work reports for the first time a loss-of-
function analysis of USP26 in mice and represents in vivo
evidence that USP26 is not essential for mouse gametogenesis
and fertility.
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Abstract Primary Ovarian Insufficiency (POI) is a major cause of infertility, but its etiology
remains poorly understood. Using whole-exome sequencing in a family with three cases of POI, we
identified the candidate missense variant S167L in HSF2BP, an essential meiotic gene. Functional
analysis of the HSF2BP-S167L variant in mouse showed that it behaves as a hypomorphic allele
compared to a new loss-of-function (knock-out) mouse model. Hsf2bp®'¢7*1%7- females show
reduced fertility with smaller litter sizes. To obtain mechanistic insights, we identified C19ORF57/
BRME1 as a strong interactor and stabilizer of HSF2BP and showed that the BRME1/HSF2BP
protein complex co-immunoprecipitates with BRCA2, RAD51, RPA and PALB2. Meiocytes bearing
the HSF2BP-S167L variant showed a strongly decreased staining of both HSF2BP and BRME1 at
the recombination nodules and a reduced number of the foci formed by the recombinases RAD51/
DMCH1, thus leading to a lower frequency of crossovers. Our results provide insights into the
molecular mechanism of HSF2BP-S167L in human ovarian insufficiency and sub(in)fertility.
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Introduction

The process of gametogenesis is one of the most complex and highly regulated differentiation pro-
grams. It involves a unique reductional cell division, known as meiosis, to generate highly specialized
and redistribution provided that cells: the gametes. Indeed, the outcome of meiosis is the production of oocytes and spermatozoa,
the original author and source are ~ Which are the most distinctive cells of an adult organism and are essential for the faithful transmis-
credited. sion of the genome across generations.
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The meiotic division is an orderly process that results in the pairing and synapsis of homologous
chromosomes and crossover {CO) formation, which ultimately enable homologous chromosomes
segregation (Hunter, 2015; Loidl, 2016; Zickler and Kleckner, 2015). In mammals, pairing of
homologs is dependent on the repair of self-induced double-strand breaks (DSBs) during prophase |
by homologous recombination (Handel and Schimenti, 2010) and it leads to the intimate alignment
of homologous chromosomes {synapsis) through the zipper-like synaptonemal complex (SC)
(Cahoon and Hawley, 2016). The SC is a proteinaceous tripartite structure that provides the struc-
tural framework for DSBs repair {(Baudat et al., 2013}, as epitomized by the tight association of the
recombination nodules (RNs, multicomponent recombinogenic factories) and the axial elements of
the SC (Zickler and Kleckner, 2015).

Meiotic DSBs repair is an evolutionarily conserved pathway that is highly regulated to promote
the formation of at least one CO per bivalent. This chromosome connection between bivalents
through chiasmata is required for a correct reductional division. As other DNA repair processes,
proper meiotic recombination is essential for genome stability and alterations can result in infertility,
miscarriage and birth defects (Geisinger and Benavente, 2017, Handel and Schimenti, 2010;
Webster and Schuh, 2017).

Infertility refers to failure of a couple to reproduce and affects 10-15% of couples (Isaksson and
Tiitinen, 2004). Infertility can be due to female factors, male factors, a combination of both or to
unknown causes, each category representing approximately 25% of cases (Isaksson and Tiitinen,
2004; Matzuk and Lamb, 2008). There are several underlying causes and physiological, genetic and
even environmental and social factors can play a role. Forward and reverse genetic analyses in model
organisms have identified multiple molecular pathways that regulate fertility and have allowed to
infer reasonable estimates of the number of protein-coding genes essential for fertility (de Rooij and
de Boer, 2003; Schimenti and Handel, 2018).

Primary ovarian insufficiency (PO} is a major cause of female infertility and affects about 1-3% of
women under 40 years of age. It is characterized by cessation of ovarian function before the age of
40 years. POl results from a depletion of the ovarian follicle pool and can be isolated or syndromic.
Genetic causes of POl account for approximately 20% of cases (Rossetti et al., 2017). Although
infertility-causing pathogenic variants are inherently unlikely to spread in a population, they can be
observed within families, especially when there is consanguinity. Such cases provide crucial insights
into the function of the genes and molecular mechanisms that they disrupt. Over the last decade,
causative variants in several genes have been found using whole exome sequencing in ‘POl pedi-
grees’. In particular, pathogenic variants in genes involved in DNA replication, recombination or
repair, such as STAG3, SYCE1, HFM1, MSH5 and MEJIOB have been formally implicated in this condi-
tion by ourselves and others (Caburet et al., 2014; Caburet et al., 2019a; de Vries et al., 2014;
Guo et al.,, 2017; Primary Ovarian Insufficiency Collaboration et al., 2014).

In this study, we have identified in a consanguineous family with POI the candidate $167L mis-
sense variant in HSF2BP, an essential yet poorly studied meiotic gene. HSF2BP encodes an interactor
of the heat-shock response transcription factor HSF2 (Yoshima et al., 1998). During the course of
this work and, in agreement with our results, two independent groups showed that HSF2BP is essen-
tial for meiotic recombination through its ability to interact with BRCA2 (Brandsma et al., 2019;
Zhang et al., 2019). Here, we report that the introduction of the missense variant HSF2BP-S167L in
mouse leads to subfertility and DNA repair defects during prophase I. In addition, we identified a
protein complex composed of BRCA2, HSF2BP, and the as yet unexplored C190RF57/BRME1 {mei-
otic double-stranded break BRCA2/HSF2BP complex associated protein) as a key component of the
meiotic recombination machinery. Our studies show that a single substitution {(S167L) in HSF2BP
leads to a reduced loading of both BRME1 and HSF2BP at the RNs. Furthermore, our results suggest
that meiotic progression requires a critical threshold level of HSF2BP/BRME1 for the ulterior loading
of the recombinases to the RNs.

Results

Clinical cases
The parents are first-degree cousins of Israeli Arab origin. Of the five daughters, three are affected
with POl and presented with early secondary amenorrhea. They had menarche at normal age (at 13-

Felipe-Medina et al. eLife 2020;9:56996. DOI: https://doi.org/10.7554/¢Life.56996 26f39%

180



.
ELlfe Research article Cell Biology

14) but with irregular menses that stopped around 25. Only one of the patients affected by POI
could have a child with the help of a fertility treatment (see pedigree in Figure 1). In order to identify
the genetic basis of this familial POI case, we performed whole exome sequencing on genomic DNA
from two POI patients, ll-2 and [lI-3, and their fertile sister Ill-10 (Supplementary file 1a). Variants
were filtered on the basis of (i) their homozygosity in the patients, (i) their heterozygosity or absence
in the fertile sister, (iii) their absence in unrelated fertile in-house controls and (iv) a minor allele fre-
quency (MAF) below 0.01 in all available databases (Supplementary file 1b). This filtering process
led to the identification of a missense substitution located in the HSF2BP gene: rs200655253
(21:43630396 G > A, GRCh38). The variant lies within the sixth exon of the reference transcript
ENST00000291560.7 (NM_007031.2:c.500C > T) and changes a TCG codon into a TTG
(NP_008962.1:p.Ser167Leu). It is very rare (Variant Allele Frequency/VAF 0.0001845 in the GnomAD
database and 0.0005 in the GME Variome dedicated to Middle-East populations) and absent in a

| A L

17 18 1 . Primary Ovarian

Insufficiency

1971 Year of birth

m: 13y Age at menarche
first-degree cousins
l * *
Whole Exome
I I @ / Sequencing

1 2 3 * Available DNA
G/A G/A O
Genotype at the
variant position

in HSF2BP

1 2

1973 1973 1971
m:14y m: 13y A
A/A° A/A N

IV 23 y_ears

9

fertility
treatment

Figure 1. Pedigree of the consanguineous family with the variant HSF2BP-S167L. I1l-1 and II-2 are monozygotic twins, who appear phenotypically
dizygotic. Clinical investigation confirmed PO, with normal 46, XX karyotype (500 bands and SKY spectral karyotyping). Year of birth and age of
menarche are indicated when known. IlI-1 became amenorrheic at age 24 and I1I-2 at age 25, both after irregular menstruations since menarche. [lI-1
presents with a short stature (152 cm, within the 3-5 percentile), a normal neck, cubitus valgus and metacarpal shortening of 4-5. Ultrasound
investigation showed normal uterus and ovaries. Her g-banding karyotyping was normal 46, XX (500 bands) and variants in FMR1 gene were ruled out.
111-2 displays a normal secondary sexual development with no dysmorphic sign. Clinical investigation confirmed POI, with normal 46, XX karyotype (500
bands and SKY spectral karyotyping). The elder sister I1-3 was also diagnosed with POI, with no further clinical information. She is 160.5 cm. She had
one normal pregnancy with the help of ‘fertility treatment’, and a second unsuccessful attempt. The two fertile sisters, Ill-6 and I1I-10 had their menarche
at 14-15 and 13-14 respectively, with regular menstruations ever since. They are respectively 150 cm and 151 cm, with no clinical sign, and each one
had several children without difficulties. The fertile brother I11-7 is 171 cm and shows no health or fertility problem. He developed frontal baldness since
the age of 30. The genotype of each individual at the variant genomic position in HSF2BP is shown in red, as determined by Sanger sequencing for
available DNAs (See Figure 1—figure supplement 1).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Segregation of the $167L Variant in HSF2BP in the consanguineous family shows the chromatograms obtained by Sanger
sequencing of the HSF2BP-5167L variant in the family.

Figure supplement 2. Strong conservation of the Ser167 residue in HSF2BP protein in 99 mammals.

Figure supplement 3. Strong conservation of the Ser167 residue in HSF2BP in 48 birds and reptiles and 64 fish species.
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homozygous state from all available databases. The variant was verified by Sanger sequencing and
was found to segregate in a Mendelian fashion within the family: the affected twin Ill-1 was homozy-
gous for the variant and both parents and fertile siblings were heterozygous carriers (Figure 1—fig-
ure supplement 1). Therefore, there was no homozygous males identified in this family, preventing
the analysis of the impact of this variant on male fertility. Serine 167 is a highly conserved position
and the S167L variant is predicted to be pathogenic or deleterious by 11 out of the 18 pathogenicity
predictors available in dbNSFP 3.5. (Supplementary file 1c, Figure 1—figure supplement 2 and
Figure 1—figure supplement 3).

Mice with the HSF2BP S167L variant show a partial reduction of
fertility

During the course of this work, two independent groups showed that HSF2BP is essential for meiotic
recombination through its ability to interact with the armadillo repeats of BRCA2 (Zhang et al.,
2019). Both groups showed that genetic disruption of Hsf2bp in mouse leads to the accumulation in
the chromosomes axes of DNA repair proteins such as YH2AX (ATR-dependent phosphorylation of
H2AX marks DSBs) and the single stranded-DNA binding protein RPA, a strong reduction of the
recombinases DMC1 and RAD51 at the RNs and a lack of COs as labelled by MLH1 {Baker et al.,
1996). The end result is male sterility {Brandsma, 2006; Brandsma et al., 2019; Zhang et al.,
2019). However, loss of HSF2BP in female mice showed a milder meiotic phenotype (Zhang et al.,
2019 and our own data, see below) and a weak albeit non-statistical significant reduction of fertility
(Brandsma et al., 2019) despite all of the mutants are nulls though in different genetic
backgrounds.

In order to confirm the causality of the S167L variant in this POl family, we generated a knock-in
mouse Hsf2bp3187YS147L by genome editing (Figure 2—figure supplement 1a). We also generated
a loss-of-function model (Hsf2bp™") for direct comparison {(Figure 2—figure supplement 1b-d).
Hsf2bp3147YS187L male and female mice were able to reproduce but females showed a significant
reduction in the number of litters (Figure 2a), whilst males only showed a slight non-significant
reduction in fertility (Figure 2a), suggesting that the S167L variant impacts murine fertility.

Histological analysis of Hsf2bpS147Y51¢7L ovaries revealed no apparent differences in the number
of follicles in comparison to wild-type (WT) animals (Figure 2b-c and Figure 2—figure supplement
2a), in contrast with the drastic reduction of the follicle pool in Hsf2bp”" ovaries (Figure 2b—c). Tes-
tes from Hsf2bp®'47Y/$147L mice displayed a reduced size (21% reduction compared to WT mice; tes-
tis/body weight ratio: $167L 0.26% + 0.07 (n = 12) vs 0.33% + 0.05 for WT controls (n = 14},
**p<0,01, Figure 2d and Figure 2—figure supplement 2b) and this reduction was stronger in
Hsf2bp™ testes {70% reduction compared to WT, testis/body weight ratio: Hsf2bp™* 0.10% =+ 0.005
{n = 6) vs 0.33% = 0.05 for WT controls {n = 14} ****p<0,001, Figure 2d and Figure 2—figure sup-
plement 2b). Histological analysis of adult Hsf2bp®'7/S167L testes revealed seminiferous tubules
with a partial arrest with apoptotic spermatocytes {meiotic divisions) and their epididymis exhibited
scarcer spermatozoa (Figure 2e). Consistent with these results, Hsf2bpS1¢7Y5147L males showed
increased numbers of meiotic divisions positive for TUNEL staining {Figure 2f) and a reduction in the
number of spermatozoa in the epididymis (3.3 x 10° in the Hsf2bp®'¢7Y51%7" muytant vs 4.3 x 10° in
the WT; Figure 2g). During mouse spermatogenesis, the 12 stages of the epithelial cycle can be dis-
tinguished in seminiferous tubule sections by identifying groups of associated germ cell types
{Ahmed and de Rooij, 2009). Following these criteria, the seminiferous epithelium of Hsf2bp”* mice
showed a stage IV arrest, characterized by a massive apoptosis of zygotene-like spermatocytes
oceurring at the same time that In spermatogonia divide into B spermatogonia (Figure 2e). The
presence of spermatogonia, spermatocytes, Sertoli and Leydig cells was not altered in any of the
mutants (Figure 2e). These results suggest that mice bearing the POl-causing variant only partially
phenocopy the human disease.

Hsf2b S167L/S167L

recombination

To further characterize meiotic defects, Hsf2bp meiocytes were first analyzed for the
assembly/disassembly of the SC by monitoring the distribution of SYCP1 and SYCP3. We did not
observe any difference in synapsis and desynapsis from leptotene to diplotene in both oocytes and

meiocytes show an altered meiotic homologous

S1671L/S167L
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Figure 2. Mice carrying the HSF2BP S167L variant show a partial reduction of fertility. (a) Fertility assessment of males and female Hsf2bp
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S167L/S167L and

n = 6 females/é

males, Hsf2bp5167'J5167Ln = 7 females/é males. Two-tailed Welch's t-test analysis: *p<0.05. (b) Hematoxylin and eosin stained sections of ovaries from
adult (8 weeks) Hsf2bp™'*, Hsf2bp®'¢7YS1é7t and Hsf2bp™~ females. Hsf2bp™~ ovaries but not Hsf2bp™'* and Hsf2bp®'¢7Y51¢7t showed a strong depletion

Figure 2 continued on next page
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Figure 2 continued

of follicles. Bar in panels 100 um. (¢) Quantification of the number of follicles (primordial, primary, secondary and antral follicles) per ovary in Hsf2bp™*

HsfobpS1o7H 5167 and Hsf2bp™~ females at 5 dpp and 6 weeks of age showing no differences between Hsf2bp™* and Hsf2bp®'¢"YS1971 but a strong
reduction in the oocyte pool in Hsf2bp™~ females. Ovaries: five dpp/6 weeks = 5/5 ovaries from Hsf2bp™* and Hsf2bp®'¥7Y*1¢7" and 4/3 from Hsf2bp™".
Two-tailed Welch's t-test analysis: ns, no significant differences, **p<0.01, ***p<0.001. (d) Testis size of HsT'prSMn/S“’7L (left, 21% reduction) and
Hsf2bp* mice (right, 70% reduction) in comparison with their WT counterparts. See Figure 2—figure supplement 2b for the quantification. (e) PAS
and Hematoxylin stained testis sections. The $167L variant leads to a partial spermatogenic arrest with an elevated number of apoptotic meiotic
divisions (blue asterisks) and a reduction of the number of spermatozoa in the epididymides in comparison with the WT control (Hs2bp**). The null
allele (Hsf2bp™) showed a complete spermatogenic arrest at epithelial stage IV and absence of spermatozoa. Massive apoptosis of spermatocytes is

indicated (blue arrowheads). Bar: upper panels 10 um, lower panels 20 um. {St) Seminiferous tubules, (Ep) Epididymides. {f) Immunohistochemical

detection of apoptotic cells by TUNEL staining showing an increase of apoptotic meiotic divisions in stage Xll tubules from Hsf2bp

S167L/8167L males

{magnified panel). Plot under the panel represents the quantification. Mice: n = 3 adult mice for each genotype. Two-tailed Welch's t-test analysis:
**45<0.001. Bar in panel, 25 um. {g) Quantification of epididymal sperm in Hs@2bp™* and Hsf2bp®'¥"Y5187 adult mice. Epididymides: n = 8 for each
genotype. Two-tailed Welch's t-test analysis: *p<0.05.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Generation and genetic characterization of Hsf2bp 51671 and Hsf2bp-deficient mice.

Figure supplement 2. Fertility defects in Hsf2bp

S167L/S167L RIS,

spermatocytes (Figure 3—figure supplement 1a-b). However, we observed an elevated number of
apoptotic meiotic divisions in Hsf2bp®197YS1¢7 males (Figure 2—figure supplement 2c). These
results are consistent with the partial arrest observed in the histological analysis (Figure 2e). As
expected, this phenotype was exacerbated in Hsf2bp”" spermatocytes that were arrested at a zygo-
tene-like stage (Figure 3—figure supplement 1c). Hsf2bp”" oocytes showed a delay in prophase |
progression with the majority of cells at zygotene stage in 17.5 days post-coitum (dpc) females,
whilst the WT cocytes were mainly at pachytene stage. Additionally, we observed increased num-
bers of oocytes showing synapsis defects in the Hsf2bp™ oocytes (Hsf2bp™™: 45,5% + 1,5 vs WT:
7,5% + 1,5; n = 2 {both genotypes), **p<0,01, Figure 3—figure supplement 1d). These results
strongly suggest that the POl variant S167L is a hypomorphic allele.

Next, we analyzed whether the POl-inducing variant affects the loading/stability of HSF2BP by
immunolabeling meiocytes from Hsf2bp3167Y51¢7L mice. We observed a striking reduction of HSF2BP
staining at the axes during prophase | in both spermatocytes and oocytes (Figure 3a-b). Western
blot analysis of WT, Hsf2bpS1¢7YS147L and Hsf2bp™* in whole testis extracts from 13 days post-par-
tum {dpp) animals (Figure 3c) revealed that the reduced labeling observed by immunofluorescence
correlated with a reduced protein expression level, suggesting that the mutation leads to a reduced
expression and/or stability.

Given that HSF2BP is essential for DNA repair, we carried out a comparative staining analysis of
YH2AX, the ssDNA-binding protein RPA, the recombinases RAD51 and DMC1, the ssDNA-binding
protein SPATA22 (complexed to RPA during resection) and CO formation in meiocytes from
Hsfobp®1475197  Hefobp~ and WT animals (Figures 4, 5 and 6, Figure 4—figure supplement 1,
Figure 5—figure supplement 1 and Figure 6—figure supplement 1). Our results revealed that
Hsf2bp®1675167L spermatocytes showed an increased labeling of YH2AX at pachytene (Figure 4a),
an accumulation of RPA at the chromosome axis (Figure 4b and Figure 4—figure supplement 1a),
a reduction of the recombinases DMC1 and RAD51 staining (Figure 5a-b and Figure 5—figure sup-
plement 1a-b), an accumulation of SPATA22 (Figure 6a and Figure 6—figure supplement 1a), and
a decreased number of COs {measured as MLH1, Figure éb and Figure 6—figure supplement 1b).
In accordance with the reduction of COs, we observed the presence of univalents in the XY pair at
pachynema as well as univalents in metaphase | spermatocytes from Hsf2bp®'¢7VS167t mice
(Figure 6d and Figure 6—figure supplement 1c). These results would explain the elevated number
of apoptotic metaphases observed (Figure 2e~f and Figure 2—figure supplement 2c).

Our analysis in females showed accumulation of YH2AX staining {Figure 4c) but no accumulation
in RPA labeling in Hsf2bpS'67VS167 and Hsf2bp™" oocytes (Figure 4d and Figure 4—figure supple-
ment 1b). Similar to the spermatocytes, DMC1 and RAD51 staining showed a reduction in both
Hsf2bp®147Y5167L and Hsf2bp”" ococytes (Figure 5c-d and Figure 5—figure supplement 1c—d).
SPATA22 labeling in females showed a clear accumulation in Hsf2bp”" but only a trend towards
accumulation in Hsf2bpS'¥7167 oocytes (Figure 6éa and Figure é6—figure supplement 1a). In
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Figure 3. Meiocytes from Hsf2bp

mice show a decrease in the expression of HSF2BP. (a-b) Double immunofluorescence of HSF2BP (green)

and SYCP3 (red) in Hsf2bp™*and Hsf2bp®'¢Y/51¢7- (a) spermatocyte and (b) oocyte spreads showing a strong reduction in the labeling of HSF2BP at the
chromosome axis. Plots under the panels show the quantification. Nuclei analyzed: 30 zygonemas and 40 pachynemas from two adult male mice of
each genotype. In females 38/39 zygonemas and 37/35 pachynemas from two 17.5 dpc embryos of Hsf2bp*'* and Hsf2bp®'¢’"/5'¢’t respectively. Two-
tailed Welch's t-test analysis: ****p<0.0001. (c) Western blot analysis of protein extracts from 13 dpp WT, Hsf2bp®'®’YS"¢’t and Hsf2bp™" testes using
polyclonal antibodies against HSF2BP. Tubulin was used as loading control. Graph on the right represents the relative quantification of the
immunoblotting. Mice: n = 2 Hsf2bp*/*, Hsf2bp®'*/Y/$1%’% and Hsf2bp™". Two-tailed Welch's t-test analysis: *p<0.05. Bar in panels a-c, 10 um.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Hsf2bp°'®

WS84 mice do not show synapsis defects.

agreement with the lower presence of recombinases, the number of COs (measured as interstitial
CDK2 foci) was also reduced in Hsf2bp®'¢7Y51¢7% gocytes, and a stronger reduction was observed in
Hsf2bp™" oocytes (Figure éc and Figure é—figure supplement 1d). Overall, male and female
Hsf2bp31¢7YS1¢7L mice share alterations in the meiotic recombination pathway although with differ-

ent reproductive outcome.

We next sought to understand how the HSF2BP pathogenic variant was mediating the observed
meiotic alteration. HSF2BP has been shown to bind BRCA2, an essential protein for meiotic homolo-
gous recombination (Martinez et al., 2016; Sharan et al., 2004), by a direct interaction that involves
Arg200 in HSF2BP and the Gly2270-Thr2337 region within the C-terminal fragment of BRCA2
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Figure 4. DNA repair in Hsfobp®1¢7Y51¢7% mice. (a, ¢) Double labeling of YH2AX (green) and SYCP3 (red) in (a) spermatocyte and (c) oocyte spreads
from WT, Hsf2bpS'1¥”YS1¢7L and Hsf2bp™~ mice. (a) Males display an accumulation of YH2AX patches in Hsf2bp®'¢7YS1¢7t pachynemas and a strong
accumulation in the whole nucleus in Hsf2bp™”" zygotene-like arrested cells. Plots on the right of the panel represent the percentage of pachynemas
with YH2AX labeling (Nuclei: 364 Hsf2bp™’* and 376 Hsf2bp®'¢’YS"" from three adult mice) and the quantification of YH2AX intensity on autosomes at

Figure 4 continued on next page
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Figure 4 continued

Cell Biology

early and mid-pachytene stages (Nuclei: 53 early and 60 mid pachynemas from three adult mice of each genotype). Two-tailed Welch'’s t-test analysis:
*p<0.05, ****p<0.0001. (¢) In females there is an accumulation of YH2AX in Hsf2bp® %7517t pachynemas that is stronger in those from Hs2bp™”
females. Nuclei: n = 21/20/19 pachynemas from 2 Hsf2bp™*/Hst2bp®'¢7YS1%7 /Hst2bp " embryos (17.5 dpc). Two-tailed Welch's t-test analysis: *p<0.05,
**435<0.0001. (b, d) Double immunclabeling of RPAT (green) and SYCP3 {red) in {b) spermatocyte and (d) cocyte spreads from Hsf2bp+/*, Hsf2bp s1e7u
S167L and Hsf2bp™. (b) In males, RPA1 accumulates at early and mid-pachytene in $167L spermatocytes and in the zygotene-like arrested cells from
Hsf2bp™". Plot on the right of the panel represents the quantification. Nuclei: n = 31/34/37 leptonemas, n = 29/29/37 zygonemas/zygonemas-like from
three adult Hsf2bp™*, Hsf2bp 18745167k and Hsf2bp”” mice respectively, n = 33 early and 46 mid pachynemas from three adult Hsf2bp™™* and Hsf2bp

S1671/S1671

mice. Two-tailed Welch's t-test analysis: ns, no significant differences; **p<0.01, ****p<0.0001. (d) In females, RPA1 labeling is similar in

Hsfobp™*, Hsfobp S147YS174 and Hsf2bp™ cocytes at zygotene and pachytene. Plot on the right of the panel represents the quantification. Nudlei:
Hsfobp™*/Hsf2bp S17YS187 ) Hstobp™™ n = 42/41/23 zygonemas from two embryos (16.5 dpc) and n = 25/25/24 pachynemas from two embryos (17.5
dpc). Two-tailed Welch's t-test analysis: ns, no significant differences. Bar in all panels, 10 um. Extended panels for RPA1 figures in Figure 4—figure

supplement 1.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. RPA |ocalization in Hsf2bp mutants.

(Brandsma et al.,, 2019). Given the impossibility to detect endogenous BRCA2 by immunofluores-
cence in mouse spermatocytes, we carried out co-localization/interaction assays in a heterologous
system by transfecting BRCA2-C (i.e. its C-term) and HSF2BP in U20S/HEK293T. Our results showed
that BRCA2-C co-immunoprecipitates with both HSF2BP-WT and HSF2BP-S167L in similar ways (Fig-
ure 6—figure supplement 2a). In single transfections, HSF2BP localized in the nucleus and cyto-
plasm whereas BRCA2-C showed nuclear localization. This pattern changed drastically to a nuclear
dotted pattern when co-transfected (Figure 6—figure supplement 2b). This re-localization was
independent of the HSF2BP variant, suggesting that the HSF2BP variant effects are not directly
mediated by BRCA2 delocalization.

BRME1, a novel interactor of HSF2BP

In order to further understand the mechanism underlying the pathogenicity of the HSF2BP-$167L
variant, we searched for proteins that interact with the murine HSF2BP through a yeast two hybrid
(Y2H) screening. The analysis of the clones with putative interactors revealed that 19 out of 98 ana-
lyzed clones matched the uncharacterized gene 4930432K21Rik, which corresponds to human
C190RF57, hereby dubbed BRME1 for Break Repair Meiotic recombinase recruitment factor 1. This
HSF2BP interactor consists of 600 amino acids with a high content of acidic residues, has no recog-
nizable functional domains and is intrinsically disordered. The interaction was validated by transiently
transfecting plasmids driving the expression of HSF2BP and BRME1. Both HSF2BP-S167L and WT
interacted with BRME1 {Figure 7a). We further validated this interaction in vivo by co-immunopre-
cipitation {co-IP} of both proteins from mouse whole testis extracts (Figure 7b). To identify the
regions required for this interaction, we split the BRME1 protein into three fragments (N-terminal,
central region and C-terminal). We mapped the HSF2BP/BRME1-interacting domain to the C-term
fragment of BRME1 (spanning residues 475-600 of the murine protein, Figure 7c). In line with this,
the Brme12142-472/8142-472 1 itant mice, expressing the BRMET protein devoid of its central part,
were fertile and did not show defects in chromosome synapsis or an alteration of HSF2BP loading to
axes, further indicating that a large fraction of the coding protein of BRME1 is not essential for
BRME1/HSF2BP function in vivo (Figure 7—figure supplement 1).

We also sought to characterize the involvement of BRME1 in meiosis through immunofluores-
cence. BRME1 localized to the chromosome axes of WT meiocytes from zygotene to pachytene with
a pattern of discrete foci that mimics the RNs (Figure 7—figure supplement 2a-b). In agreement
with the yeast two hybrid and co-IP results, BRME1 perfectly co-localized with HSF2BP on the chro-
mosome axes {Figure 7d and Supplementary file 1d for quantification). This co-localization was ver-
ified by super-resolution microscopy (Figure 7e). In accordance with the tight association of BRME1
with HSF2BP and with a role in DSB repair, both HSF2BP and BRME1 colocalized with RPA and
DMC1 foci. During prophase |, HSF2BP and BRME1 showed higher levels of spatio-temporal colocal-
ization at the RNs with RPA than with DMC1 (Figure 7—figure supplement 3a-b and
Supplementary files 1d-e for quantification). We also analyzed the HSF2BP-dependent localization
of BRME1 in Hsf2bp”* and Hsf2bpS147YS17L mutants. Immunofluorescence analysis of meiocytes

Felipe-Medina et al. eLife 2020;9:56996. DOI: https://doi.org/10.7554/¢Life.56996 9ief39
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Figure 5. The loading of recombinases is compromised in Hsf2lopS167L/S167L mice. Double immunolabeling of (a, ) DMC1 or (b, d) RAD51 (green) and
SYCP3 (red) in Hsf2bp*'“, Hsf2bp S167USI167L 5] Hsf2bp /(a, b) spermatocytes and (c, d) oocytes showing a strong reduction (Hsf2bp™") and mild
reduction (Hsf2bp S'7YS1¢7Y in the number of foci in comparison with their WT counterparts. Plots on the right of the panels represent the
quantification of foci on each genotype and stage. Male nuclei DMC1: Hsf2bp™*/Hsf2bp $1¢7YS17 1 Hsfobp™, respectively, n = 43/38/37 early
zygonemas, 41/43/37 late zygonemas/zygonemas-like and 44/37 early pachynemas from two adult mice of each genotype. Male nuclei RAD51:
Hsf2bp™* /Hsf2bp $17YS17 1 Hs2bp ™ respectively n = 39 early zygonemas from all genotypes, 37/40/43 late zygonemas/zygonema-like and 37/39 early
pachynemas from two adult mice of each genotype. Oocyte nuclei DMC1: Hsf2bp™*/Hsf2bp S17YS167t /Hsf2bp™ n = 18/18/22 zygonemas from two
embryos and n = 21/30/23 pachynemas from two embryos (17.5 dpc). Qocyte nuclei RAD51: Hsf2bp™*/Hsf2bp S167YS1¢7L /Hsfobp ™ n = 35/35/42
zygonemas and n = 42/42/40 pachynemas from two embryos (17.5 dpc). Two-tailed Welch's t-test analysis: ns, no significant differences, **p<0.01,
***p<0.001, ****p<0.0001. Bar in all panels, 10 pm. Extended panels for these figures in Figure 5—figure supplement 1.

The online version of this article includes the following figure supplement(s) for figure 5:

S167L/51671

Figure supplement 1. Defective loading of recombinases in Hsf2bp' mice.

showed a complete lack of BRME1 staining in the absence of HSF2BP and a significant reduction of
foci number in the presence of HSF2BP-S167L variant (35% reduction in males and 72% in females at
pachytene; Figure 7f-g and Figure 7—figure supplement 4a). Western blot analysis also revealed
a drastic reduction of BRME1 expression in Hsf2bp®'¢7YS167% and Hsf2bp™ spermatocytes, suggest-
ing an HSF2BP-dependent stabilization of BRME1 (Figure 7h).

To assess if HSF2BP and/or BRME1 had DNA-binding activity (targeting to DSBs), we carried out
an in vitro binding assay using HSF2BP and BRME1 proteins expressed in a transcription and transla-
tion coupled reticulocyte system (TNT; Loregian et al., 2004; Souquet et al., 2013) in which there
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Figure 6. Recombination proficiency is decreased in Hsf2bp®'¢"*1¥! mice. (a) Double labeling of SPATA22 (green) and SYCP3 (red) in spermatocyte
(upper panel) and oocyte (lower panel) spreads from WT, Hsf2bp”" and Hsf2bp®'¢7Y51¢71 mice. SPATA22 is accumulated in knock-out spermatocytes
and oocytes and shows a milder accumulation in the Hsf2bp®'¢7YS1¢7t spermatocytes. Hsf2bp®'¢7YS1¢7L oocytes show a slight but not significant
accumulation. Plots on the right of the panel represents the quantification of SPATA22 labeling. Males nuclei: n = 20 cells for each stage from two adult
mice of each genotype. Females nuclei: Hsf2bp**/Hsf2bp 57517 /Hsf2bp™ n = 41/40/40 zygonemas from two embryos and n = 40/39/38
pachynemas from two embryos (17.5 dpc). Two-tailed Welch's t-test analysis: ns, no significant differences, **p<0.01, ****p<0.0001. (b) Double
immunofluorescence of MLH1 (green) and SYCP3 (red) in spermatocyte spreads from WT, Hsf2bp5”’7”5"’7' and Hsf2bp . MLH1 foci are significantly
reduced in the Hsf2bpS'¥7YS1¢7L spermatocytes and absent in the knock-out. The plot on the right shows the quantification. See also Figure 6—figure
supplement 1b for the plot showing the percentage of bivalents without CO. Nuclei: n = 61 for Hsf2bp™*, 89 for Hsf2bp®'*”Y/S1¢7% and 60 for Hsf2bp”
from three adult mice of each genotype. Two-tailed Welch's t-test analysis: ****p<0.0001. (c) Double labeling of CDK2 (green) and SYCP3 (red) in
oocyte spreads from 17.5 dpc Hsf2bp™*, Hsf2bp®'¢7YS17L and Hsf2bp” embryos. During meiotic prophase |, CDK2 localizes to the telomeres of
chromosomes from leptotene to diplotene. However, around mid-pachytene additional interstitial CDK2 signals appear at CO sites, colocalizing with
MLH1. As a measure of COs, just interstitial CDK2 foci (non-telomeric) have been counted. Hsf2bp”™ and Hsf2bp®'¢7YS1¢7! females show a high and
moderate reduction in the number of COs, respectively. Plot on the right of the panel show the quantification. See also Figure 6—figure supplement
1d for the plot showing the percentage of bivalents without CO. Nuclei: Hsf2bp™*/Hsf2bp S'¢7YS197Y JHsf2bp” n = 79/67/46 from three embryos (17.5
dpc). Two-tailed Welch's t-test analysis: ***p<0.0001, ****p<0.0001. (d) Double immunofluorescence of YH2AX (green) and SYCP3 (red) in spermatocyte
spreads from WT and Hsf2bp®'¢7S17! mice. At pachytene, YH2AX allows the identification of the XY bivalent. Diagram on the right represents the
quantification of the pachynemas with unsynapsed sex chromosomes from Hsf2bp®'¢”Y$1¢7% and WT mice. Nuclei: n = 150 pachynemas from three
adult mice of each genotype. Two-tailed Welch's t-test analysis: *p<0.05. Bar in all panels, 10 um.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Meiotic recombination is affected in Hsf2bp®'¢7"/51¢7" mice.

Figure supplement 2. Comparative interaction of HSF2BP-S167L and HSF2BP-WT with BRCA2.
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Figure 7. BRMET, a novel HSF2BP interactor that colocalizes to the recombination nodules. (a) HEK293T cells were transfected with Flag-HSF2BP (WT,
upper panel; S167L, lower panel) and its novel interactor GFP-BRME1. Protein complexes were immunoprecipitated (IP: green text) with either anti-Flag
or anti-EGFP or IgGs (negative control) and analysed by immunoblotting with the indicated antibody (WB: red text). Both HSF2BP variants (WT and
S167L) co-immunoprecipitated similarly with BRME1. (b) IP of testis extracts with antibodies against BRME1, HSF2BP and IgGs as a negative control (IP:
Figure 7 continued on next page
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Figure 7 continued

green text) and western blot with the indicated antibodies (WB: red text) (c) Schematic representation of full-length BRME1 protein and the
corresponding deletion {A) constructs (filled boxes) generated to decipher the essential BRME1 region for interacting with HSF2BP {(green positive
interaction and red no interaction). Western blots under the scheme show the Co-IP experiments. HEK293T cells were transfected with GFP-HSF2BP
and the different delta constructs of Flag-BRME1. The A475-600 abolishes the interaction, indicating that the C terminus of BRMET1 is the essential
region of interaction with HSF2BP. (d) Triple immunoflucrescence of BRME1 (green), HSF2BP (red) and SYCP3 (blue) in WT spermatocyte spreads
showing high colocalization between BRME1 and HSF2BP at late zygotene and pachytene (See Supplementary file 1d for quantification). Bar in panel,
10 um. (e) Double immunolabeling of spermatocyte spread preparations with HSF2BP (green) and BRMET1 (red) analyzed by Stimulated emission
depletion (STED) microscopy. Bar in panel, 5 um. (f-g) Double immunofluorescence of BRME1 (green) and SYCP3 (red) in (f) spermatocytes and (g)
oocyte spreads from Hsf2bp™*, Hsf2bp®'"YS187t and Hsf2bp™” showing a strong reduction of BRME1 staining in the $167L mutant and absence in the
Hsf2bp knock-out. Plots next to the panel represent the quantification. See also extended Figure 7—figure supplement 4a. Male nuclei: Hsf2bp™"*/
HsfobpS o7 517 /s 2™ n = 16/16/20 early and 15/15/16 late zygonemas, 16/16 /- pachynemas from two adult mice. Female nuclei: n = 18
pachynemas from two embryos (17.5 dpc) of each genotype. Two-tailed Welch’s t-test analysis: *p<0.05, ****p<0.0001. Bar in panels, 10 um. {h)
Western blot analysis of protein extracts from 13 dpp WT, Hsf2bp®'¢7YS187t and Hsf2bp™ testes using an antibody against BRME1. Tubulin was used as
loading control. Graph on the right represents the relative quantification of the immunoblotting. Mice: n = 2 Hsf2bp™'*, Hsf2bp® 47517t and Hsf2bp™.
Two-tailed Welch's t-test analysis: *p<0.05.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Brme?! A142-472 mutants do not show meiotic defects.

Figure supplement 2. C190RF57/BRME1 localizes at meiotic RNs.

Figure supplement 3. Colocalization analysis of BRME1 and HSF2BP with RPA and DMC1.

Figure supplement 4. BRME1 |ocalization depends on HSF2BP and none of them has DNA-binding abilities.
Figure supplement 5. Generation and genetic characterization of Rnf2127" and Hei 107" mice.

Figure supplement 6. BRME1 loading depends on DSBs generation but not on synapsis.

are no nuclear proteins and chromatin (Melton et al., 1984) and used RPA as positive control. Our
results show that both proteins lacked direct DNA-binding abilities, in contrast to the strong activity
of RPA (Figure 7—figure supplement 4b-c).

To determine the role of BRME1 in recombination and DNA repair, we analyzed its cytological
distribution pattern in different mutants lacking synapsis/recombination-related proteins. These
mutants were the meiotic cohesin REC8 (Bannister et al., 2004), the central element protein of the
SC SIX60S1 (Gémez-H et al., 2016), the E3 ligases involved in the stabilization of recombinogenic
proteins RNF212 and HENO (Qiao et al, 2014), the spermatoproteasomal subunit PSMAS8
(Gomez-H et al., 2019), and the nuclease SPO11 required for DSBs generation (Rnf2127, Hei10™
and Spo11”* mouse mutants are described in this work, see Materials and methods and Figure 7—
figure supplement 5 and Figure 7—figure supplement 6a, Baudat et al., 2000). HSF2BP staining
was also carried out for a direct comparison. We were able to show that none of the recombination-
deficient mutants abrogate BRME1 labeling at zygotene {or the corresponding meiotic stage at
which the mutant spermatocytes are arrested), in contrast to its absence of loading in SPO11-defi-
cient mice (Figure 7—figure supplement 6b, left). These results are very similar to those obtained
for HSF2BP in these mutants (Figure 7—figure supplement 6b, right) and indicate that SPO11-
dependent DSBs are essential for targeting HSF2BP/BRME1 to the RNs, and that the heterocomplex
can be positioned at early events soon after DSBs generation.

To functionally analyze the role of BRME1 in mouse fertility, we generated a Brme1” null mutant
by genome editing (Figure 8—figure supplement 1a-d). Brme1” females, despite being fertile,
showed a strong reduction of the follicle pool (Figure 8a). Male Brme1”" mice were infertile, the
average size of their testes was severely reduced (76% reduction compared to WT; testis weight/
body weight ratio: Brme1”* 0,08% + 0004 {n = &) vs 0,33% =+ 0,05 for WT controls {n = 14),
****<0.0001, Figure 8b and Figure 2—figure supplement 2b), and lacked spermatozoa
(Figure 8c). Histological analysis showed a meiotic arrest at epithelial stage IV with apoptotic sper-
matocytes (Figure 8c). Double immunolabeling of SYCP3 and SYCP1 revealed that spermatocytes
were partially synapsed and showed a partner-switch phenotype in which synapsis is not restricted
to homologous pairs (Figure 8d). The arrest corresponds to a zygotene-like stage though a small
fraction of cells (3,7% + 1,9; n = 3) were able to escape this blockage reaching early pachytene.
Brme1” oocyte spread analysis revealed the presence of a subset of fully synapsed pachynemas but
an increased number of cells with different degree of asynapsis {(47,9% =+ 2,2 vs 12% = 5,7 in the WT;
n = 2 (both genotypes), *p<0,05 Figure 8e and Figure 8—figure supplement 1e). Given the
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Figure 8. Brme1”'mice show severe fertility defects. (a) Hematoxylin+eosin stained sections of ovaries from adult Brme1”" females showing a strong
depletion of follicles. Plot on the right represents the quantification in 3 months-old females. Ovaries: n = 3 ovaries for each genotype. Two-tailed
Welch's t-test analysis: *p<0.05, ***p<0.001, ****p<0.0001. Bar in panels, 50 um. (b) Testes from adult Brme1”~ males show a strong reduction of the
testis size. See quantification of testis weight/body weight at Figure 2—figure supplement 2b. (c) Spermatogenesis is arrested at epithelial stage IV in
Figure 8 continued on next page
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Figure 8 continued

BrmeT” as shown in PAS+hematoxylin stained testis sections. Massive apoptosis of spermatocytes is indicated (red asterisks). The spermatogenic arrest
leads to empty epididymides and non-obstructive azoospermia. (St} Seminiferous tubules. (Ep) Epididymides. Bar in panels, 10 um. {d-e) Double
labeling of (d) spermatocyte and (e) cocyte spreads from WT and Brme?” mice with SYCP3 (red) and SYCP1 (green). Brme 1”7~ spermatocytes arrest in a
zygotene-like stage and show synapsis between non-homologous chromosomes. (e) Brme1”” females showed a subset of fully-synapsed pachynemas
(18.5 dpc) but increased numbers of synapsis-defective cells. See extended panel for females at Figure 8—figure supplement 1e. Bar in panels, 10
um. (f-g) Double labeling with HSF2BP (green) and SYCP3 (red) of (f) spermatocyte and (g) cocyte spreads from Brme 1”7~ mice showing faint HSF2BP
labeling in spermatocytes and total absence of labeling in cocytes. Plot on the right of (f) panel represents de quantification of HSF2BP foci in Brme1”
spermatocytes. Nuclei: n = 30 zygonemas/zygonemas-like from two adult mice of each genotype (Brme1™* values from Figure 3a) Two-tailed Welch’s
t-test analysis: ****p<0.0001. Bar in panels, 10 um. (h) Western blot analysis of protein extracts from 13 dpp WT, Brme1”" and Hsf2bp™" testes with a
specific antibody against HSF2BP. Tubulin was used as loading control. Graph on the right represents the relative quantification of the immuncblotting.
Mice: n = 2 Brme1™*, Brme1” and Hsf2bp™". Two-tailed Welch’s t-test analysis: *p<0.05.

The online version of this article includes the following figure supplements) for figure 8:

Figure supplement 1. Generation and genetic characterization of Brme knock-out mice.

interaction between HSF2BP and BRME1, we tested whether HSF2BP localization depended on
BRME1 by immunolabeling of HSF2BP in Brme1” spermatocytes and oocytes. Our results showed a
strong reduction of HSF2BP staining in BRME1-null spermatocytes (Figure 8f) and a total absence in
oocytes (Figure 8g). Western blot analysis of HSF2BP in 13 dpp testis extracts from Brme1”" mice
showed a strong reduction in comparison with the WT control (Figure 8h), suggesting again that
BRME1 is necessary for HSF2BP protein stabilization.

Immunostaining of Brme1”" spermatocytes for YH2AX, RPA, the recombinases RAD51 and DMC1
or SPATA22 revealed an accumulation of YH2AX and RPA on zygonema-like spermatocytes (Fig-
ure 9—figure supplement 1a-b), a drastic reduction of RAD51/DMC1 foci in early and late zygo-
nema (Figure 9a and ¢, Figure 9—figure supplement 2a and ¢) and a strong accumulation of
SPATA22 (Figure 9e and Figure 9—figure supplement 2e). According to the meiotic arrest at the
zygotene-like stage, MLH1 staining revealed a total absence of COs (Figure 9g). As in males,
Brme1” oocytes showed an accumulation of YH2AX (Figure 9—figure supplement 1c) and
SPATA22 (Figure 9f and Figure 9—figure supplement 2f) and a reduced staining of DMC1 and
RAD51 leading to a reduced number of COs (measured as interstitial CDK2; Figure 9b, d and h, Fig-
ure 9—figure supplement 2b and d). However, Brme1” oocytes did not show RPA accumulation
(Figure 9—figure supplement 1d). These results are similar to the phenotypes described for
HSF2BP mutants (Figures 4, 5 and 6, Figure 4—figure supplement 1, Figure 5—figure supple-
ment 1, Figure 6—figure supplement 1 and (Brandsma et al., 2019) see Supplementary file 1f for
a complete comparison among mutants and their meiotic alterations). Thus, both HSF2BP and
BRME1 mutant mice show a highly similar phenotype including sexual dimorphism.

BRME1 and HSF2BP form a multimeric complex with PALB2 and BRCA2

To further delineate the interactome of BRME1, we immuno-precipitated BRME1 from testis extracts
coupled to mass-spectrometry. We identified as expected HSF2BP as the main interactor, but also
BRCA2, PALB2, RAD51 and RPA, strongly suggesting that they form a large multimeric complex
(Supplementary files 1g-1h). For validation, we transfected the corresponding expression plasmids
in HEK293T cells for co-IP analysis. BRME1 co-immunoprecipitated with BRCA2 and HSF2BP when
they were all co-transfected, but importantly BRME1 alone did not co-immunoprecitate with BRCA2
(Figure 10a-b). The reciprocal co-IP of BRCA2 with HSF2BP and BRME1 was also positive. We also
observed modest but positive co-IP of HSF2BP with RPA, PALB2 and RAD51; and of BRME1 with
RAD51 and RPA but not with PALB2 (Figure 10—figure supplement 1a). These interactions were
further analyzed in a cell-free TNT system coupled to co-immunoprecipitation assays. We observed
an absence of direct interaction between any of them, with the exception of BRME1 and HSF2BP, as
expected from the Y2H analysis (Figure 10—figure supplement 1b). These results suggest that
these proteins belong to a complex {or complexes) in vivo (likely through BRCA2) and that the
HSF2BP-S167L variant could be altering BRME1 interaction with partners of major BRCA2-containing
recombination complexes.

Finally, given the interaction of BRME1 and HSF2BP, we analysed their interdependence in U205
cells. Transfected HSF2BP was localized diffusely in the cytoplasm and the nucleus (Figure 10c).
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Figure 9. BRMET1 is essential for meiotic recombination. (a-b) Double immunofluorescence of DMC1(green) and SYCP3 (red) in Brme1 * and Brme1”
(a) spermatocytes and (b) oocytes showing a reduction in the number of DMC1 foci. Plots under each panel represent the quantification. See also
extended panels on Figure 9—figure supplement 2a-b. Male nuclei for DMC1: Brme1*/*/Brme1” n = 43/50 early and 41/52 late zygonemas/
zygonemas like from two adult mice of each genotype (Brme1*’* values from Figure 5a). Female nuclei for DMC1: Brme1*/*/Brme1”" n = 18/30

Figure 9 continued on next page
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Figure 9 continued

zygonemas and 21/31 pachynemas from two embryos (17.5 dpc) of each genotype (Brme1™/* values from Figure 5¢). Two-tailed Welch's t-test analysis:
**4p<0.001, ****p<0.0001. Bar in panels, 10 um. {c-d) Double immunofluorescence of RADS1 (green) and SYCP3 (red) in Brme1** and Brmel” (0
spermatocytes and (d) oocytes showing a reduction in the number of RAD51 foci in the BrmeT™ in comparison to the WT. Plots under each panel
represent the quantification. See also extended panels on Figure 9—figure supplement 2c—d. Male nuclei for RADS1: Brme1™*/Brme1” n = 39/39
early and 37/45 late zygonemas/zygonemas like from two adult mice of each genotype (Brme ™" values from Figure 5b). Female nuclei for RAD51:
Brme1™*/Brme1” n = 35/31 zygonemas and 42/40 pachynemas from two embryos (17.5 dpc) of each genotype (Brme1™* values from Figure 5d).
Two-tailed Welch’s t-test analysis: ****p<0.0001. (e—f) Quantification of SPATA22 intensity in (e) spermatocytes and (f) cocyte spreads from Brme1™*
and Brme1”". See immunofluorescences in Figure 9—figure supplement 2e~f. Nudlei: Males, n = 20 cells from two adult mice of each genotype
(Brme1™* from Figure 6a). Females, Brme1™*/Brme1” n = 41/40 zygonemas and 40/40 pachynemas from two embryos of each genotype (17.5 dpc)
(Brme1*™* from Figure 6a). Two-tailed Welch's t-test analysis: ****p<0.0001. (g) Double immunofluorescence of MLH1 (green) and SYCP3 (red) in
Brme1™” and Brme1”" spermatocytes showing the absence of MLH1 labeling in the knock-out. (h) Double labeling of CDK2 (green) and SYCP3 (red) in
oocyte spreads from 17.5 dpc Brme?™* and Brme1”" embryos. During meiotic prophase |, CDK2 localizes to the telomeres of chromosomes from
leptotene to diplotene. However, around mid-pachytene additional interstitial CDK2 signals appear at CO sites, colocalizing with MLH1. As a measure
of COs, just interstitial CDK2 foci (non-telomeric) have been counted. Brme1”" females show a strong reduction in the number of COs. Plot under the
panel show the quantification. Nuclei: Brme1™*/Brme1”" n = 79/49 from three embryos (17.5 dpc) in WT and two embryos in Brme1”" (Brme1™* from
Figure 6c). Two-tailed Welch's t-test analysis: ***p<0.0001. Bar in all panels, 10 um.

The online version of this article includes the following figure supplement(s) for figure 9:

Figure supplement 1. DSBs are formed but not properly repaired in Brme 1-deficient mice and mimic the phenotype of Hsf2bp-deficient mice.
Figure supplement 2. Altered dynamic of recombinational proteins in the absence of BRME1.

However, when HSF2BP was co-overexpressed with BRMET, its pattern changed to an intense nucle-
oplasm staining with nuclear invaginations that resemble nucleoplasmic reticulum
(Figure 10c; Malhas et al., 2011). Interestingly, such invaginations were reduced when BRME1 was
co-transfected with HSF2BP-5167L (Figure 10c). In addition, the intensity of the fluorescence signal
of HSF2BP-S167L was lower than for HSF2BP-WT and both intensities increased when HSF2BP was
co-expressed with BRME1 {Figure 10c). Western blot analysis indicated a reduced protein stability
of the S167L variant (Figure 10d), in agreement with the results observed in vivo (Hs)‘2!:>pS"’7L/S1“’7L
mutant, Figure 3). Interestingly, the protein expression level of transfected HSF2BP increased when
co-transfected with BRME1 and was partially dependent on proteasome degradation (Figure 10d),
indicating a role of BRME1 in stabilizing HSF2BP. Taken altogether and given the low protein
expression of BRME1 in the Hsf2bp®'¢7"*147" these results suggest a functional interdependence
between BRME1 and HSF2BP that leads to their lower protein stability/expression in mutant meio-
cytes, which might induce recombination defects.

Discussion
Using exome sequencing, we identified the $167L missense variant in HSF2BP in a consanguineous
family with three cases of POl with secondary amenorrhea. All affected family members are homozy-
gous for the variant, and the healthy relatives are heterozygous carriers. The causality of the
HSF2BP-S167L variant is supported by the meiotic phenotype and the subfertility observed in
Hsf2bpS147Y5167L female mice. Furthermore, the DNA repair defects in murine Hsf2bpS'7/S1674
meiocytes, displayed by the reduced number of RAD51/DMC1 foci on DSBs and the subsequent
reduction in the number of COs, provide evidence that this missense variant alters meiotic recombi-
nation. This conclusion was further supported by the comparative analysis of the $167L allele with
the Hsf2bp null allele, which revealed that the missense variant can be considered as a hypomorphic
allele. This is in agreement with the secondary amenorrhea observed in the patients, and the residual
{medically-assisted) fertility in one of the affected sisters. Our identification of HSF2BP as a gene
implicated in POl is in line with recent reports of POl-causing variants in genes that are required for
DNA repair and recombination, such as MCM8, MCM9, SYCE1, MSH4, PSMC3IP, FANCM or NBN
(AlAsiri et al., 2015; Carlosama et al., 2017; de Vries et al., 2014; Fouquet et al., 2017; He et al.,
2018; Tenenbaum-Rakover et al., 2015; Tucker et al., 2018, Wood-Trageser et al., 2014;
Zangen et al., 2011).

Meiotic mouse mutants often exhibit sexually dimorphic phenotypes (Cahoon and Libuda, 2019).
These differences can have a structural basis, given that the organization of the axial elements is
known to be different between sexes. This is supported by the difference in length of the axes and
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Figure 10. BRME1 forms a complex with BRCA2 and HSF2BP and stabilizes HSF2BP. (a-b) HEK293T cells were co-transfected with GFP-BRME1, Flag-
BRCA2-C and HA-HSF2BP. Protein complexes were immunoprecipitated (IP: green text) with either an anti-Flag, anti-EGFP, anti-HA or IgGs, and
analyzed by western blot with the indicated antibody (WB: red text). (a) BRME1 does not co-immunoprecipitate with BRCA2-N, BRCA2-M or BRCA2-C.
(b) In the presence of HA-HSF2BP (triple co-transfection) BRCA2-C and BRME1 coimmunoprecipitate (co-IPs between HSF2BP and BRCA2-C are shown
in Figure 6—figure supplement 2a). (c) Transfected U20S cells with plasmids encoding Flag-HSF2BP (WT or S167L) and EGFP-BRME1 alone or
together were immuno-detected with antibodies against Flag (red) and EGFP (green). Transfected HSF2BP (WT and S167L) labels the whole cell (S167L
less intense) whereas BRME1 shows nuclear localization. When co-expressed, BRMET and HSF2BP change their patterns and form nuclear invaginations
that resemble nucleoplasmic reticulum. This phenotype is milder in the presence of HSF2BP-S167L than with the WT (graph under the panel:
quantification of the number of cells showing a nucleoplasmic reticulum pattern). n > 400 cells from two independent transfections of each condition.
Two-tailed Welch's t-test analysis: *p<0.05. Bar in panel, 20 um. (d) HEK293T cells were transfected with Flag-HSF2BP (WT and S167L) alone or with
GFP-BRME1. Additionally, cells transfected with Flag-HSF2BP were treated with the proteasome inhibitor (MG132, 10 uM) and analyzed by western
blot. Cherry was used as transfection efficiency control. HSF2BP-WT was expressed at higher levels than HSF2BP-S167L and their detection (both the
WT and the S167L variant) was increased when co-transfected with BRME1. The increase was greater for the HSF2BP-S167L variant in comparison with
the WT. Incubation with MG132 increased the detection levels of transfected HSF2BP mimicking the effect of co-transfecting BRME1. n = 3
independent transfections for each condition. Two-tailed Welch'’s t-test analysis: **p<0.01, ***p<0.001, ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 10:

Figure supplement 1. Co-immunoprecipitations of BRME1, HSF2BP, RPA, RAD51 and PALB2 expressed from transfected HEK293 cells and from TNT

assays.
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by the essential role that the meiotic cohesin subunit RAD21L plays in males but not in females
(Herran et al., 2011). In general, meiotic recombination mutants appear to proceed further in
female than in male, because in males the asynapsis of the sex bivalent leads to a loss of silencing of
the Y chromosome, and perhaps also because of the presence of less stringent checkpoints in
ocogenesis (Hunt and Hassold, 2002). A sexually dimorphic phenotype is also observed here in our
HSF2BP-S167L mutant mice. Both sexes show a significant decrease in the number of COs and con-
sequently an increase in the frequency of meiocytes showing bivalents without CO. This leads to a
significant reduction of spermatozoa in the epididymis, while the number of cocytes and their distri-
bution in the follicular pool are not affected in females. Our failure to detect any significant impact
of the variant on male fertility could be due to the high variability in litter frequency and size in our
study. However, it is known that a strong reduction of the spermatozoa count {up to 60%) does not
affect male mouse fertility (Schiirmann et al., 2002), which would explain the normal fertility of male
mice bearing the HSF2BP-5167L variant despite the presence of overt meiotic alterations. By con-
trast, female mice with the HSF2BP-S167L variant show a mild sub-fertility phenotype with a reduc-
tion of litter frequency. This can be due to the very much fewer gametes available for fertilization in
females in comparison to males but also to molecular differences in the meiotic recombination pro-
cess in both sexes (Cahoon and Libuda, 2019), as displayed by the absence of RPA accumulation or
the more pronounced decrease in DMC1 foci observed in HSF2BP-5167L oocytes.

Although we cannot exclude that a POl-like phenotype would appear over time in HSF2BP-S167L
female mice, the sub-fertility observed in HSF2BP-S167L females appears to be milder in comparison
to the phenotype of the human patients. This could be explained by a lower sensitivity of mice to
hypomorphic alleles compared to humans, in a similar manner to the known lower gene dosage sen-
sitivity of the former in the context of genes that are haploinsufficient in human (Veitia, 2003). In
addition, the initial events of human female meiosis appear to be more error-prone than in mice, or
even than human males, as evidenced by the increased incidence of synaptic defects in the human
oocytes or the fact that MLH1 foci appear much earlier in prophase | (Hassold et al., 2007). Further-
more, it has recently been shown that human oocytes exhibit a specific CO maturation inefficiency
{(Wang et al., 2017). Indeed, despite a higher total number of COs in women, the frequency of biva-
lents without CO is paradoxically higher in women than in men. Altogether, these observations could
explain the stronger phenotype of the human POI patients compared to the Hsf2bp®'7S147L famale
mice.

The absence of homozygous male carriers in the consanguineous family studied here prevents
the direct comparison of the impact of the HSF2BP-S167L variant on fertility phenotypes between
human and mouse males. Although future studies might identify infertile men homozygous for the
S167L variant, it is interesting to note that another variant of HSF2BP (G224*) was shown to affect
recombination rate in males and that two siblings homozygous for this HSF2BP variant in the ana-
lyzed Icelandic population were healthy but without descendants, suggesting they were infertile
(Halldorsson et al., 2019). This reinforces a conserved function of HSF2BP in human male fertility.

We have shown through a biochemical analysis that BRME1 immunoprecipitates mainly with its
partner HSF2BP {constituting or belonging to a complex) but also with PALB2, RAD51, RPA and
BRCAZ (in testis extracts). These interactions could possibly be mediated by the multidomain hub
protein BRCA2 (Siaud et al., 2011) as HSF2BP interacts directly with BRCA2 {Brandsma et al.,
2019) and with BRME1 (this work). In addition, BRCAZ2 also directly interacts with the DSBs recruiter
PALB2, with the recombinases RAD51 and DMC1 (through different specific domains), and with
DNA (Siaud et al., 2011). This BRCA2-containing complex participates in the orderly orchestration
of events at DSBs such as the initial binding of RPA to the resected DNA, the exchange of RPA by
RAD51/DMC1, and the loading of the MEIOB-SPATA22 complex to the RPA complexes
(Martinez et al., 2016; Zhao et al., 2015). Interestingly, genes with recently identified variants in
POI patients are implicated in the repair of induced DSBs at the early stages of meiosis and encode
BRCA2-interacting factors, such as ME/OB, DMC1 or BRCA2 itself (Caburet et al, 2019a;
Caburet et al., 2020; Caburet et al.,, 2019b; He et al., 2018). This highlights the crucial importance
and the high sensitivity of this particular meiotic step, and the hub role of BRCA2 as a tightly regu-
lated platform for correct meiotic recombination.

We have also shown by several complementary approaches that the proteins HSF2BP/BRME1
constitute in vivo a functional complex in which both subunits are essential for meiotic recombination
and for their mutual protein expression and/or stability in vivo. Accordingly, the genetic depletion of
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BRME1 or HSF2BP leads to similar if not identical phenotypes in which cogenesis is altered with
severe defects in chromosome synapsis that promotes premature loss of ovarian follicles and sper-
matogenesis is arrested at zygotene-like stage resulting in a lack of spermatozoa. These meiocytes
are not able to load the recombinases RAD51/DMC1, impairing the proper repair of DSBs leading
to the generation of no COs or very few in males and females, respectively. As a consequence, zygo-
nema-like spermatocytes accumulate the single strand binding proteins SPATA22 and RPA, whereas
oocytes accumulates only SPATA22. During the course of the reviewing of this work, three Brmel
knockouts have been described {Zhang et al., 2020; Shang et al., 2020; Takemoto et al., 2020).
All the described male mutants show strong fertility defects and similar molecular alterations
although with different severity. In females, the two works that address their analysis (Shang et al.
and Takemoto et al.), describe normal fertility which is in contrast with the strong reduction in the
follicle pool and meiotic defects observed in our Brme1”" females. The higher severity of our male
and female mutants could be explained on the basis of the different genetic background of the mice
given that all of them are apparently similar.

The $167L human recessive POI variant behave as a hypomorphic allele in mice, which results in a
reduction of the protein expression/stability of itself and of its partner BRME1 in vivo and in trans-
fected cells. As a consequence, both male and female Hsf2bp®'¢7Y$1%7 mice show a similar but
milder phenotype than that of the Hsf2bp™-or Brme1”", consisting in a reduction in the spermatozoa
count while being fertile and a subtle reduction in female fertility. Molecularly, the reduction
observed in the meiocytes of the mutant Hsf2bp®'®”Y*1¢7" mice of RAD51/DMC1, the reduction of
COs (both in males and females), the accumulation of RPA {only in males) and SPATA22 (in males
and females} are also weaker than in the null mutant. The observed accumulation of RPA in males is
likely to occur at the early stages of recombination because SPATA22 loading to the DSBs is also
increased in the mutants of HSF2BP and BRME1. RPA, as part of a trimeric replication protein com-
plex (RPA1-RPA2-RPA3), binds and stabilizes ssDNA intermediates that form during DNA repair. In
meiosis, RPA is also forming a complex with two other essential meiotic players MEIOB (homologue
of RPA) and SPATA22. However, the loading of this complex to DSBs is RPA-independent
(Shi et al., 2019). It has been postulated that RPA functions in meiosis at two different stages; (i)
during the early recombination stages when the DSBs ends are resected by the MRN complex and
{ii) during the strand invasion into the homologous duplex that is carried out by RAD51/DMC1 and
ssDNA is generated at the displacement loops (Shi et al., 2019). The observed lack of DNA-binding
ability of HSF2BP/BRME1 points towards a model in which the absence of the complex HSF2BP/
BRME1 through a direct interaction with BRCA2 impairs the replacement of RPA by RAD51/DMC1
in the foci that form on the DSBs of the spermatocytes. Similarly, the reduced expression at the pro-
tein level of HSF2BP/BRME1 as a consequence of the POl variant, which does not affect their hetero-
dimerization, would make them less proficient in replacing RPA in the spermatocytes by the
recombinases RAD51/DMC1 leading to a lower frequency of COs. Given the unknown function that
RPA plays in vivo during cogenesis (Shi et al., 2019), it is tempting to speculate that the role of RPA
in mediating the replacement of RAD51/DMC1 in female meiosis would be carried out by another
protein complex such as SPATA22/MEIOB in a HSF2BP/BRME1-dependent manner.

Very recently, a high-resolution genome-wide recombination map revealed novel loci involved in
the control of meiotic recombination and highlighted genes involved in the formation of the SC
(SYCE2, RAD21L, SYCP3, SIX60S1) and the meiotic machinery itself as determinants of COs
(Halldorsson et al.,, 2019). Within the second category, variants of the SUMO ligase RNF212 and
the ubiquitin ligase HEI10 have been largely documented as genetic determinants of the recombina-
tion rate in humans and, importantly, so were variants of HSF2BP. Consequently, gene dosage of
RNF212 and HEI10 affects CO frequency through their activity in CO designation and maturation
(Lake and Hawley, 2013; Reynolds et al., 2013). We found that both BRME1 and HSF2BP localiza-
tion are unaffected in the loss-of-function mouse mutants of Rnf212 and Hei10 (Ccnblip1). This
observation together with the proper co-localization of BRME1/HSF2BP with RPA allows us to map
these proteins upstream in the recombination pathway.

It is worth noting that some of the genes affecting the recombination rate have also been
described as “fertility genes’, such as SYCP3, HFM1 and HSF2BP (Geisinger and Benavente, 2017,
Primary Ovarian Insufficiency Collaboration et al., 2014 and this work). Altogether, we propose
that different variants of the same meiotic gene (alleles responsible for mild or strong phenotypes)
can give rise to either an altered genome-wide recombination rate with no detrimental effect, or
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cause infertility when the decreased recombination rate falls below the lower limit of one COs per
bivalent. In the present POl family, the $167L variant in HSF2BP seems to be below that limit. To our
knowledge, HSF2BP is one of the very few human genes with variants known to affect both the
genome-wide recombination rate in the human population and meiotic chromosome missegregation
(fertility) through a reduction of the recombination rate (Halldorsson et al., 2019). Along similar
lines, it is conceivable that variants with additive effects {Schimenti and Handel, 2018) can lead to a
genome-wide reduction of the recombination rate and thus to aneuploidy and infertility. Specifically,
variants in genes involved in meiotic recombination and SC constituents could be responsible for a
large fraction of genetic infertilities. These variants should be under purifying selection and would
be removed or substantially reduced from the population. However, this is not the case for genes
with sexual phenotypic dimorphism (Gershoni and Pietrokovski, 2014) as is apparent for a wide
number of meiotic genes (Cahoon and Libuda, 2019), including HSF2BP and BRME1, where individ-
uals of one of the sexes are fertile carriers.

In summary, we describe for the first time a human family where POl co-segregates with a genetic
variant in HSF2BP {S167L) in a Mendelian fashion. Humanized mice reveal that the HSF2BP variant is
a hypomorphic allele that promotes the lower protein expression and/or stability of the HSF2BP/
BRME1 complex and phenocopy in a milder manner the meiotic defects observed in mice lacking
either HSF2BP or its direct interactor BRME1.

Materials and methods

Whole exome sequencing
Written informed consent was received from participants prior to inclusion in the study and the insti-
tutions involved. Genomic DNA was extracted from blood samples by standards protocols.

For individuals 1ll-3 and [lI-10, library preparation, exome capture, sequencing and initial data
processing were performed by Beckman Coulter Genomics (Danvers, USA). Exon capture was per-
formed using the hsV5UTR kit target enrichment kit. Libraries were sequenced on an lllumina HiISEQ
instrument as paired-end 100 bp reads. For individual IlI-2, library preparation, exome capture,
sequencing and data processing were performed by IntegraGen SA (Evry, France) according to their
in-house procedures. Target capture, enrichment and elution were performed according to manufac-
turer’s instructions and protocols {SureSelect Human All Exon Kits Version CRE, Agilent). The library
was sequenced on an lllumina HISEQ 2500 as paired-end 75 bp reads. Image analysis and base call-
ing was performed using Illumina Real Time Analysis (RTA 1.18.64) with default parameters.

Bioinformatic analysis

For the three individuals, sequence reads were mapped onto the human genome build {(hg38/
GRCh38) using the Burrows-Wheeler Aligner (BWA) tool. Duplicated reads were removed using sam-
bamba tools. Whole exome sequencing metrics are provided in Supplementary file 1a. Variant call-
ing, allowing the identification of SNV (Single Nucleotide Variations) and small insertions/deletions
(up to 20 bp) was performed via the Broad Institute GATK Haplotype Caller GVCF tool (3.7).
Ensembl VEP (Variant Effect Predictor, release 87) program was used for initial variant annotation.
This tool considers data available in dbSNP (dbSNP147), the 1000 Genomes Project
(1000G_phase3), the Exome Variant Server (ESP6500SI-V2-SSA137), the Exome Aggregation Con-
sortium (ExAC r3.0}, and IntegraGen in-house databases. Additional annotation data was retrieved
using dbNSFP (version 3.5, https://sites.google.com/site/jpopgen/dbNSFP) and Varsome (https://
varsome.com/). Minor allele frequencies were manually verified on GnomAD (http://gnomad.broad-
institute.org), ISB Kaviar {(http://db.systemsbiology.net/kaviar/), and Great Middle Eastern variant
database GME Variome {http://igm.ucsd.edu/gme/).

Variant filtering was performed on the following criteria:

* minimum depth at variant position of 10,

« correct segregation in the family, on the basis of homozygosity by descent: variants should be
homozygous in both affected sisters I1I-2 and [II-3, and heterozygous or homozygous for Refer-
ence allele in the fertile sister l1I-10,

* absence in unrelated in-house fertile controls,
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» Minor Allele Frequency (MAF) below 1% in global and in each population in the GnomAD
database,

» presence in the coding sequence (i.e not in UTRs, introns, intergenic,.)

» high predicted functional impact on the protein. Impact was evaluated based on the predictors
included in dbNSFP3.5 (Cahoon and Libuda, 2019; Carlosama et al.,, 2017; Cox and Mann,
2008) {considered as pathogenic when the majority of the predictors agreed).

The number of variants fulfilling those criteria is provided in Suppfementary fife 1b. Visual inspec-
tion of the variant was performed using the IGV viewer.

Sanger sequencing analysis

To confirm the presence and segregation of the variant, direct genomic Sanger DNA sequencing of
HSF2BP was performed in the patients, the parents and non-affected siblings using specific primers:
HSF2BP-ex6F: 5'-ctagaatcttctgtatectgea-3' and HSF2BP-ex6R2: 5'-ggtctggaagcaaacaggcaa-3'. The
resulting chromatograms are shown in Figure 1—figure supplement 1.

Predictions of pathogenicity and sequence conservation

The $167L variant was predicted to be pathogenic or deleterious and highly conserved by 11 out of
the 18 pathogenicity predictors available in dbNSFP 3.5 (Supplementary file 1c). Upon verification,
it appears that the conflicting interpretation of this variant might stem from the single occurrence of
a Leu at this position in zebrafish. As the change in zebrafish is the variant that we have in the human
family, we checked all the available sequences {(Ensembl Release 99, January 2020, removing the
one-to-many relationships). Ser167 is very highly conserved in mammals, birds and reptiles and fish
and is present in 208 of 212 orthologous sequences (Figure 1—figure supplement 2 and Figure 1—
figure supplement 3).

Generation of CRISPR/Cas9-edited mice

For developing all the mutant mice models (Hsf2bp”", Hsf2bp
Brmet”", Spoﬂ'/', Rnf2127 and Hei107") the different crRNAs were predicted at https://eu.idtdna.
com/site/order/ designtool/index/CRISPR_CUSTOM. The crRNAs, the tracrRNA and the ssODNs
were produced by chemical synthesis at IDT (crRNAs and ssODNs sequences are listed in
Supplementary files 1i-1j). For the Hsf2bp®'%’" we introduced a mutation in the mouse counterpart
residue {p.Ser171Leu) of the POl mutation found in the clinical case (p.Ser167Leu). However, for the
shake of simplicity, on this manuscript we refer to the mutant allele by the acronym of the human
mutation {$167L). The ssODN contains the mutation on the corresponding position of the mouse
sequence (c.512C > T, p.Ser171Leu, see character in red in Supplementary file 1j) and the PAM
mutations avoiding amino acid changes (see characters in bold in the Supplementary file 1j). For
the Spo11” mice generation, the ssODN contains the mutations in the active site
(TACTAC >TTCTTC p.YY137-138FF, see Supplementary file 1j) and the PAM mutations {bold char-
acters in Supplementary file 1j). In all cases the crRNA and tracrRNA were annealed to obtain the
mature sgRNA. A mixture containing the sgRNAs, recombinant Cas? protein (IDT) and the ssODN
(30 ng/ul Cas9, 20 ng/ul of each annealed sgRNA and 10 ng/ul ssODN) were microinjected into B6/
CBA F2 zygotes (hybrids between strains C57BL/6J and CBA/J) (Singh et al., 2015) at the Trans-
genic Facility of the University of Salamanca. Edited founders were identified by PCR amplification
(Tag polymerase, NZYtech) with primers flanking the edited region (see Supplementary file 1k for
primer sequences). The PCRs products were direct sequenced or subcloned into pBlueScript (Strata-
gene) followed by Sanger sequencing, selecting the founders carrying the desired alelles. The
selected founders were crossed with wild-type mice to eliminate possible unwanted off-targets. Het-
erozygous mice were re-sequenced and crossed to give rise to edited homozygous. Genotyping was
performed by analysis of the PCR products produced from genomic DNA extracted from tail biop-
sies. The primers and the expected amplicon sizes are listed in the Supplementary file 1k. Mouse
mutants for Rec8, Sixéos? and Psma8 have been previously described (Bannister et al., 2004;
Gomez-H et al., 2019; Gomez-H et al., 2016).

S167L/S167L‘ Brme1A142-472/A A142-472’
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Ethics statement

All the experiments were approved by the Ethics Committee for Animal Experimentation of the Uni-
versity of Salamanca (USAL) and the Ethics committee of the Spanish Research Council (CSIC) under
protocol #00-245. Accordingly, all the mouse protocols used in this work have been approved by
the Animal Experimentation committees mentioned above. Specifically, mice were always housed in
a temperature-controlled facility (specific pathogen free, spf} using individually ventilated cages,
standard diet and a 12 hr light/dark cycle, according to EU law {63/2010/UE) and the Spanish royal
law (53/2013) at the “Servicio de Experimentacién Animal, SEA. In addition, animal suffering was
always minimized, and we made every effort to improve animal welfare during the life of the animals.
The mice analysed were between 2 and 4 months of age, except in those experiments where the
age is indicated.

Histology

For histological analysis, after the necropsy of the mice their testes or ovaries were removed and
fixed in Bouin’s fixative or formol 10%, respectively. They were processed into serial paraffin sections
and stained with haematoxylin-eosin (ovaries) or Periodic acid-Schiff (PAS) and hematoxylin (testes).
The samples were analysed using a microscope OLYMPUS BX51 and images were taken with a digi-
tal camera OLYMPUS DP70. For TUNEL assay, sections were deparaffinized and apoptotic cells
were detected with the In Situ Cell Death Detection Kit {Roche) and counterstained with DAPI.

Follicle counting

The inner third of each ovary was serially sliced into 5 pm thick sections and follicles were counted
every five sections and classified into four stages {primordial, primary, secondary and antral). Only
those follicles in which the nucleus of the ococyte was clearly visible were counted.

Epididymal sperm count

The epididymides were removed, minced and incubated in 1,5 ml of KSOM for 30 min at 37°C to
release sperm into the medium. The suspension was incubated for 10 min at 60°C and the total
sperm count was quantified by using a hemacytometer.

Fertility assessment

Hsf2bp*"* and Hsf2bp167Y5147L males and females (8 weeks old) were mated with WT females and
males, respectively, over the course of 4-12 months. six mice per genotype (seven mice for Hsf2bp
S17LS18TL famales) were crossed. The presence of copulatory plug was examined daily and the num-
ber of pups per litter was recorded.

Immunocytology and antibodies

Testes were detunicated and processed for spreading using a conventional ‘dry-down’ technique or
for squashing (Gomez-H et al., 2016). Oocytes from fetal ovaries (E16.5, E17.5 and E19.5 embryos)
were digested with collagenase, incubated in hypotonic buffer, disaggregated and fixed in parafor-
maldehyde. Rabbit polyclonal antibodies against HSF2BP and BRME1 were developed by Protein-
techTM against a fusion protein of poly-His with full length HSF2BP or BRME1 {pUC57 vector) of
mouse origin. Two antibodies {(named R1 and R2) were generated against each protein (HSF2BP or
BRME1) by immunization of two different host rabbits. Rabbit polyclonal antibody against DMC1
was developed by ProteintechTM against a DMC1 peptide (EESGFQDDEESLFQDIDLLOKHGINMA-
DIKKLKSVGICTIKG). The primary antibodies used for immunofluorescence were rabbit cHSF2BP R2
(1:30, ProteintechTM), rabbit oBRME1 R2 {1:100, ProteintechTM), mouse oSYCP3 IgG sc-74569
(1:100, Santa Cruz), rabbit o-SYCP3 serum K921 {provided by Dr. José Luis Barbero, Centro de
Investigaciones Biolégicas, Spain), rabbit aSYCP1 IgG ab15090 (1:200, Abcam), rabbit anti-yH2AX
(ser139) IgG #07-164 (1:500, Millipore), mouse oMLH1 51-1327GR (1:20, BD Biosciences), mouse
aCDK2 {1:20; Santa Cruz Sc-6248) rabbit tRAD51 PC130 (1:50, Calbiochem), rabbit aRPA1 serum
"Molly” {1:30, provided by Dr. Edyta Marcon, Medical Research University of Toronto, Canada), rat
oRPA2 2208S (1:100, Cell Signaling), rabbit oDMC1 (1:500, ProteintechTM), rabbit aSPATA22
16989-1-AP (1:60, Proteintech), mouse oFlag |gG (1:100; F1804, Sigma-Aldrich).
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Image acquisition and analysis

Slides were visualized at room temperature using a microscope (Axioplan 2; Carl Zeiss, Inc) with
63 x objectives with an aperture of 1.4 (Carl Zeiss, Inc). Images were taken with a digital camera
(ORCA-ER; Hamamatsu) and processed with OPENLAB 4.0.3 and Photoshop (Adobe). The slides
from the different genotypes used for comparative analyses were all freshly prepared in parallel and
immunofluorescence were also carried out in parallel with the same freshly prepared cocktail of anti-
bodies. Slides were not frozen to avoid differences in the background and antigen reactivity. All the
images acquired were taken with constant exposure times for comparison. Quantification of foci and
fluorescence intensity were performed using Image J software. Only the axis-associated foci were
counted. For colocalization analysis, the same nucleus was quantified without rotation {(experiment)
and after rotating 90 degrees one of the images. This condition allows to determine non-specific
colocalization {random). Background was subtracted for intensity quantification. Squashed prepara-
tions were visualized with a Delta vision microscopy station. Stimulated emission depletion {(STED)
microscopy {SP8, Leica) was used to generate the super-resolution images. Secondary antibodies for
STED imaging were conjugated to Alexa 555 and 488 {Invitrogen) and the slides were mounted in
Prolong Antifade Gold without DAPI.

Generation of plasmids

Full-length cDNAs encoding HSF2BP, BRME1 (full length and delta constructs), RPA1, BRCA2 (N, M
and C constructs), PALB2, RAD51, and PSMAS8 were RT-PCR amplified from murine testis RNA. The
cDNAs were cloned into the EcoRV pcDNA3-2XFlag, Smal pcDNA3-2XHA or Smal pEGFP-C1
expression vectors under the CMV promoter. In frame cloning was verified by Sanger sequencing.

Y2H assay and screening

Y2H assay was performed using the Matchmaker Gold Yeast Two-Hybrid System (Clontech) accord-
ing to the manufacturers’ instructions. Mouse Hsf2bp cDNA was subcloned into the vector pGBKT7
and was used as bait to screen a mouse testis Mate and Plate cDNA library (Clontech Laboratories
Inc). Positive clones were initially identified on double dropout SD (synthetic dropout)/-Leu /- Trp/X-
o-Gal/Aureobasidin A plates before further selection on higher stringency quadruple dropout SD /-
Ade /- His /- Leu /- Trp/X-a-Gal/Aureobasidin A plates. Pray plasmids were extracted from the can-
didate yeast clones and transformed into Escherichia coli. The plasmids from two independent bac-
teria colonies were independently grown, extracted and Sanger sequenced.

DNA pull-down assay

ssDNA/dsDNA pull down assays were performed using the protocol previously described by
Souquet et al, 2013. A HPLC-purified biotinylated oligonucleotide was used for the DNA pull
down assays: ssé0-mer F: 5-GAT CTG CACGACGCACACCGGACGTATCTGCTATCGCTCATG
TCAACCGCTCAAGCTGC/3'BiotinTEG/ {IDT) and ssé0-mer R (No biotinylated): 5'- GCAGC
TTGAGCGGTTGACATGAGCGATAGCAGATACGTCCGGTGTGCGTCGTGCAGATC-3". Double-
stranded DNA annealing was carried out in 50 mM NaCl, 25 mM Tris-HCI, pH 7.5 buffer with com-
plementary sequences at molecular equivalence by a denaturing step (5 min at 95°C) and a slow
return to room temperature. DNA was immobilized onto Dynabeads M-280 Streptavidin {Dynal) fol-
lowing the manufacturer instructions (0.2 pmol per 1 ug of beads). Protein extracts were obtained
from in vitro coupled transcription/translation systems (TNT T7 Coupled Reticulocyte Lysate Sys-
tems, Promega) according to manufacturer’s protocol. 15 ul of Flag-tagged proteins from TNT
assays were pre-incubated on ice for 10 min in modified DBB (DBB: 50 mM Tris HCI, 100 mM NaCl,
10% (w/v) glycerol, Complete Protease inhibitor, 1 mM 2-mercaptoethanol pH 7,4 modified with 25
mM Tris-HCI, 1 mM EDTA plus 5 mg/ml BSA). After this preincubation 500 ug Dynabeads with
immobilized ss- or ds-DNA were added and incubated for 1 hr at 4°C under agitation. Then the
beads were washed three times (5 min rotating at RT) in 700 ul of modified DBB without BSA, before
being washed once in 700 pl of rinsing buffer {modified DBB with 150 mM NaCl). Finally, DNA-bind-
ing proteins were eluted by resuspending the beads in 30 ul of Laemmli buffer boiling the samples
for 5 min. The samples were analyzed by western blot.
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Cell lines and transfections

HEK293T and U20S cell lines were obtained from the ATCC and transfected with Jetpei (PolyPlus)
according to the manufacturer protocol. Cell lines were tested for mycoplasma contamination using
the Mycoplasma PCR ELISA (Sigma).

Immunoprecipitation and western blotting

HEK293T cells were transiently transfected and whole cell extracts were prepared in a 50 mM Tris-
HCl pH 7,4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 buffer supplemented with protease inhibi-
tors. Those extracts were cleared with protein G Sepharose beads (GE Healthcare) for 1 hr. The cor-
responding antibodies were incubated with the extracts for 2 hr and immunocomplexes were
isolated by adsorption to protein G-Sepharose beads o/n. After washing, the proteins were eluted
from the beads with 2xSDS gel-loading buffer 100 mM Tris-Hel {pH 7), 4% SDS, 0.2% bromophenol
blue, 200 mM B-mercaptoethanol and 20% glycerol, and loaded onto reducing polyacrylamide SDS
gels. The proteins were detected by western blotting with the indicated antibodies. Immunoprecipi-
tations were performed using mouse aFlag IgG (5 ng; F1804, Sigma-Aldrich), mouse aGFP IgG (4
ug; CSB-MAO00051MOm, Cusabio), ChromPure mouse 1gG (5 ng/1 mg prot; 015-000-003). Primary
antibodies used for western blotting were rabbit oFlag IgG (1:2000; F7425 Sigma-Aldrich), goat
oGFP IgG (sc-5385, Santa Cruz) (1:3000), rabbit aMyc Tag IgG (1:3000; #06-549, Millipore), rabbit
oHSF2BP R2 (1:2000, ProteintechTM), rabbit oBRME1 R1 (1:3000, ProteintechTM), rat oRPA2
{1:1000, Cell Signaling {Cat 2208S)). Secondary horseradish peroxidase-conjugated a-mouse {715-
035-150, Jackson ImmunoResearch), o-rabbit {(711-035-152, Jackson ImmunoResearch), a-goat (705-
035-147, Jackson ImmunoResearch) or o-rat {712-035-150, Jackson ImmunoResearch) antibodies
were used at 1:5000 dilution. Antibodies were detected by using Immobilon Western Chemilumines-
cent HRP Substrate from Millipore. Secondary DylLight conjugated o-mouse {DylLight 680, 35518
Thermo-Scientific) and a-rabbit {DyLight 800, 35571 Thermo-Scientific) were used at 1:10,000 dilu-
tion. Antiboides were detected using a LI-COR Oddysey fluorescent Imager.

Testis immunoprecipitation

Testis extracts were prepared in 50 mM Tris-HCI {pH8), 500 mM NaCl, 1 mM EDTA 1% Triton X100.
4 mg of protein were incubated with 10 ug of the specific antibody against the protein to be immu-
noprecipitated for 2 hr at 4°C rotating. Then 50 pl of sepharose beads (GE Healthcare) were added
to the protein-Ab mixture and incubated overnight at 4°C with rotation. After that, the protein-
bounded beads were washed four times with 500 ul of the extraction buffer by centrifugating 1 min
at 10,000 rpm and 4°C. Finally, the co-immunoprecipitated proteins were eluted from the beads by
resuspending the beads in 50 ul Laemmli buffer and boiling for 5 min. The samples were analyzed
by western blot.

Testis immunoprecipitation coupled to mass spectrometry analysis

200 pg of antibodies R1 and R2 against BRME1 {two independent IPs) and IgG from rabbit {(negative
control) were crosslinked to 100 ul of sepharose beads slurry (GE Healthcare). Testis extracts were
prepared in 50 mM Tris-HCI (pH8), 500 mM NacCl, 1 mM EDTA 1% Triton X100. 20 mg of protein
extracts were incubated o/n with the sepharose beads. Protein-bound beads were packed into col-
umns and washed in extracting buffer for three times. Proteins were eluted in 100 mM glycine pH3
and analysed by Lc-MS/MS shotgun in LTQ Velos Orbitrap at the Proteomics facility of Centro de
Investigacién del Cancer {CSIC/University of Salamanca).

Mass spectrometry data analysis

Raw data were analysed using MaxQuant v 1.6.2.6 (Cox and Mann, 2008) against SwissProt Mouse
database (UPO00000589, Oct, 2019) and MaxQuant contaminants. All FDRs were of 1%. Variable
modifications taken into account were oxidation of M and acetylation of the N-term, while fixed
modifications included considered only carbamidomethylation of C. The maximum number of modi-
fications allowed per peptide was of 5. Proteins were quantified using iBAQ (Schwanhiusser et al.,
2011). Potential contaminants, reverse decoy sequences and proteins identified by site were
removed. Proteins with less than two unique peptides in the R1 and R2 groups were not considered
for ulterior analysis. Proteins with less than two unique peptides in the control group and more than
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two in both groups R1 and R2 were selected as high-confidence candidates (group R1 and R2 only).
An additional group of putative candidates was selected for those proteins with two or more unique
peptides in one of the R1 or R2 groups and no unique peptides in the control sample {groups R1
only and R2 only, respectively).

Statistics

In order to compare counts between genotypes, we used the Two-tailed Welch’s t-test (unequal var-
iances t-test), which was appropriate as the count data were not highly skewed (i.e., were reasonably
approximated by a normal distribution) and in most cases showed unequal variance. We applied a
two-sided test in all the cases. Asterisks denote statistical significance: *p-value<0.05, **p-
value<0.01, ***p-value<0.001 and ****p-value<0.0001.
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C140RF39/SIX60S1 is a constituent of the
synaptonemal complex and is essential for
mouse fertility
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Meiotic recombination generates crossovers between homologous chromosomes that are
essential for genome haploidization. The synaptonemal complex is a ‘zipper'-like protein
assembly that synapses homologue pairs together and provides the structural framework for
processing recombination sites into crossovers. Humans show individual differences in the
number of crossovers generated across the genome. Recently, an anonymous gene variant in
C140RF39/51X60S1 was identified that influences the recombination rate in humans. Here
we show that C140RF39/SIX60ST encodes a component of the central element of the
synaptonemal complex. Yeast two-hybrid analysis reveals that SIX60S1 interacts with the
well-established protein synaptonemal complex central element 1 (SYCET). Mice lacking
SIX60S1 are defective in chromosome synapsis at meiotic prophase |, which provokes
an arrest at the pachytene-like stage and results in infertility. In accordance with its role as
a modifier of the human recombination rate, SIX60S1 is essential for the appropriate
processing of intermediate recombination nodules before crossover formation.
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uring meiosis, two successive rounds of chromosome
segregation occur following a single round of replication,

’ resulting in the formation of haploid gametes from
diploid progenitors!. This ploidy reduction is achieved through a
series of meiosis-specific events, including pairing, synapsis,
crossover formation between homologues, suppression of sister
centromere separation during the first (reductional) division and
separation of sister chromatids during the second (equational)
division. Homologous chromosomes become tethered together
through numerous recombination events between homologous
non-sister chromatids, which are triggered by double-strand
break induction. Through resolution, a subset of recombination
events mature into crossovers (chiasmata) that maintain the
physical tethering between homologues until the onset of
anaphase I (ref 1).

In humans, the number of crossovers occurring across the
genome differs between individuals. Through exploitation of data
resources in Iceland, Kong et al? recently analysed over two
million recombination events and putative variants from 2,261
whole genome-sequenced individuals to identify variants that
influence the global recombination rate. Among the new variants,
several coding SNPs in very well-known meiotic players were
identified, including the histone methyltransferase PRDM9Y
and the meiotic cohesin RAD21L, the latter of which has been
the focus of our previous meiotic studies®=>.

In addition to their well-established role in mediating sister
chromatid cohesion through ring structure formation, cohesin
complexes are also responsible for the assembly of the synapto-
nemal complex (SC)°~7. The SC is a proteinaceous structure that
holds homologous chromosome pairs in synapsis during
prophase I, from zygonema to pachynema. It consists of two
parallel axial elements (AEs) that bind sister chromatids together,
and which become known as lateral elements (LEs) upon
chromosome pairing. It also contains transverse filaments, which
connect (synapse) the two LEs together. Transverse filament
proteins are recruited to LEs and undergo zipper-like assembly,
bridging between LEs through the formation of the midline central
element (CE), and thereby generating the tripartite structure of the
SCE. To date, only seven protein structural components of the SC
have been identified in mammals, namely LE proteins SYCP2 and
SYCP3, transverse filament protein SYCP1, and CE proteins
SYCEl, SYCE2, SYCE3 and TEXI12 (ref. 9). The location of
CE-specific proteins is, by definition, restricted to the synapsed
regions of the chromosomes from zygotene to diplotene®. The SC
provides the structural framework for synapsis, double-strand
break (DSB) repair and exchange between homologuesm“.
It is known from mouse mutants and through human genetic
analysis of families with non-obstructive azoospermia and
premature ovarian failure, that alterations in these genes
(that is, meiosis-specific cohesin subunit STAG3, and SYCEIL)
can result in meiotic arrest and human infertility*>'3,

To gain further insight into the biological processes affecting
recombination rates across the human genome, we have
investigated the list of genes that were recently identified as
having coding variants®. We focus our analysis on the anonymous
CI40ORF39/SIX60S1 gene (herein SIX60SI) based on its
restricted pattern of transcription and expression. Here, we show
that CI4ORF39/SIX60SI encodes a component of the CE of
the SC. Yeast two-hybrid analysis reveals that SIX60S1 interacts
with SYCEL In addition, mice lacking SIX60S1 are defective
in chromosome synapsis at meiotic prophase I, which provokes an
arrest at the pachytene-like stage and results in mouse infertility.
In accordance with its role as a modifier of the human
recombination rate, SIX60S1 is essential for the appropriate
processing of intermediate recombination nodules before crossover
formation in mice.

2

Results

CI140RF39/SIX60S1 is a protein of the mammalian SC. The
sequence variants identified by Kong ef al? include known
genes functioning in meiotic recombination such as RNF2I12
(refs 14,15), RAD2IL (ref. 4), PRDMY (ref. 16), MSH4 (ref. 17)
and CCNBIPI (ref. 18). They also include an anonymous open
reading frame, containing a nonsynonymous SNV with unknown
function (rs1254319, p.Leu524Phe). This gene, named SIX60SI,
is also annotated as coding for a natural antisense transcript
(NAT) that is associated with the eye transcription factor SIX6
(ref. 19). However, and in contrast to most natural antisense
transcripts, SIX60SI shows a high degree of sequence similarity
between mouse (4930447C04Rik) and human (CI4ORF39), and
contains large theoretical conserved open reading frames
encoding putative proteins of 587 and 574 residues in mouse
and human, respectively (Supplementary Fig. 1). Phylogenetic
analysis indicates that SIX60SI is a unique gene that appeared
firstly in the genomes of cartilaginous fish, and it can be
clearly identified from lobed fin fish to mammals (Supplementary
Fig. 1). Interestingly, in the variant rs1254319 (p.Leu524Phe),
the phenylalanine residue is very well conserved in all genomes
(including several other primates, for example, Orangutan and
Baboon) except humans (Supplementary Fig. 1).

Analysis of Six6os]I mRNA expression in mouse tissues by
RT-qPCR (Fig. 1a) revealed that it is most abundantly expressed
in testis (in agreement with GTEx database??).

The Six6osl open reading frame predicts a protein of
around 70kDa, in agreement with our western blot analysis
(Supplementary Fig. 3a). Sequence analysis reveals the presence of
an evolutionarily conserved region of high helical content within
its N terminus (corresponding to amino acids 1-261), including a
short stretch of predicted coiled-coil structure towards the
C-terminal end of this region (Supplementary Fig. 2a).
These features are typical of SC proteins, which commonly
contain a high percentage of helical content and adopt homo- or
hetero-oligomeric helical bundle or coiled-coil structures?!:22,
The presence of conserved proline residues between predicted
helices suggests that the structure includes helix—turmn-helix
motifs, rather than adopting an extended helical conformation
such as that observed in the crystal structure of SYCP3 (ref. 22).
This feature is in common with SC central element proteins
SYCElL and SYCE3, but contrasts with the elongated helical
structure predicted and observed in solution for central element
complex SYCE2-TEX12 and transverse filament protein SYCP1
(ref. 21). We therefore predict that this N-terminal helical region
could mediate interactions with structural proteins of the SC. The
remainder of the SIX60SI sequence is predicted to be largely
unstructured, but importantly contains patches of evolutionary
conservation towards its C-terminal end (Supplementary Fig. 2b).
These features are characteristic of flexible sequences that
interact with globular proteins at specific peptide motifs
through induced fit, and thereby mediate the assembly of
macromolecular complexes. The unstructured C-terminal region
further contains numerous predicted phosphorylation sites,
including four conserved S/TP potential CDK phosphorylation
sites (Supplementary Fig. 2c), which may function in regulating
the timely assembly of such macromolecular complexes during
the first meiotic division.

To explore the localization of SIX60S1, we in vivo
electroporated an expression plasmid encoding SIX6081-GFP??
into mouse testis. After 48h, SIX60S1-GFP co-localized with
SYCP3 along the synapsed LEs at pachynema (spermatocytes in
which homologues are fully synapsed) (Fig. 1b). In addition,
we carried out a detailed analysis of mouse spermatocytes and
oocytes spreads through double labelling with specific antibodies
against SIX60S1 (which were intensively validated, Fig. 5c¢;
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Figure 1 | Transcriptional analysis and distribution of SIX60S1 in mouse meiocytes. (a) Relative transcription of Six6osT and Rad27! (ref. 4) mRNA by
quantitative reverse transcription PCR (RT-qPCR) in mouse tissues. -Actin transcription was used to normalize the expression (mean+s.d., three
replicates). (b) Immunolabelling of in vive electroporated SIX60S1-GFP in mouse testis. SIX60S1 was detected with anti-GFP (green) and endogenous
SYCP3 was detected using mouse anti-SYCP3 (red). DNA was stained with DAPI (blue). During pachytene, SIX60S1 colocalizes with SYCP3 along
synapsed lateral elements (LEs) including the pseudoautosomic region (PAR) of the XY bivalent (spermatocytes). In diplotene and late diplotene, SIX60S1
localizes at the still synapsed LEs. (€) Double immunolabelling of endogenous SIX60S1 (green) and SYCP3 (red) in spermatocytes. DNA was stained with
DAPI (blue). During pachynema, SIX60S] is located at the synapsed autosomal LEs and at the PAR of the sex XY bivalent. (d,e) Co-labelling of
spermatocytes spread preparations with SIX60S1 (green) and SYCP1, SYCET, SYCE3, SYCE2 or TEX12 (red), showing that SIX60S1 localizes to the
synapsed LEs but best mirrors SYCE1 localization. (f) Immunoelectron microscopy of frozen mouse testis sections marked with goat anti-SIX60S1 antibody.
Left panel corresponds to an autosomal chromosome and right panel to the XY bivalent in which the PAR is shown. Gold particles 6 nm. Scale bar in
b-e, 10 um. PAR is indicated with an asterisk in b and c.
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Supplementary Fig. 3) and SYCP3 or SYCP1 (Fig. lcd;
Supplementary Fig. 4). SIX60S1 was detected from zygonema
to pachynema, co-localizing with SYCP1 along synapsed LEs, but
with diminished co-localization at telomeres (Fig. 1d). On the XY
bivalent, the pseudoautosomal synapsed region labelled positively
for SIX60S1 (Fig. 1c Supplementary Fig. 4b). As desynapsis

progressed through diplonema, SIX60S1 (together with SYCP1)
was not observed at the desynapsed regions of spermatocytes and
oocytes (Fig. 1d; Supplementary Fig. 4a). Thus, SIX60S1 partially
overlaps the distribution of SYCP1 at the synapsed axes.

We next measured and compared the fluorescence profile
of SIX60S1 along the chromosome axes with those of CE

a
z 3 3 .
SIX60S1/SYCP1 5 2z 2 H:=0a32
E 2 :
@ i} &
2 5 %
3 )
> Q a
3 £ 2 3
e w
0 20 40 60 80
SIX60S81 —SYCP1
SYCP1 intensity
> i 5 R? = 05898
Z : N
SIX60S1/SYCH s 3 g 3 *
£ 2 5 > =
- 8 1 - .“‘6“,‘“
5 0 - % F e
D -
g -1 83 2 .2 R
2 -2 PR
S = -2
=2 -3 @ -3
L oa
0 20 40 60 80 100 -4
SIX6OS1 — SYCE1 SYCET1 intensity
. 4
. g s 3 = R?=03776
SIX60S1/SYCE3 g 2 2 2 .
E 3 S g R
2 | 5 L, et
2 o E Sosce e
g 4 7 48 RsTEs T 2 3 4
@ -2 g ..~ oy
S 3 P B
o 4 [ -3
0 20 40 60 80 . N/,
SIEOST =SicES SYCE3 intensity
4
N 3
[ 2
g 5 = Dy B R =0.1422
SIX60S1/SYCE2 = 2 i,
g 1 5} SJaiNe v 8.0
5 o £ MO O s il
3 1 f -3 - ‘51‘(‘:) Ja 2.3 4
§ 2| 2 T i
T 4 @ . -2
0 20 40 60 80
SIX6081 — SYCE2
> 4
2 3
i~
i} >
E 12 3
SIX60S1/TEX12 g 1 2 .
g 0 =
- g ‘1 § _2
s -2 %
E w0
3o 20 40 60 80
sixpoer Smed2 TEX12 intensity
SIX60S1 colocalization
07
06 ‘
05 ‘ ‘ T ‘
04 - ! | ;
% o5 | i = Y
02 =
0.1
27 N o v &
L < & & N
&) ) Q) & &
¥ & & &

Figure 2 | Co-localization profile of SIX60S1 with central element proteins. (a) Double immunostaining of SIX60S1 (green) and SYCP1, SYCET, SYCE3,
SYCE2 or TEX12 (red). Immunofluorescence signal levels were measured on synapsed chromosome axes. Left plots represent normalized signal intensity
profiles of SIX60S1 with each CE protein. Right plots show regression analysis of the correlation between each pair. (b) Plot of the mean correlation

between SIX60S1 and SYCP1, SYCET, SYCE3, SYCE2 or TEX12 (n=38 axial elements (AEs), mean * s.d.). The best correlation value was obtained with

SYCE. Scale bar, 2.5 um.
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proteins SYCPI1, SYCEI, SYCE2, SYCE3 and TEX12 (Figs le, 2a).
This revealed that SIX60S1 localization is more similar to the
continuous pattern of SYCP1 and SYCE1/3 (best regression with
SYCEI1) than to the more punctate pattern of SYCE2 and TEX12
(ref. 24) (Fig. 2b). However, the SIX60S1 localization pattern is
not strictly identical to SYCP1, especially at the telomeres, where
SIX60S]1 stained more weakly (Figs 1d and 2a).

In addition, we performed immuno-gold electron microscopy
on testis sections using the same SIX60S1 antibody. The gold
particle distribution agrees with those previously reported for CE
proteins SYCE1, SYCE2, TEX12 and SYCE3 (refs 24,25) thus
supporting the localization of SIX60S1 at the CE (Fig. 1f). Taken
together, these results demonstrate that SIX60S1 is a meiotic
protein that is located at the CE of the SC.

SIX60S1 interacts with SYCEL. To understand the role of
SIX60S1 in meiosis, we searched for proteins that interact with
mouse SIX60S1 through yeast two hybrid (Y2H) screening (see
Methods). Of the 6.1 million independent clones screened, 90
colonies containing interacting bait and prey fusion proteins grew
under the highest stringency conditions. Analysis of the positively
interacting clones (Methods) revealed that they all encode SYCEL,
a well-known protein of the CE of the SC?. To confirm and
validate this interaction, we made use of heterologous HEK 293T
cells by transiently transfecting expression plasmids encoding
GFP-SIX60S81 and Myc-SYCEL SIX60S1 was found to co-
immunoprecipitate (co-IP) reciprocally with SYCE1 (Fig. 3a).

Through biochemical, biophysical and crystallographic studies,
all SC proteins studied to date have proven to exist as homo-
and/or hetero-oligomers. To explore the possible self-association of
SIX60S1, we co-transfected Six60s! tagged with two different
epitopes (GFP and Flag) and found that they co-immunoprecipitate
(Fig. 3b), suggesting that it exists as a homo-oligomer.

Next, we adopted a candidate gene approach to identify
additional putative interactors of SIX60S1. We co-transfected
Six6os! with ¢cDNAs encoding each of the known central
element proteins (SYCEL, SYCE2, SYCE3 and TEX12), transverse
filament protein SYCP1, LE protein SYCP3, and the meiotic
cohesins REC8 and Sororin (a recently identified cohesin
subunit localized to synapsed regions?’) (Fig. 3a;
Supplementary Fig. 5a,b). As positive controls we used the
well-known interaction between SYCE2 and TEXI12 (ref. 21),
and between SYCE3 and SYCEI (ref. 28; Supplementary Fig, 5¢).
We detected co-immunoprecipitation only between SIX60S1
and SYCEL

Finally, we used truncated forms of SIX60SI to show that the
N-terminal half (1-286), but not the C-terminal half (287-574), is
able to interact with SYCEI in isolation (Fig. 3c). Together,
these results indicate that the interaction between SIX60S1 and
SYCELI occurs in a very specific manner through the N-terminal
half of SIX60S1.

Polycomplex formation of SIX60S1. SYCP1 and SYCP3 form
filamentous structures, so-called polycomplexes, in the cytoplasm
of transfected cells. Thus, co-expression of an interacting
partner with SYCP1 or SYCP3 may lead to its recruitment to
polycomplexes®>?. To analyse this, we transfected the cDNA
encoding SIX60S1 in combination with SYCP1 alone or in
different combinations with SYCE1, SYCE2, SYCE3 and TEX12,
and studied their distribution by immunofluorescence. In absence
of SYCP1, single transfections of SYCE1, SYCE3, SYCE2, TEX12
and SIX60S1 produced different distributions (cytoplasmic
aggregates, whole cell, cytoplasmic and nuclear, respectively),
but in all cases without the appearance of self-assembled higher
order structures (Fig. 3d; Supplementary Fig. 6a).

‘When transfected in combination with SYCP1, SIX60S1 was not
recruited to the filamentous structures, and its cellular localization
was not modified (Fig. 3d). We then tested whether the distribution
pattern of transfected Six60s1 in COS7 cells was altered by its co-
transfection with Sycel, Syce3, Syce2 or TexI2. This revealed that
the SIX60S1 distribution is drastically affected only in the presence
of SYCEI (from diffuse pattern to punctate, Fig. 3d; Supplementary
Fig. 6b). Moreover, when COS7 cells were transfected with cDNAs
encoding SYCP1, SYCE1, SYCE3 and SIX60S1 simultaneously, all
components co-localized in speckled cytoplasmic aggregates
(Fig. 3e). This pattern was only altered when SYCEl was
absent (Supplementary Fig 6c¢c-f). We further validated the
interaction between SYCEl and SIX60S1 in transfected
COS7 cells by proximity ligation assay (PLA) (Supplementary
Fig. 7). In summary, these results further support the findings
of the Y2H and co-IP experiments by showing that SIX60S1
interacts specifically and exdusively with SYCE1 in transfected
COS7 cells.

SIX60S1 loading is dependent on synapsis. To investigate the
possible dependence of SIX60S1 localization on the presence of
other SC proteins, we analysed spermatocytes of mice deficient
for Syce3 (ref. 30), Syepl (ref. 31) and meiotic cohesins Rad21!
(ref. 4), Rec8 (ref. 32) and Stag3 (ref. 33). These meiotic mutants
display different synaptic defects, from mild to more severe. In
the absence of RAD2IL or REC8, double labelling of SIX60S1
and SYCP3 shows that SIX60S1 is localized to synapsed-like
regions (Fig. 4a). Interestingly, in Rec8 mutants, where there is no
synapsis between homologues but instead the AEs of 40
univalents are decorated with SYCPI as a result of ‘synapsis-like’
events between sister chromatids3?, SIX60S1 is also present at
these atypical synapsed-like regions (Fig. 4b). In Stag3-deficient
mice, in which spermatocytes show almost no synapsis and very
short AEs, SIX60S1 also mimics SYCPI localization. Finally, in
mice lacking the central element proteins SYCE3 and SYCPI, in
which AEs completely fail to synapse in a pachytene-like
stage®®3, SIX60S1 was not detected despite the presence
of a weak discontinuous pattern of SYCP1 deposition in the
Syce3 mutant (Fig. 4; Supplementary Fig. 9¢)*’. These results,
obtained through immunofluorescence analysis, allow a precise
comparison of the different CE-mutant phenotypes (compare
Fig. 4 with Fig. 7a by Schramm ef al.>?), and thus provide a global
picture of the biology of the CE proteins. In this regard, we
predict that Sycel mutants will also be defective in SIX60S1
loading since SYCE3 deficiency leads to failure in loading of both
SYCEI (ref. 30) and SIX60S1 onto the LEs (Fig. 4).

Together, our results indicate that SIX6081 is a new protein of
the CE, and its loading is consequently dependent on the
assembly of the tripartite SC structure that occurs upon synapsis
between homologous chromosomes or, interestingly, even
between sister chromatids.

Mice lacking SIX60SI1 are infertile. To investigate the function
of SIX60S1 we generated a mutation of the murine Six6os! gene
by CRISPR/Cas9 genome editing (Fig. 5a). The a priori most
suitable null mutation was chosen by PCR sequencing of the
targeted region of the murine Six6osI gene (Fig. 5b). A founder
line was crossed with wild-type C57BL/6] and the resulting
heterozygotes were interbred. Spermatocytes from homozygous
targeted mice showed no SIX60S1 protein expression by
immunofluorescence when analysed using two independent
polyclonal antibodies (Fig. 5¢; Supplementary Fig. 3c). These
results indicate that the mutation is a null allele of the Six6o0sI
gene (herein Six6osI iy
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Figure 3 | SIX60S]1 interacts specifically with SYCE1. (a-c) HEK 293T cells were transfected or co-transfected with the indicated expression vectors.
Protein complexes were immunoprecipitated overnight with either an anti-Flag, anti-EGFP or anti-Myc antibody, and were analysed by immunoblotting with
the indicated antibody. (a) SIX60S1 co-immunoprecipitates (co-IP) with SYCE1 (as well as in the reciprocal IP) but not with either SYCP1, SYCE3, SYCE2 or
TEX12. (b) SIX60S1-Flag co-immunoprecipitates with SIX60S1-GFP, suggesting that it is able to form at least dimers. (¢) SYCE1 co-immunoprecipitates
with the SIX60S1 N-terminal half (1-286) but not with the C-terminal half (287-574). Immunoprecipitation of SYCET and full length SIX6051 was used as
positive control. (d) COS7 cells were transfected with Six6osT alone (left panel) or in combination with SycpT and SyceT (right panel). SIX60ST localization
drastically changed in the presence of SYCET but not with SYCP1. () SycpT, Syce3, Sycel and Six6osT were simultanecusly co-transfected in COS7 cells and
found to co-localize in the cytoplasm in the punctate pattern of SYCEL The experiments were reproduced three times. Scale bars, 15 um.

Mice lacking SIX60S1 did not display any obvious abnorm-
alities but were sterile. Consistent with this, testes size from
Six6os1~/~ mice was only 30% of wild-type mice, and their
epididymides exhibited complete absence of spermatozoa
(Fig. 6a,b). Histological analysis of adult Six6osi—/~ testes
revealed seminiferous tubules that lacked postmeiotic cell types.
The presence of spermatogonia, spermatocytes and Sertoli
and Leydig cells was not altered. (Fig. 6b). By identifying groups
of associated germ cell types in seminiferous tubule sections,
the twelve stages of the epithelial cycle can be distinguished.
Following these criteria, mutant adult mice showed an arrest at
stage IV of the epithelial cycle. Spermatogenesis proceeds

6

apparently normally in these mice up to prophase I, and then
at stage IV, there is a massive apoptosis of spermatocytes
(Fig. 6b). At 18 days of age, extensive apoptosis was also
detected (Fig. 6¢), suggesting that SIX60S1 deficiency already
affects spermatocytes during the first wave of meiosis. Thus,
we conclude that SIX60S1 is essential for spermatogenesis and
its deficiency leads to non-obstructive azoospermia and
consequently to infertility.

Histological analysis of whole ovaries of Six6osl —/~ female
mice at 4 months of age showed a lack of oocytes and a dense
stroma (Fig. 6d). To investigate when this ovarian failure
occurred, we histologically analysed ovaries from 6 day old
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females (6 d.p.p.), a time point at which all oocytes are arrested in
dictyate and present a large number of primordial follicles
(outer cortex) and growing oocytes (inner cortex) (Fig. 6d).
At 6 d.p.p., ovaries of Six6os1 '~ mice are already depleted of
follicles and show a severe ovarian dysgenesis (Fig. 6d) that is
responsible for the absence of oogenesis and consequently for the
severe premature ovarian failure.

SIX60S1 is essential for chromosome synapsis. To characterize
the meiotic defect in detail, Six60sI-deficient meiocytes were
analysed using spread preparations from males as well as from
fetal females. They were initially stained for AEs proteins
(that is, SYCP3), revealing that mutant spermatocytes have AEs
of normal morphology and composition (Fig. 7). Further,
cohesins SMC3, REC8, STAG3, RAD21L and SMCIB are all
present in AEs together with SYCP3 in Six6osI-deficient mice
(Supplementary Fig. 8). As expected, in wild-type spermatocytes
homologues were aligned in close juxtaposition during
zygotene, and full synapsis was achieved at pachynema (Fig. 7a;
Supplementary Fig. 9a). However, in both male and female
Six6osi-deficient mice, synapsis failed to develop between
homologues and all meiocytes were arrested in a pachytene-like
stage, in most cases with their AEs properly aligned (A-type).
However, a subset of meiocytes, more frequently observed in
oocytes than in spermatocytes, showed poorly or even
completely unaligned chromosome pairs (U-type; 17.6 £3.7% in
spermatocytes; n=3 and 79.06+18.9% in oocytes; n=3,

Fig. 7a,b; Supplementary Fig. 9a). The lack of synapsis, and the
absence of breaks in unsynapsed AEs, were further analysed by
counting the number of centromeres (ACA staining, 21 versus 40
in spermatocytes and 20 versus 40 in oocytes, Supplementary
Fig. 10a) and telomeres (RAP1 marker, 40 versus 80,
Supplementary Fig. 10b) in arrested meiocytes. This confirmed
complete desynapsis but with the full integrity of AEs (all of the
AEs have two RAPI signals at their ends). Finally, and to refine
the stage of the blockade, we immunolabelled Six6osI~ /=
spermatocytes with the mid pachytene-specific histone variant
H1t (ref. 35). The positive staining for H1t (Supplementary
Fig. 10c) indicates that arrested spermatocytes reach the
mid-pachytene stage.

To gain further insight into the synaptic defects, we double
immunolocalized SYCP3 and SYCPI. In contrast to other CE
mutants such as Syce3, and even more so for Syce2 (ref. 36) and
Tex12 (ref. 37), Six6osl-deficient spermatocytes have reduced
levels of SYCP1 labelling (93.70% reducnon in Six6osI~
versus 54.36% reduction in Syce3”™'T). Mutant oocytes,
however, show a slightly weaker reducnon of SYCP1 staining
(79.28% reduction, Fig. 7ab; Supplementary Fig. 9c for
quantification). We next double immunolocalized SYCP3 with
SYCE1, SYCE3, SYCE2 and TEXI2, revealing the absence
of staining of all CE components in Six6osI ~'~ spermatocytes
(Fig. 7¢) and oocytes (Supplementary Fig. 11). Similarly,
the regulatory cohesin subunit Sororin, which is located at the
CE?, is also lacking in Six6osi-deficient spermatocytes
(Supplementary Fig. 8).
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Figure 5 | Generation and genetic characterization of Six6osi-deficient mice. (a) Schematic representation of the wild-type locus (WT) and the genome
editing strategy at the Six60sT locus, showing the sgRNAs, the corresponding coding exons (light grey) and non-coding exons (open boxes). Thin (non-coding)
and thick (coding sequences) lines under exons represent the expected transcript derived from WT and Six6os7 edited allele. ATG, initiation codon; TGA, stop
codon. The nucleotide sequence of the 124 base pair deletion derived from PCR amplification of DNA from the Six6os? edited/edited j5 jndicated. Primers are
represented by arrows. (b) PCR analysis of genomic DNA from three littermate progeny of Six6osT T/~ heterozygote crosses. The PCR amplification with
primers F and R (indicated by arrows) revealed 413 and 289 bp fragments for wild-type and disrupted alleles, respectively. (+/+), (+/—=) and (—/—)
designate wild-type, heterozygous and homozygous knockout animals, respectively. (€) Double immunoflucrescence of spermatocytes at pachytene stage
obtained from Six6osT+/+ and Six6osT—~ mice using SYCP3 (red) and a goat polyclonal antibody against SIX60S1 (green). Scale bar, 10 um.

To establish a direct causal role of SIX60S1 deficiency in the
observed phenotype, we analysed mice during the first almost
synchronous wave of spermatogenesis at 18 d.p.p. We find that
the meiotic arrest observed at this stage mimics that observed in
adult males. Interestingly, the arrest is more homogeneous, with a
lack of SYCP1 labelling in all AEs, despite the presence of both
A- and U-type AEs (U-type 35.37£2.3%; Supplementary
Fig. 7b). This suggests that the weak SYCP1 staining observed
in the adult mutants could be a byproduct of a longer arrest.

8

In Sycp1-deficient mice, SIX60S1 (Fig. 4), SYCE1-3 and TEX12
are not recruited to the SC°. Surprisingly, the lack of any of
these central element proteins also leads to the aberrant
deposition of SYCP1 in a weak discontinuous pattern, with the
severest phenotype occurring in SIX60S1 deficiency (weakest
staining). This mutual interdependence, in addition to the fact
that biochemical reactions (that is, DSB processing) take place
in the three-dimensional (3D) mesh of the SC, make it difficult to
distinguish cause and effect when analyzing mutant mice such as
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Figure 6 | The absence of SIX60S1 provokes azoospermia and ovarian failure. (a) Genetic ablation of Six6osT leads to a reduction of the testis size (n=8
wild-type and knock out, Welch's t-test analysis: P<0.0001), and (b) a complete arrest of spermatogenesis in epithelial stage IV as shown in hematoxylin-
eosin stained testis sections. Massive apoptosis of spermatocytes is indicated (asterisks). The spermatogenic arrest leads to empty epididymides and

azoospermia. Scale bar in upper panels, 100 um and in lower panels, 5 um. (St) Seminiferous tubules. (Ep) Epididymides. (¢) Tubule degeneration in juvenile
mice (13 d.p.p. and 18 d.p.p.) lacking SIX60S1 and spermatogenic arrest before pachytene studied by histology. At 13 d.p.p. spermatogenesis has reached late
zygotene; at 18 d.p.p. it has reached late pachytene. Spermatocyte degeneration (apoptosis is indicated by asterisks) was first seen in 18 d.p.p. Six6os! =/~
(d) Ovaries from Six6osT-deficient mice show atrophy with fibrosis and depletion of follicles. Comparative histological analysis of ovaries from Six6os!—/~ and
wild-type mice at 6 days (6 d.p.p.), and 4 months (4 m) of age. Asterisks indicate corpora lutea. Scale bars represent 100 um in 4m, and 20um in 6 d.pp.

those of the SC. Based on recent progress in elucidating the
organization of the SC%%, and on the specific interaction of
SIX60S1 with SYCEL, it seems most plausible that SYCP1
recruits CE proteins, and the nascent CE then stabilizes
SYCP1 assembly. Thus, absence of CE proteins disrupts the
full accumulation of SYCPI, leading to weak/discontinuous
staining patterns.

Defective DSB processing in Six6osI ~/~ meiocytes. During
leptonema, DSBs are generated by SPO11 and are then resected to
form ssDNA ends that invade into the homologous chromosome.
DSBs are marked by the presence of phosphorylated H2AX
(y-H2AX)*, which is formed through phosphorylation by the
kinase ATR following its recruitment by BRCA1 (ref. 37). Thus,
we monitored the formation of DSBs by analyzing the presence of
v-H2AX. While y-H2AX distribution in mutant spermatocytes
resembles that of wild-type cells in early prophase I (leptotene,
zygotene) (Supplementary Table 1), y-H2AX is not restricted
to sex chromosomes during pachynema (Fig. 8a). In contrast,
v-H2AX shows a moderate labelling on the chromatin of AEs in
mutant pachytene-like spermatocytes (WT 23.40 £3.2; U-type
26.0215.0; A-type 30.74%3.6; see Supplementary Table 2).
In females, the distribution of y-H2AX is slightly different.
Oocytes at pachytene-like stage show a similar overall pattern of
v-H2AX labelling as spermatocytes (WT 20.85%3.5; U-type

28.1419.8; A-type 27.01 £10.9; see Supplementary Table 2),
but it is more strictly localized to their AEs (Fig. 8b).
The distribution of y-H2AX-labelling during early prophase I,
and its persistence in meiocytes during the pachynema-like stage,
suggest that DSBs are generated in Six6os1 ~/ ~ meiocytes but are
not properly repaired. To better understand the processing of
DSBs, we explored the kinetics and distribution of proteins
involved in DSB recombination and repair. After DSBs are
induced, the recombinase RAD51 is recruited to eatly
recombination nodules and promotes homologous strand
invasion®?. In wild-type zygotene spermatocytes, RADS51
assembles on numerous foci along the AEs/LEs, which are
substituted by the single strand binding protein RPA and finally
disappear towards pachytene, with the exception of the
unsynapsed sex AEs (Fig. 8a). During early stages (leptonema),
RAD51 distribution in mutants was similar to wild-type
controls (Supplementary Table 1). However, in Six6osl /'~
spermatocytes at zygotene and pachytene-like stage, both
RAD51 and RPA remained partially associated with the AEs
(Fig. 82; see Supplementary Tables 1 and 2). We obtained similar
results when we analysed spreads from Six60s1 ~/~ oocytes
(Fig. 8b; Supplementary Table 2).

Next, we analysed the presence of MSH4 and MLH1 foci in
mutant spermatocytes. MSH4 mediates the transition after
synapsis from initial to late recombination nodules. MLH1 is a
component of the post-replicative mismatch repair system and
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Figure 7 | Six60s1~/ ~ meiocytes are not able to synapse. (a) Double labelling of spermatocyte spreads of wild-type pachytene, and Six6osT=/ = and
SyceS’/’ arrested pachytene-like spermatocytes with SYCP3 (red) and SYCP1 (green). In Six6os! =/ = spermatocytes, SYCP1 does not localize to the
unaligned-type (U-type) AEs but shows a very weak staining in spermatocytes with more aligned AEs (aligned-type, A-type). By direct comparison, in
Syce3 =/~ arrested spermatocytes SYCP1 localizes in a discontinuous pattern along AEs independent of whether or not they are closely aligned. (b) Double
labelling of spreads of wild-type pachytene and Six6os! =/ = pachytene-like cocytes (aligned and unaligned) with SYCP3 and SYCP1. (¢) Double labelling of
spreads of wild-type pachytene and Six6os1 =/~ pachytene-like spermatocytes of SYCP3 (red) and SYCE1, SYCE3, SYCE2 or TEX12 (green) (see also
extended Supplementary Fig. 11 for staining in cocyte spreads). All proteins are completely absent from the AEs in Six6osT-deficient mice. Scale bar, 10 pm.

marks sites of future chiasmata*'#2, During early stages, MSH4
foci in mutants resemble those in wild-type spermatocytes.
However, these foci persisted in pachytene-like arrested
spermatocytes from Six6osI-deficient mice (Supplementary
Fig. 12). Lastly, MLH1 foci were absent in Six6os1 '/~
pachytene-like chromosomes (Fig. 9a), while one/two MLHI1
foci per bivalent were observed in wild-type spermatocytes.
Similar results were obtained in oocytes lacking SIX60S1
(Fig. 92), suggesting a direct function of SIX60S1 in homologous
recombination rather than in the elimination of arrested
spermatocytes at the so-called pachytene checkpoint of males.
To further validate this, and in light of the late arrest at
mid-pachytene-like stage (H1t positive), we exposed mutant
spermatocytes to the PP2A inhibitor okadaic acid to allow
in vitro transition from pachytene to metaphase-like I (ref. 43).
After okadaic acid treatment, there was a rapid induction of
chromosome condensation, leading to 20 bivalents that stain for
SYCP3, with the formation of at least one chiasma in the wild
type (Fig. 9b). In contrast, okadaic acid-treated Six6osl1—/—
spermatocytes displayed 40 free univalents, with characteristic
labelling for SYCP3 (Fig. 9b). Together, our data strongly
suggest that processing of recombination intermediates into
MLHI1-marked late recombination nodules (chiasmata) is
critically dependent on SIX60S1.

10

X-Y chromosome behaviour and sex body formation. In
Six6os1 mutant spermatocytes, the X and Y chromosomes are
aligned in only 25.49 £ 0.06% of cells (Fig. 10a). In contrast, the
degree of alignment of the sex bivalent in Syce3 null mutants is
44.10£3.17%. In mutant spermatocytes that lack aligned sex
chromosomes, the sex body is not formed (see below H2AX
staining Fig. 10b). The remaining fraction of Six6osi '~
spermatocytes with aligned XY chromosomes show apparent
synapsis at the PAR, but without staining for SYCP1, in contrast
to the positive SYCP1 labelling of the PAR in Syce3 ™/~
spermatocytes (Fig. 10a). These results suggest that whilst the sex
body is not formed in either mutant, the synapsis defect in the
absence of SIX60S1 is more severe than in the Syce3 knockout.

The X and Y chromosomes show homology only along the
distal pseudoautosomal region®* of their chromosome lengths,
and the remaining unsynapsed parts are subjected to meiotic sex
chromosome inactivation. This is a meiotic specific process that
uses the DNA damage response to recognize unsynapsed regions
and reconfigure their chromatin to a silent epigenetic domain
named the sex body. The act of silencing is itself dependent upon
phosphorylation of histone H2AX (y-H2AX) by ATR in a
BRCA1-dependent manner®®. We performed y-H2AX labelling
of mutant spermatocytes and found moderate staining of the
X and Y chromosomes in those cells showing aligned sex
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Figure 8 | DSBs are generated but defectively repaired in Six6os1-deficient meiocytes. (a) Double immunolabelling of y-H2AX (green) with SYCP3 (red)
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Six6osT~7~ pachytene-like spermatocytes v-H2AX labelling remains in the chromatin. Double immunolabelling of SYCP3 (red) and RADS51 (green) (central
panel) or RPA (green) (right panel). Both RADST and RPA remain associated to the AEs in Six6osT =/~ pachytene-like spermatocytes, showing a higher
number of foci than wild-type pachytene. (b) Immunostaining of spread preparations of wild-type pachytene and Six6os! =/~ pachytene-like cocytes for
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Figure 9 | SIX60S1 is essential for the processing of intermediate recombination nodules. (a) Double immunolabelling of SYCP3 (red) with MLH1
(green). MLH1 foci are absent at the AEs/LEs of Six6os1 =7~ meiocytes whereas at least one focus is present along each autosomal SC in wild-type pachytene
meiocytes. (b) Immunostaining of SYCP3 (red) and ACA (green) in wild type and Six6os! ~/ ~ spermatocytes. Okadaic acid-induced metaphase | plates of
wild-type spermatocytes give rise to 20 bivalents each, with two opposed centromere sighals (ACA) and positive staining for SYCP3, whereas Six6os! =/~
spermatocytes lead to 40 free univalents, each with an ACA signal and SYCP3 labelling the centromeric and interchromatid domain. Scale bar, 10 um.

chromosomes. This is in contrast with the strong labelling
observed in the sex body chromatin of control spermatocytes at
pachynema (Fig. 10b). Given the interplay between synapsis and
DNA damage response, we directly analysed the status of 53BP1,
a component of the DNA damage response that collaborates with
BRCAL in the sex body formation. In contrast to its accumulation
on the unsynapsed XY** in wild type, 53BP1 signals were not
observed in Six6osI mutant spermatocytes (Fig. 10c). Together,
these results indicate that SIX60S1 deficiency, similar to most
asynaptic mice mutants, impedes sex body formation®®.

Discussion

Synapsis of homologous chromosomes is essential for the
completion of meiosis and thus for fertility. The SC provides
the structural framework for synapsis and for the processing of
recombination intermediates into crossovers. Recently, the gene
variant rs1254319 (p.Leu524Phe) in the anonymous CI4ORF39/
SIX60S! gene was identified as an influencing polymorphism
affecting the human recombination rate?. In addition, the same
rs1254319 (p.Leu524Phe) variant has been associated with age at
menarche, an indirect fertility trait?’, in a meta-analysis of 32

12

genome-wide association studies in 87,802 women of European
descent®®. Accordingly, we show that this coding variant of
SIX60S1 lies in a conserved residue of the SIX60Slprotein.
Cytological analysis revealed that SIX60S1 is a new component of
the CE of the SC that co-localizes with SYCE1 and SYCE3 at the
synapsed chromosome axes (Fig. le).

By comparison of the cytological localization of CE proteins,
their protein—protein interaction network, and the phenotypes
obtained from their knockout mice, it has been suggested that
there are two discernible subdomains within the central element.
One domain, formed by SYCP1, SYCE1 and SYCE3, would act in
concert through a network of interactions, specifically between
SYCP1 and SYCE3, and between SYCE3 and SYCE1 (refs 49,50).
The other, more inner domain of TEX12 and SYCE2 would
form a separate complex by themselves. The SYCE2-TEX12
complex is an equimolar hetero-octamer, formed by the
association of a SYCE2 tetramer and two TEX12 dimers®l, and
their corresponding mutant mice show some degree of synapsis
with small but intense foci of SYCP1, SYCEl and SYCE3
between their aligned AEs*$3%°1, Mutant spermatocytes for Syce3
show an intermediate phenotype, with defective recruitment
of CE proteins but a weak discontinuous pattern of SYCP1
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Figure 10 | X-Y chromosome behaviour. (a) Double immunolabelling of SYCP3 (red) and SYCP1 (green) in wild-type pachytene, and Six6os!—/~ and
Syce3~/ ~ pachytene-like arrested spermatocytes. Yellow letters indicate aligned/unaligned sex chromosomes in mutant spermatocytes. (b) Co-labelling
of SYCP3 (red) and y-H2AX (green) in Six6osT=/ = pachytene-like arrested spermatocytes, showing moderate staining in XY chromosomes. (¢) Double
immunolabelling of SYCP3 (red) and 53BP1 (green). 53BP1 signal is not observed in the XY chromosomes of mutant spermatocytes, in contrast to the

strong labelling of the sex body in wild type. Scale bar, 10 pm.

staining®0. SIX60S1 deficiency produces a more severe
phenotype, with weaker discontinuous SYCP1 loading and also
lack of recruitment of CE proteins (Fig. 7). Thus, SIX60S1 would
belong to the first subdomain (together with SYCP1, SYCEL
and SYCE3), in which mutant mice display aligned homologues
and normally assembled AEs, but no CE structures at all. From a
cytological perspective, the pattern of SIX60S1 distribution along
LEs in pachynema (revealed through co-localization curves and
regression coefficients) is also in agreement with the continuous
distribution of SYCE1 and SYCP1 along synapsed LEs*%*
(Fig. 2). This localization of SIX60S1 is also congruent with the
Y2H, co-immunoprecipitation and PLA results we have obtained
showing its specific ability to interact and co-localize with SYCEL.
Taken together with the presence of more unaligned chromosome

pairs in Six6os1 ~/~ than in Syce3 ~/~ spermatocytes, and the
interdependent loading of SIX60S1 and SYCE3 (Figs 4ab
and 7c), we suggest that SIX60S1 is required at a similar
hierarchy level (neither upstream nor downstream) to SYCES3,
and downstream of SYCP1.

Despite the recent advances in reconstructing the 3D molecular
organization of the mammalian SC with isotropic resolution
through super-resolution imaging®?, several gaps still remain in
the net of interactors and partners involved in the assembly of the
SC tripartite structure. In this regard, it has been postulated that
SYCE1 stabilizes SYCP1 N-terminal interactions in the CE?>,
suggesting that SYCE1 can act alongside SYCP1 with SYCE3.
However, this view is neither validated by the phenotype of
Syce3 ™/~ spermatocytes, in which SYCP1 stains weakly and
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SYCE2/TEX12 is absent from AEs®0, nor by Y2H studies?!.
Recently, a direct interaction between SYCPI1 and SYCE3, but
not with SYCE1, SYCE2 or TEX12, has been shown by co-IP
experiments and biochemical studies®®, which is in closer
agreement with the genetic depletion phenotype. Similarly, with
the present knowledge of interactions and components of the SC,
we have no explanation for the weaker SYCP1 staining in
adult Six60s! mutants in comparison with the Syce3 mutant
(which also lacks SIX60S1). In this sense, the appearance of a
new player in the CE family of proteins such as SIX60S1, which
is essential for the stabilization of the central region and for
synapsis, deepens the complexity of the multilayered structure of
the CE and suggests that unknown players could help to elucidate
several open questions.

It has been shown through mouse mutants lacking CE-specific
proteins that assembly of the SC central region is essential
for recombination progression and chiasmata formation®.
Similarly, Six6osI-deficient meiocytes showed an arrest in the
processing of recombination intermediates into MLHI-marked
late recombination nodules (chiasmata). Together, these
observations raise the possibility that interaction between
components of the CE and recombination machinery would be
critical for meijotic recombination. In this context, interactions
have been described between RAD51 and both SYCP1 and SYCE2
(ref. 26). Based on sequence analysis, we predict that SIX60S1
contains a highly helical structural region within its N terminus,
followed by a flexible linker and then a C-terminal flexible protein
docking sequence that could recruit multiple globular proteins to
induce macromolecular protein complex. In accordance with other
SC proteins, self-association and SYCEl-binding are likely
mediated by the helical N-terminal domain, suggesting that this
region may function in the structural assembly of the CE. The
predicted unstructured nature of the remainder of the sequence
suggests it may act as a flexible linker between the N-terminal
structural domain and protein-protein interactions mediated by
conserved patches of residues within the C terminus of the
molecule. It is tempting to speculate that the predicted
protein-protein interaction motifs of the C-terminal region may
be responsible for the recruitment and/or stabilization of
components of recombination nodules necessary for proper
recombination progression. Consequently, subtle variations in
the protein sequence of human SIX60S1 (that is, rs1254319,
p.Leu524Phe), could act by modifying the CO/NCO ratio, which is
ultimately responsible for the observed number of recombination
events genome wide. Interestingly, allele A in 131254319
pLeu524Phe is associated with higher recombination rate in
women (53¢M) but not in men% This observation fits well
with the observed sexual dimorphism in several cellular aspects
of Six6os1-deficient mice, such as differences in the deposition of
SYCPI1 (Fig. 7ab; Supplementary Fig. 9¢) and difference in the
frequency of U-type AEs between mutant oocytes and
spermatocytes.

In summary, we have identified the biological pathway by
which the SNV identified in SIX60SI affects the recombination
rate in humans. Our functional data show how this protein of the
SC is dispensable for the generation of DSBs, but is required for
the appropriate processing of intermediate recombination
nodules immediately before reciprocal recombination and CO
formation, and is thus essential for chromosome synapsis and

fertility.

Methods

Histology. For histological analysis of adult testes, mice were perfused and their
testes/ovaries were processed into serial paraffin sections and stained with
hematoxylin-eosin. For histological studies of 13 and 18 day mice, testes were fixed
in Bouin’s fixative.

14 NATURE COMM

Immunocytology and antibodies. Testes were detunicated and processed

for spreading using the ‘dry-down’ technique. Oocytes from fetal ovaries

{E17.5 embryos) were digested with collagenase, incubated in hypotonic buffer,
disaggregated, fixed in paraformaldehyde and incubated with the indicated
antibodies for immunofluorescence. Goat polyclonal antibodies against
C140RE39/8IX60851 were developed by Santa Cruz (sc-245304) and used for the
immunofluorescence analysis. This antibody was raised against a conserved
internal region of human SIX60S1. Rabbit polyclonal antibodies against SIX60S1
were developed by Proteintech (22664-1-AP) against a fusion protein of GST with
SIX60S1 {C-350 aa) of human origin {see Supplementary Fig. 3 for validation) and
was used to validate the immunofluorescence results obtained with the goat
polyclonal antibody against C140ORE39/SIX6081 developed by Santa Cruz. The
primary antibodies used for immunofluorescence were rabbit «SMC3 serum K987
{1:20), rabbit «SMC1p serum K974 (1:20), rabbit «STAG3 serum K403, «RECS
serum K1019, rabbit «RAD21 IgG K854 (1:5)4‘5, mouse ¢SYCP3 IgG sc-74569
{1:100), rabbit «RADS51 sc-8349 {1:30) and PC130 (1:50), rabbit aSYCP1 IgG
ab15090 (1:200) (Abcam), rabbit anti-yH2AX (ser139) IgG #07-164 (1:200)
{Millipore), ACA or purified human o-centromere proteins IgG 15-235

(1:5, Antibodies Incorporated), mouse «MLH1 51-1327GR (1:5, BD Biosciences),
rabbit «53BP1 sc-22760 {1:20), rabbit «RAP1 IgG (1:400, provided by Dr Titia de
Lange, The Rockefeller University, USA), and rabbit «RPA IgG {1:300, provided by
Dr E. Marcon, Toronto University, Canada), rabbit «TEX12 IgG (1:100) and
guinea pig «SYCE3(1:20) (provided by Dr R. Benavente, University of Wiirzburg,
Germany), guinea pig «SYCE1 (1:100), rabbit «SYCE1 (Proteintech), guinea

pig «SYCE2 (1:50) (provided by C. Héog, Karolinska Institutet, Sweden) and
guinea pig «H1t {Provided by MA Handel). The secondary antibodies used

were TRITC o-mouse 115-095-146/c-rabbit 111-025-144 and FITC o-mouse
115-095-146/¢-rabbit 111-095-045 {Jackson ImmunoResearch) {all 1:100).

Slides were visualized at room temperature using a microscope (Axioplan 2;

Carl Zeiss, Inc.) with 63 x objectives with an aperture of 1.4 (Carl Zeiss, Inc.).
Images were taken with a digital camera (ORCA-ER; Hamamatsu) and processed
with OPENLAB 4.0.3 and Photoshop (Adobe). Quantification of yH2AX and
SYCP1 fluorescence signals was performed using Image J software. Chromosome
counts of A-type and U-type cells were performed on at least 100 pachytene-like
spermatocytes and oocytes from three individuals.

In vivo electroporation. Testes were freed from the abdominal cavity and 10 pl of
DNA solution (50 jig) mixed with 1 il of 10 x PastGreen (Sigma Aldrich F7258)
was injected in the rete testis with a DNA embryo microinjection tip. After a period
of 1h following the injection, testes were held between a pair of electrodes and
electric pulses were applied four times {35V for 50 ms each pulse) using a CUY21
BEX electroporator®®.

Electron microscopy. For immunoelectron microscopy, 10 um cryosections of
mouse testis were fixed with acetone for 10 min at — 20°C and air dried.
Incubation with primary antibodies was carried out in a humidified box for 4h at
room temperature. After rinsing twice in PBS, sections were fixed for 10 min in 2%
formaldehyde and blocked with 50 mM NH4CL Secondary antibodies conjugated to
6 nm gold particles were incubated overnight at 4 °C, and samples were subsequently
washed in PBS. Samples were fixed for 30 min in 2.5% glutaraldehyde and postfixed
in 2% osmium tetroxide. After rinsing three times with H,O, samples were dehy-
drated in an ethanol series and embedded in Epon. Ultrathin sections were stained
with uranyl acetate and lead citrate according to standard procedures®’.

Okadaic acid assay. Testes were dissected into a Petri dish containing ice cold
sterile medium (4 mM L-glutamine, 10% fetal calf serum, and 25 mM Hepes in
Dulbecco’s Modified Eagle’s medium) and cell suspensions {5 x 10° cells per ml)
were exposed to 5 WM okadaic acid (Sigma-Aldrich) for 5h at 32°C and 5% CO,
before spreading the cells by the dry down procedure*.

Generation of plasmids. Pull-length cDNAs encoding SIX60S1, TEX12, SYCE1,
SYCE2, SYCE3, SYCP1 and SYCP3 were RT-PCR amplified from murine testis
RNA. Pull-length cDNAs were cloned into the pcDNA3, pcDNA3 x2Flag, pCERL
HA or pcDNA3.1 Myc-His {-) or pEGFP-C1 mammalian expression vectors.

Cell lines and transfections. HEK 293T and COS7 cell lines were transfected with
Lipofectamine (Invitrogen) or Jetpei (PolyPlus) and obtained from the ATCC. Cell
lines were tested for mycoplasma contamination {Mycoplasma PCR ELISA, Sigma).

Immunoprecipitation and proximity ligation assay. HEK 2937 cells were
transiently transfected and whole cell extracts were prepared and cleared with
protein G Sepharose beads {GE Healthcare) for 1 h. The antibody was added for 2h
and immunocomplexes were isolated by adsorption to protein G Sepharose beads
for 1h. After washing, beads were loaded onto reducing 10% polyacrylamide SDS
gels and proteins were detected by western blotting with the indicated antibodies.
Immunoprecipitations were performed using mouse «Flag IgG (5 ug; F1804,
Sigma- Aldrich), rabbit a«Myc Tag IgG (4 ug #06-549, Millipore), mouse oHA.11
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IgG MMS- (5 jil, aprox. 10 ug per 1 mg prot; 101R, Covance), goat «GFP 1gG
(4 jig; sc-5385, Santa Cruz), ChromPure mouse IgG (5 [ig/1 mg prot; 015-000-003),
ChomPure rabbit IgG (5 ug per 1 mg prot.; 011-000-003, Jackson ImmunoR-
esearch), ChomPure goat IgG (5 g per 1 mg prot.; 005-000-003, Jackson
ImmunoResearch). Primary antibodies used for western blotting were mouse o:Flag
IgG (PF1804, Sigma-Aldrich) (1:10,000), rabbit «HA IgG {H6908, Sigma-Aldrich)
(1:1,000), rabbit oFlag IgG (1:800; F7425 Sigma-Aldrich), mouse «Myc obtained
from hybridoma cell myc-1-9E10.2 ATCC (1:1,000). Secondary horseradish
peroxidase-conjugated o-mouse {(NA931V, GE Healthcare), o-rabbit (#7074,
Cell Signaling), or a-goat (A27014, Thermo Scientific) antibodies were used at
1:10,000, 1:3,000 or 1:10,000 dilution, respectively. Antibodies were detected by
using Immobilon Western Chemiluminescent HRP Substrate from Millipore.
Proximity Ligation Assay was performed using goat «SIX60S1 (sc-5385) and
rabbit «SYCE1, with the corresponding anti-goat PLA Probe PLUS and anti-rabbit
PLA probe MINUS, following the manufacturer’s instructions {Duolink Using PLA
Technology, SIGMA).

The uncropped versions of western blots in Pig. 3 are shown in Supplementary
Fig. 13.

Production of CRISPR/Cas9-edited mice. Six6osI-gRNAs (G683 5'-CACCGAT
CTGTTTGTCAGTTTGGAC-3' and 5-AAACGTCCAAACTGACAAAC AG
ATC-3 and G75 5'-CACCGTACTTATGTCTT GCTCATAC-3 and 5-AAAC
GTATGACAAGACATAAGTAC-3 targeting exon 2 and exon 3 were predicted
at crispr.mit.edu. Six6osI-sgRNAs were produced by cloning annealed
complementary oligos at the Bbsl site of pX330 (#42230, Addgene), generating
PCR products containing a T7 promoter sequence that were purified (NZYtech),
and then performing in vitro transcription using the MEGAshortscript T7
Transcription Kit (Life Technologies). The plasmid pST1374-NLS-flag-linker-Cas9
(#44758; Addgene) was used for generating Cas9 mRNA after linearization with
Agel. In vitro transcription and capping were performed using the mMESSAGE
mMACHINE T7 Transcription Kit (AM1345; Life Technologies). Products were
purified using the RNeasy Mini Kit {Qiagen). RNA {100ngul~! Cas9 and
50ngl~ ! each guide RNA) was microinjected into zygotes (F1 hybrids between
strains C57BL/6] and CBA/))*®. Edited founders were identified by PCR
amplification (Taq polymerase, NZYtech) with primers flanking exons 2 and 3
(Primer F 5'-CACTTACATTTTCCTTTTAAGAATGC-3 and R 5'-CCCCTC
TCAT ACATACAAGTTGC-3’) and subcloned into pBlueScript (Stratagene)
followed by standard Sanger sequencing. The length of the corresponding
wild-type and mutant allele were 413 and 289 bp, respectively. The selected founder
was crossed with wild-type C57BL/6] to eliminate possible unwanted off-targets
and to generate pure heterozygous. Six6osi +/~ heterozygous mice were sequenced
again by Sanger sequencing and crossed to give rise to Six6osI ~/~ homozygous.
Genotyping was performed by agarose gel electrophoresis analysis of PCR products
produced from DNA isolated from tail biopsy specimens. Mouse mutants for Rec8,
Rad21l, Syce3, Sycpl and Stag3 have been previously developed®!330-32,

Mice were housed in a temperature-controlled facility {specific pathogen free, spf)
using individually ventilated cages, standard diet and a 12h light-dark cycle,
according to European Union regulations at the ‘Servicio de Experimentacién
Animal, SEA’. Mouse protocols were approved by the Ethics Committee for Animal
Experimentation of the University of Salamanca (USAL). We made every effort to
minimize suffering and to improve animal welfare. Blinded experiments were not
possible since the phenotype was very obvious between wild-type and Six6osI-
deficient mouse for all of the experimental procedures used. No randomization
methods were applied since the animals were not divided in groups/treatments. The
minimum size used for each analysis was three animals/genotype. The mice analysed
were between 2 and 4 months of age, except in those experiments where is indicated.

Quantitative PCR. Total RNA was isolated from various tissues of wild-type adult
mice. To analyse the expression of Six6os! and Rad21! mRNAs, equal amounts of
cDNA were synthesized using SuperScript II Reverse Transcriptase {Invitrogen,
Life Technologies) and Oligo (dT). gPCR was performed using PastStart Universal
SYBR Green Master Mix (ROX) (Roche) and specific forward and reverse primers:
qSIX60S1_F 5- GCTGAATGTGGAGATAAAGAG-3' and gSIX6081_R 5-AG
GAGTTTCAGGAGTTTGAGG-3; qRAD21L_F 5-TTGCAGCTCACTGGGAG
AAGA-3 and qRAD21L_R5-AGTCCTGGGCGAAATGTCATC-3'. All gPCR
reactions were performed at 95 °C for 10 min, and then 40 cycles of 95 °C for 15
and 62°C for 1 min on the iQ5 Thermal Cycler (Bio-Rad). p-Actin was amplified
as a housekeeping gene with the primers gB-actin_F 5-GGCACCACACCTTCT
ACAATG-3and gB-actin_R 5-GTGGTGGTGAAGCTGTAGCC -3'.

independent bacteria colonies were independently grown, extracted and Sanger
sequenced. Southern blotting was also used for plasmid screening.

Sequence analysis. Protein sequences were extracted from the UniProt database
and analysed using Jalview 2 {ref. 54). Multiple sequence alignments and secondary
structure predictions were performed using MUSCLE (EBI)*® and Jpred 4 (ref. 56),
respectively.

Co-localization profile. SIX60S1 and either SYCP1, SYCE1, SYCE3, SYCE2 or
TEX12 were stained on spreads of wild-type spermatocytes. Images were captured
with identical camera settings. Fluorescence signals were measured along the 19
autosomal AEs of pachytene cells using the “Plot profile’ tool of Image]. Signal
intensities were standardized, acquiring values between — 1 and 1, and the
overlay profiles of SIX6051 and other CE proteins were plotted. Regression
analysis for each pair of proteins was performed to determine the correlation
between their profiles. The values of the coefficients of determination R? are shown
in the scatter plots.

Statistics. To compare counts between genotypes at different stages, we used the
‘Welch’s t-test {unequal variances #-test), which was appropriate as the count
data were not highly skewed (that is, were reasonably approximated by a normal
distribution) and in most cases showed unequal variance. Asterisks denote
statistical significance: *P value <0.01, **P value < 0.001 and ***P value <0.0001.

Data availability. Genomic DNA sequences of H. sapiens {human, 317761),

M. musculus {mouse, 75801) are available on GenBank (http://www.ncbinlm.
nih.gov/genbank/). Amino acid sequences of H. sapiens {(Q8N1H7), M. musculus
{NP_083381), P. troglodytes {Chimp, H2Q8E6), S. charissii {Tasmnaina devil,
G3WQS7), O. anatinus {Latypus, F6ZZ02), P. sinensis (Chinese turtle, K7GAG2),
G. gallus (Chick, E1C952) and L. chalumnae {West india coelacanth, M3XIB0) were
obtained from the UniProt database (http://www.uniprot.org/). All remaining data
generated in this study are available in the Article and Supplementary Information
files or available from the authors upon request from the authors.
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Abstract

The ubiquitin proteasome system regulates meiotic recombination in yeast through its asso-
ciation with the synaptonemal complex, a ‘zipper'-like structure that holds homologous chro-
mosome pairs in synapsis during meiotic prophase |. In mammals, the proteasome activator
subunit PA200 targets acetylated histones for degradation during somatic DNA double
strand break repair and during histone replacement during spermiogenesis. We investigated
the role of the testis-specific proteasomal subunit a4s (PSMA8) during spermatogenesis,
and found that PSMAB8 was localized to and dependent on the central region of the synapto-
nemal complex. Accordingly, synapsis-deficient mice show delocalization of PSMA8. More-
over, though Psma8-deficient mice are proficient in meiotic homologous recombination,
there are alterations in the proteostasis of several key meiotic players that, in addition to the
known substrate acetylated histones, have been shown by a proteomic approach to interact
with PSMAB8, such as SYCP3, SYCP1, CDK1 and TRIP13. These alterations lead to an
accumulation of spermatocytes in metaphase | and Il which either enter massively into apo-
ptosis or give rise to a low number of aberrant round spermatids that apoptose before his-
tone replacement takes place.

Author summary

Proteins within the cells that are unnecessary or damaged are degraded by a large protein
complex named the proteasome. The proteins to be degraded are marked by a small pro-
tein called ubiquitin. The addition of a small modification (acetyl group) to some proteins
also promotes their degradation by the proteasome. Proteasomal degradation of proteins
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is an essential mechanism for many developmental programs including gametogenesis, a
process whereby a diploid cell produces a haploid cell or gamete (sperm or egg). The
mechanism by which this genome reduction occurs is called meiosis. Here, we report the
study of a protein, named PSMAS that is specific for the testis proteasome in vertebrates.
Using the mouse as a model, we show that loss of PSM A8 leads to infertility in males. By
co-immunoprecipitation-coupled mass spectroscopy we identified a large list of novel
PSMAS interacting proteins. We focused our functional analysis on several key meiotic
proteins which were accumulated such as SYCP3, SYCP1, CDK1 and TRIP13 in addition
to the known substrate of the spermatoproteasome, the acetylated histones. We suggest
that the altered accumulation of these important proteins causes a disequilibrium of the
meiotic division that produces apoptotic spermatocytes in metaphase I and II and also
early spermatids that die soon after reaching this stage.

Introduction

Intracellular protein content is controlled through the balance between the rates of their syn-
thesis and degradation. In eukaryotic cells, the bulk of the degradation is carried out by the
ubiquitin-proteasome system (UPS). The proteasome is a multi-subunit complex that elimi-
nates proteins, typically labeled with ubiquitin, by ATP-driven proteolysis [1]. Proteasome
complexes comprise a cylindrical catalytic core particle (CP, 20S) and different regulatory par-
ticles (RPs, 19S) that regulate the access to the CP by capping it at either end [2]. The CP is
composed of seven o-type subunits and seven B-type subunits arranged as a cylinder of four
rings (a1-7, B1-7, B1-7, al-7) [1, 3]. RPs are composed of 20 subunits and their association
with the CP is ATP-dependent. There are four additional activators, the 11S regulator PA280/
B/y and the ubiquitous PA200 (Psme4) regulator that stimulates protein degradation indepen-
dently of ubiquitin [4] and plays a main role in acetylation-dependent degradation of somatic
core histones during DNA repair and spermiogenesis [5, 6]. Hybrid proteasomes enclosing a
RP at one end and an activator at the other end are also possible [7]. In addition, there are
paralogs for three B-genes that are expressed only in the immunological system, which consti-
tutes the immunoproteasome [8], and one p5t gene expressed exclusively in the thymus, which
constitutes the thymoproteasome [9]. Finally, there is a meiotic paralog of the a4 subunit
(Psma7), named a4s (Psma8) [10], which might provide substrate specificity and heterogeneity
to the a4s-cotaning proteasome.

The proteolytic activity of the proteasome is regulated by the rate of protein ubiquitylation,
but also by its association with E3 ubiquitin ligases and deubiquitinating enzymes that edit
their potential substrates [11, 12]. The classical targets of the UPS are misfolded or damaged
proteins and/or short-lived regulatory proteins, whose concentration is regulated by fine-tun-
ing of their synthesis and degradation kinetics [13, 14]. Typical examples of the latter proteins
are cyclins [15, 16]. More recently, it has been hypothesized but not proven that the ZMM
complex (also known as the synapsis initiation complex) involved in meiotic homologous
recombination is similarly regulated in the mouse [17, 18].

Meiosis is a fundamental process in sexually reproducing species that ensures the produc-
tion of genetic diversity and the generation of haploid gametes from diploid progenitors [19].
This reduction in genome content is achieved by the physical connections between homologs
by chiasmata [20], which are mediated by the repair of self-induced DNA double-strand
breaks (DSBs) as crossing-overs (COs). Meiotic recombination takes place on proteinaceous
core structures or axial elements (AEs) that scaffold the chromosomal DNA content and
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physically connect (synapse) homologs through the assembly of the synaptonemal complex
(SC) during prophase I [21].

The UPS regulates meiotic recombination in yeast and mouse via its physical association to
AEs [17, 22]. Given the unknown function that the a4s-containing proteasome plays during
spermatogenesis, we explored its function in the mouse. In this study, we show that PSMA8 is
localized to and dependent on the central element of the SC, and promotes the assembly of the
proteasome activator PA200. Accordingly, synapsis-deficient mice show delocalization of
PSMAB. Also, Psma8-deficient mice are proficient in meiotic homologous recombination, but
show alterations in the proteostasis of several key meiotic players including acetylated histones,
SYCP3, SYCP1, CDK1 and TRIP13, which in turn leads to an aberrant meiotic exit, accumula-
tion of apoptotic spermatocytes in metaphase I and II, and finally early spermatid arrest long
before histone replacement takes place.

Results

PSMAS is expressed in spermatocytes and its localization to the SC is
dependent on synapsis

Psma8 mRNA expression in mouse tissues is almost exclusively restricted to the testis (GTEx
database [23] and previous studies [10]). To elucidate the cell type in which PSMAS is
expressed, we examined by western blotting testis extracts at various postnatal ages during the
first wave of spermatogenesis, which progresses more synchronously than in adult mice.
PSMA8 expression (using a specific antibody against the PSMAS8 C-terminus [10], see Fig 1A)
was first detected at P12 and increased from P14 to P20. We also used a PSMA8-R2 antibody
raised against the entire recombinant PSMAS8 protein, which detected the expression of both
PSMA? (already apparent at P8, before meiosis has started) and PSMA8 (Fig 1A and S1 Fig).
Analysis of testis cell lines (including spermatogonium GC1-spg, Leydig cell TM3, and Sertoli
cell TM4 lines), revealed the expression of PSMA7 but not PSMA8 (Fig 1A). These results indi-
cate that its expression is restricted to cells undergoing meiosis.

To explore the subcellular localization of PSM A8, we employed the R2 antibody (PSMA7/
8) since the PSMA8 C-terminus antibody did not produce any specific labeling. Double immu-
nolabeling of PSMA8 with the AE protein SYCP3 or with SYCPI, the transverse filament pro-
tein essential for synapsis (Fig 1B and S2 Fig), revealed PSMA7/8 presence at the central
region of the synaptonemal complex (super resolution imaging, Fig 1B). We validated this
localization by in vivo electroporating [24] an expression plasmid encoding GFP-PSMAS8 in
the testis (Fig 1C). These results agree with the recent localization of the proteasome to the
chromosome axes [17].

To investigate the possible dependence of PSMAS localization on synapsis, we analyzed
synaptic mutants with mild (Rec8” [25]) and severe (Six6os1”™ [24]) phenotypes. Mutants for
the meiotic cohesin REC8 show pseudo-synapsis between sister chromatids [25], and PSMA8
was detected at these atypical synapsed-like regions (Fig 1D). In mice lacking the novel central
element protein SIX60S1, in which AEs are physically separated and unsynapsed at pachy-
nema [24], PSMAS8 signal was not restricted to their AEs and showed a broader and more dis-
perse labeling (Fig 1D). These results indicate that PSM A8 localization to the SC central region
is consequently dependent on the assembly of the SC.

Male mice lacking PSMAS8 are infertile

To study the role of PSM A8, we generated a targeted mutation in exon 1-intron 1 of the
murine Psma8 gene by CRISPR/Cas9 genome editing (S3A and S3B Fig). Homozygous mutant
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Fig 1. Expression analysis and localization of PSMAS in the mouse. (A) Western blot analysis of protein extracts from mouse testis (from P8 to
adult) and cell lines (TM3, TM4 and GC1) with a specific antibody against the C-terminal (¢:4S) and whole recombinant PSMAS protein
(PSMA8-R2). B-Actin was used as loading control. The corresponding bands to PSMAS8 and PSMA?7 are indicated in the right of the panel. Note that
from P16 to adult the intensity of both PSMA8 and PSMA7 bands impedes its independent observation. (B) Double immunolabeling of
spermatocyte spread preparations with PSMA8 (green) and SYCP3 (red) by Stimulated emission depletion (STED) microscopy, showing that
PSMAS localizes to the central region of the SC. PAR (pseudo-autosomal region) of the XY bivalent is indicated with an arrow. (C) Immuno-
localization of PSM A8 in mouse testis after in vivo electroporation of a plasmid encoding a protein fusion of PSMA8 with GFP (GFP-PSMAS).
PSMAS8 was detected with anti-GFP antibody (green) and endogenous SYCP3 was detected using mouse anti-SYCP3 (red). (D) Triple labeling of
PSMAS (green), SYCP3 (blue) and SYCPI (red) in Rec8 /~and Six60s1”". PSMAS is detected in the pseudosynapsed AEs of the meiotic Rec8 cohesin
mutant but is absent from the unsynapsed AEs in Six6os1”" spermatocytes. Bar in panels, 5 um (B, upper panel), 1 um (B, lower panel) and 10 um (C,
D).

https://doi.org/10.1371/journal.pgen.1008316.9001

testes showed no PSMAS protein expression by western blotting when analyzed using two
independent polyclonal antibodies (S3C Fig). Inmunofluorescence analysis of PSM A8 expres-
sion (R2 antibody, S3D Fig) revealed a weaker signal in the SC of the mutant spermatocytes
than in WT spermatocytes (51% less; 4.22+1.9 WT vs 2.05+1.7 KO), likely representing
PSMA7 detected by the R2 antibody (also observed in the western blot; S3C Fig). These results
indicate that the generated mutation is a null allele of the Psma8 gene (herein termed
Psma8™").

Mice lacking PSMA8 did not display any somatic abnormalities; however, male but not
female mice were sterile (S1 Table). Indeed, Psma8 mutation resulted in a reduction of the tes-
tis weight (63.09% decrease; N = 6) and the absence of spermatozoa in the epididymides (Fig
2A and 2B). Histological analysis of adult Psma8” testes revealed the presence of apparently
normal numbers of spermatogonia, spermatocytes, Sertoli cells and Leydig cells (Fig 2B).
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Fig 2. PSMAS8 deficiency leads to azoospermia. (A-B) Genetic ablation of Psma8 leads to a reduction of the testis size (A) (n = 6, WT and KO;
Welch s t-test analysis: p<0.0001), and (B) the accumulation of metaphase I (black asterisks), apoptotic meiotic division (red asterisks), round
spermatids entering apoptosis (arrowheads), and apoptotic round spermatids (blue asterisks) in PAS stained testis sections. The spermatogenic
arrest leads to empty epididymides and azoospermia. Bar in upper panels 100 um, lower panels 200 um and in right panels, 5 um. (St) Seminiferous
tubules and (Ep) Epididymides. (C) Immunofluorescence analysis of p-ser10-H3 (green) of paraffin sections of Psma8"/* and Psma8” tubules.
Nuclei were counterstained with DAPI. Bar represents 10 pm. The diagram represents the quantification of the fraction of tubules showing the
indicated number of metaphase I/II. Number of tubules counted for each genotype is expressed in S2B Table. (D) Low magnification view of a

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008316  August 22, 2019 5/31

229



@ PLOS ‘ SRR PSMAB is essential for gametogenesis

representative squash preparation of seminiferous tubules showing the accumulation of metaphases I and metaphases II in knock-out Psma8 in
comparison with a representative wild-type view. The identity of metaphases I /metaphases IT (asterisks) was confirmed by the immunolabeling of
SYCP3 (red) in squash preparations. Chromosomes were counterstained with DAPI (blue). The diagram represents the percentage of spermatocytes
at metaphase [ and I (normal and apoptotic) in relation with the total number of spermatocytes from Psma8"/* and Psma8”" tubules (right).
Quantification and number of cells analyzed are described in S2C Table. Welch ‘s ¢-test analysis: * p<0.01; ** p<0.001; *** p<0.0001.

https://doi.org/10.1371/journal.pgen.1008316.9002

Mouse seminiferous tubules can be classified from epithelial stage I to XII by determining the
groups of associated germ cell types in histological sections. Following these criteria, we found
that spermatogenesis in the mutant testes proceeded normally up to diplotene in epithelial
stage XI. However, the proportion of tubules at stage XII was more than 2-fold increased in
the mutant sections (12.5% in mutants versus 5.4% in WT, S2A Table). Given that spermato-
cytes in meiotic divisions were seen to occur at epithelial stage XII, we used p-ser10-H3 (pH3)
staining to analyze the number of metaphase I and II cells present in these tubules, finding an
increase in the mutant (Fig 2C and S2B Table). Quantitative analysis of seminiferous tubules
in squashed preparations confirmed the increase in the number of metaphase I and metaphase
IT cells as compared with W' testes (77% and 89% respectively, Fig 2D and S2C Table). More-
over, a large proportion of these metaphases were positive for Caspase-3 and TUNEL indicat-
ing apoptosis (Figs 2D, 3A and 3B and S2C Table).

Together with the accumulation of apoptotic meiotic divisions, other apoptotic cells could
be also observed that, from their size and molecular markers of the acrosome and chromatoid
body, were round spermatids (Fig 3C and S4 Fig). Indeed, seminiferous tubules in PSMA8-de-
ficient testes sometimes contained a few surviving round spermatids. However, these round
spermatids were unable to form a proper acrosome but did accumulate some PAS positive
material. Apoptotic round spermatids were also seen and no elongating spermatids were
observed (Fig 2B). We corroborated that round spermatids were arrested at early stages by
immunolabeling for H2AL2. H2AL2 is a transition histone essential for the first replacement
of histones by TNP1 and TNP2 before protamine incorporation [26]. H2AL2 was absent from
mutant spermatids (S5A Fig). We also used FACs analysis of whole cells from seminiferous
tubules to verify this analysis. The results obtained confirmed the presence of a small haploid
compartment in Psma8” testes (Fig 3D and S5B Fig). We conclude from these results that
PSMA8 deficiency causes the accumulation of spermatocytes in metaphase I and II which
either enter massively into apoptosis or give rise to a low number of aberrant round spermatids
that finally apoptose long before histone replacement takes place.

Psmna8-deficient spermatocytes show normal synapsis/desynapsis and DSB
repair but have abnormal metaphases I and II

Metaphase [ accumulation can occur either because of a failure to enter anaphase or because of
some event taking place during prophase (SC formation, DBSs repair or chromosome recom-
bination) that aberrantly triggers a checkpoint-mediated delay.

To test this, we first analyzed the assembly/disassembly of the SC by monitoring the distri-
bution of SYCP1, as co-labeling of SYCP3 and SYCP1 highlights regions of synapsis in sper-
matocytes. We did not observe any differences in this process from zygonema to diakinesis (S6
Fig).

We next studied the kinetics of DSB repair during meiosis. Meiotic DSBs are generated by
the nuclease SPO11 and are then resected to form ssDNA ends that invade into the homolo-
gous chromosome. DSBs are marked by the presence of phosphorylated H2AX (y-H2AX)

[27]. The distribution of y-H2AX in mutant spermatocytes was similar to that found in WT
cells at prophase [ (S7A Fig and S3 Table). We also did not observe any differences in the
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Fig 3. Apoptosis, FACs and aberrant metaphase II and spermatid cells in Psma8-deficient mice. (A) Double immunolabeling of Caspase3
(green) and (B) TUNEL (green) with SYCP3 (red). Non-apoptotic metaphase I cells from Psma8*"* show absence of green staining whereas
apoptotic metaphases I from Psma8”" show intense Caspase-3 and TUNEL labeling. Chromatin was counterstained with DAPI. (C) Acrosome
positive labeling of round spermatids by PNA staining (green). (D) FACs analysis of cells from whole seminiferous tubules from wild type and
Psma8”" showing in both genotypes (N = 2) the presence of 4C, 2C and 1C compartment as a result of the early spermatid arrest. Source data
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describing the gating strategy is shown in S5B Fig. (E) Double immunolabeling of metaphase I cells with tubulin (green) and ACA (red) showing
normal (Psma8*) and abnormal spindles (Psma8”"). (F) Double immunolabeling of SYCP3 (green) with ACA (red) in wild-type and Psma8”
spermatocytes at metaphase IT which shows aberrant accumulation of SYCP3 at the centromeres. (G) Double immunolabeling of PA200 (green) and
SYCP3 (red) in chromosome spreads. PA200 is detected at the chromosome axes of the autosomal and XY bivalents during pachytene in wild type
spermatocytes in contrast to the absence of labeling in Psma8”" spermatocytes. Bar in panels (C, E) 5 ym and 10 um (A, B, F and G).

https://doi.org/10.1371/journal.pgen.1008316.9003

distribution of RAD51, a recombinase that promotes homologous strand invasion [28], (S7B
Fig and S3 Table). Because defective DNA repair ultimately abrogates CO formation [29] and
because of the involvement of ubiquitylation / sumoylation in CO designation [30], we ana-
lyzed the distribution of MLH1 foci [31], a mismatch repair protein (marker of crossover sites)
that functions in the resolution of joint molecules at the end of crossover formation [32]. We
found a similar value between the KO (24.9+0.9 foci) and the WT (24.3+1.1 foci; S7C Fig and
S3 Table). These results indicate that the repair of meiotic DSBs and synapsis/desynapsis pro-
ceed normally during prophase I in the absence of PSM A8, and is not responsible for the
observed metaphase [ accumulation.

We also analyzed the morphology of the metaphase I / II cells by staining for tubulin (spin-
dle) and SYCP3. The results showed an aberrant morphology, the presence of multipolar spin-
dles (Fig 3E), and also a striking aberrant labeling of SYCP3 at the centromeres of metaphase
IT chromosomes (SYCP3 labeling is barely visible in metaphase II sister kinetochores in WT
cells, Fig 3F). Finally, the arrested round spermatids showed the presence of multiple patches
of heterochromatin after DAPI staining (Fig 3C and S$4 Fig, chromocenter fragmentation),
suggesting abnormal chromosome segregation or cytokinesis.

PSMAS deficiency abolishes H4ac turnover from late prophase to round
spermatids

During spermiogenesis, most of the histones are replaced by basic transition proteins, and ulti-
mately by protamines, facilitating chromatin compaction. Hyperacetylation of core histones
during this process, and especially the acetylation of H4K16, is assumed to play a pivotal role
in the initiation of histone displacement and chromatin ultracondensation [33, 34]. The pro-
teasome activator subunit PA200 targets acetylated histones for degradation during histone
replacement [5].

The core subunit PSMA8 co-immunoprecipitated PA200 (S4 Table). Given the stoichio-
metric relationship between the CP and RP, we analyzed the expression of PA200 by immuno-
fluorescence in the absence of PSMAS8. Whilst PA200 decorated the AEs of WT spermatocytes,
we failed to observe any signal in the AEs of mutants (Fig 3G and S8 Fig). In addition, we were
not able to detect PA200 by mass spectrometry analysis of PSMA7/8 immunoprecipitation of
Psma8-deficient testis extracts (see section Purification of PSMA8-interacting proteins, S4
Table). These results indicate that PSMAS is necessary or promotes the assembly of PA200 to
the CP. Thus, within the limits of detection, the deficiency of Psma8 leads to a drastic decrease
of PA200.

To understand the acetylated-dependent degradation of histones by the proteasome [5], we
measured the acetylation status of three core histones, H2AK5ac, H3ac and H4ac (pan-H4ac
and H4K16ac) in chromosome spreads by double immunolabeling for SYCP3 and the corre-
sponding acetylated histone (Fig 4A-4D and S9-S12 Figs). This procedure enables a more pre-
cise staging of the spermatocytes and is a more efficient mean to quantitate signals than
peroxidase immunostaining of testis sections [5]. The loss of PSM A8 led to the accumulation
of H2AK5ac, H3ac, H4ac and H4K16ac, albeit to different degrees. Results showed that the lev-
els of H2AK5ac, H3ac, H4ac and H4K16ac were moderately higher in Psma8”" cells, with a
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Fig 4. Histone acetylation, nuclei ubiquitylation and proteasome activity in PSMA8-deficient mice. (A-D) Plots represent the quantification of the
fluorescence intensity from Psma8"/* and Psma8” spermatocytes at early pachytene (EP), mid pachytene (MP), late pachytene (LP), early diplotene
(ED), late diplotene (LD), diakinesis (DK), metaphase I (MI) and round spermatid (RS) corresponding to the immunolabeling of (A) H2AK5ac, (B)
H3ac, (C) H4ac, and (D) H4K16ac. Representative figures for each immunofluorescence are presented in S9-512 Figs. (E) Proteasome activity of
Psma8-deficient testis. 100 pg of protein from whole testis extracts of Psma8"/*and Psma8~/~ mice were inoculated into 96-well plate and the
proteasome peptidases activities were measured. The enzymatic activities relative to WT are shown. (F) Plots represent the quantification of the
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fluorescence intensity from Psma8”* and Psma8” spread (upper) and squashed (lower) spermatocytes. Welch s -test analysis: * p<0.01; ** p<0.001;

% p<0.0001.
https://doi.org/10.1371/jounal.pgen.1008316.9004

relative increase at late prophase I (Fig 4A-4D and S9-S12 Figs). We failed to detect staining
for H2AK5ac and H3ac in spermatocytes in late diakinesis and round/arrested spermatids. In
contrast, pan-H4ac and H4K16ac also labeled metaphase I chromosomes, interkinesis nuclei
and round/arrested spermatids, with greater intensity in mutant than in WT cells (Fig 4C and
4D and S11 and S12 Figs). The accumulation of acetylated histones during prophase I and par-
ticularly of H4ac and H4K16ac in the arrested round spermatids suggests that the PSMA8--
containing proteasomes are involved in the acetylation-dependent degradation of histones.

Proteasomal activity in Psima8-deficient mice

We next investigated the biochemical activity of testis extracts lacking PSMA8-containing pro-
teasomes by measuring chymotrypsin-like activity (corresponding to the catalytic subunit p1),
caspase-like activity (corresponding to p5) and trypsin-like activity (B3) by a standard fluoro-
genic assay [35] in the presence and absence of SDS (activated proteasome). Results showed
that proteasomal activity in Psma8-deficient testis extracts was not noticeably different from
that in WT extracts. Indeed, the trypsin-like activity was the only proteolytic function with a
modest reduction in the KO (Fig 4E). Overall, these results show that the general proteasome
activity of the Psma8-deficient testis is not radically changed, which is likely due to the pres-
ence of PSMA7-dependent CPs (see dataset 1 in [36]).

To ascertain the degree of activity in vivo, we first investigated the steady-state levels of pro-
tein ubiquitylation in testis during mouse meiosis. Using immunofluorescence, we analyzed
spermatocytes obtained from spreads and squashed preparations with ubiquitin antibodies
(Fig 4F and S13 Fig). The results showed a slight decrease of chromatin bound ubiquitylated
proteins but an increase in the soluble fraction of ubiquitylated proteins during prophase I
ubiquitylation state of cultured spermatocytes treated with the proteasome inhibitor MG132
(18), and suggest a specific function of the PSMA8-containing proteasomes in the controlled
degradation of ubiquitylated proteins during spermatogenesis.

Purification of PSMA8-interacting proteins

The composition of the CP and its RPs has previously been established by mass-spectrometric
analysis of crude preparation of proteasomes from whole testes [37]. To better understand the
molecular mechanism underlying the mutant phenotype, we purified PSMA7/8-interacting
proteins by single-step affinity chromatography (see Material and methods for a detailed
description). Most of the canonical subunits of the CP and RP were present within the more
than 596 proteins of the PSMAS8 proteome (S5 Table, using a conservative cut-off, see meth-
ods). In agreement with previous results, among the two activators of the testis-specific protea-
some detected (PA200 and Pa28y) [5], PA200 was the most abundant. In contrast to previous
observations, we were unable to detect Pa28c and Pa28p or the inducible catalytic subunits of
the immunoproteasome (B1i, B2i and B5i) [5], suggesting a very low abundance or absence.
We could not detect PA200 as an interacting protein of PSMA7/8 in testis extracts from
Psma8-deficient testes (S4 Table).

Among the novel proteasome-interacting proteins (PIPs) detected were chaperones includ-
ing CCT6b and CCT2, ubiquitin ligases (TRIP12, NEDD4, TRIM36 and RAD18), and novel
ubiquitin specific proteases (USPs) such as USP9X, USP34, USP5 and USP47 (S6 Table). We
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studied the proteins enriched in the immunoprecipitation through functional (gene ontology,
GO) and pathway analysis (KEGG). The top GO and KEGG results were related to the protea-
some and to ribonucleoproteins. Pathway analysis showed links to spermatogenesis, cell cycle,
and meiosis (see S1 Text), in accordance with the observed mutant phenotype.

Interestingly, we identified meiotic proteins a priori unrelated to the UPS such as DAZL
(deleted in azoospermia), SPAG1 (Sperm-associated antigen 1), SPATA5/20 (Spermatogene-
sis-associated protein 5/20), the tudor domain proteins TDRD1/6/9, MAEL (repressor of
transposable elements), and RNF17. These PIPs could represent proteins captured during ubi-
quitin-dependent targeted degradation [38] and/or proteins interacting via ubiquitin-indepen-
dent proteasomal degradation, as has been shown for the related subunit 04/PSMA?7 [39].

Altogether, the list of novel PIPs included novel potential readers, erasers and writers of the
ubiquitin code [40] of the testis-specific proteasome, reflecting its complexity. Among these
PIPs, we focused our attention on the following candidates for their role in chromosome segre-
gation and synapsis: SYCP1, TRIP13, TEX30, PIWIL1, PIWIL2 and CDK1 (S6 Table).

Among the possible interactors, we first evaluated the transverse filament protein SYCP1.
Because Sycpl mutant mice are infertile but otherwise healthy [41], we analyzed the interaction
of SYCP1 with PSMAS and its localization in mutant meiosis. We co-transfected Sycp! with
Psma8 in HEK293T cells and we detected co-immunoprecipitation between SYCP1 and
PSMA8 (Fig 5A). Despite the observation that SYCP1 is properly loaded to the SC and
removed from desynapsed regions (S6 Fig), we observed an abnormal accumulation of SYCP1
in Psma8-deficient metaphase I cells, (Fig 5B). These results suggest defective degradation of
SYCP1 with very likely detrimental functional consequences in the exit of meiosis.

We next extended the validation analysis of the remaining candidate interactors by co-
immunoprecipitation with PSMA8, making use of the same heterologous system of HEK293T
cells. These included TEX30, PIWIL1, PIWIL2, CDK1 and TRIP13. All protein-protein inter-
action assays carried out were negative (S14A Fig) with the exceptions of the cyclin dependent
kinase CDK1 and the AAA-ATPase TRIP13 (AAA-ATPases associated with diverse cellular
activities; see Figs 6A and 7A). Because of the relevance of CDK1 in metaphase transition, we
first determined the expression levels of CDK1 by immunofluorescence. The results showed
that more CDK1 but not the related kinase CDK2 [42] could be detected in the centromeres of
metaphase I chromosome from mutant cells (Fig 6B and S15A Fig; KO 0.31+0.2 vs 0.19+0.1
WT; an increase of ~ 40%). To determine whether the increased level of CDK1 corresponded
to its active or inactive phosphorylated form, we used an antibody against CDK1-Tyr15-p
(inactive form, Fig 6C). The results showed no differences in the labeling at the centromeres of
the metaphase I chromosomes, and therefore a decrease in phospho-CDK1/total CDK1 ratio
in mutant cells. Given that CDK1 must be complexed with cyclin B1 to be active, we reasoned
that if higher levels of active CDKI1 are present, cyclin Bl would be similarly increased. Results
showed an increase of cyclin Bl at the centromeres of metaphase I chromosomes (Fig 6D).
This result was congruent with the increased amount of CDK1 and CyclinB1 observed by
western blot and in squashed seminiferous tubules (Fig 6E and S15B and S15C Fig). Overall,
these findings suggest that loss of PSMAS8 causes an increase of CDK1 / CyclinB1 which would
cooperate in the accumulation of metaphase I / metaphase II that ultimately results in apopto-
tic metaphase plates.

We also analyzed the distribution of TRIP13, a pleiotropic ATPase that participates in mei-
otic DNA repair and chromosome synapsis through HORMAD interaction and somatic spin-
dle assembly checkpoint (SAC) proficiency through MAD?2 interaction [43-46]. We first
performed immunofluorescence analysis of TRIP13 in Psma8-deficient and WT spermato-

cytes. Results using two independent antibodies showed robust labeling of the telomeres from
zygonema (two dots) to pachynema (fused to a single dot) in WT cells, which declined from
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Fig 5. SYCP1 interacts with PSMAS8 and is accumulated in Psma8-deficient metaphase I cells. (A) HEK293T cells
were transfected with Flag-PSMA8 and GFP-SYCP1. Protein complexes were immunoprecipitated overnight with
either an anti-Flag or anti-EGFP or IgGs (negative control), and were analyzed by immunoblotting with the indicated
antibody. PSMAS8 co-immunoprecipitates with SYCP1. (B) Double immunolabeling of squashed tubules with SYCP1
(green) and SYCP3 (red) in wild-type and Psma8 / spermatocytes at metaphase I. Chromatin was stained with DAPI
(blue). Bar in panel, 10 um.

https://doi.org/10.1371/journal.pgen.1008316.g005

diplonema to diakinesis. The staining pattern was similar but enhanced in mutant spermato-
cytes (Fig 7B). However, the staining pattern of TRIP13 at metaphase I differed between WT
and mutant cells. Specifically, it was detected at the kinetochores of Psma8”" spermatocytes
but was absent in WT cells (Fig 7B). This labeling pattern at the metaphase I kinetochores
resembles TRIP13 staining in somatic cells [47]. These results thus suggest that TRIP13 accu-
mulates in the absence of a functional PSMA8-containing proteasome.

We next analyzed several downstream effectors of TRIP13, HORMADI, HORMAD?2, and
the mitotic checkpoint protein MAD?2 [48-50]. No differences were observed in the HOR-
MAD1/2 labeling pattern between WT and mutant cells (S16 Fig). It has been shown in C. ele-
gans that in the absence of TRIP13, MAD2 recruitment to kinetochores is delayed and that in
addition to its role in checkpoint silencing, TRIP13 also contributes to spindle checkpoint acti-
vation [50]. It could thus be argued that an excess of TRIP13 would increase MAD2 loading to
kinetochores thereby delaying mitotic exit. We confirmed this prediction and found that
MAD?2 expression at the kinetochores was enhanced in Psma8”" spermatocytes (Fig 7C), fur-
ther validating a functional consequence of TRIP13 accumulation at the kinetochores.

In order to validate the substrate specificity of the PSMA8-containing proteasome in pro-
tein degradation, we analyzed the expression levels of the separase inhibitor securin (PTTG1),
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Fig 6. PSMAS deficiency causes an accumulation of CDKI1 and Cyclin Bl in spermatocytes. (A) HEK293T cells were transfected with Flag-
PSMAS8 and GFP-CDKI1. Protein complexes were immunoprecipitated with either an anti-Flag or anti-EGFP or IgGs (negative control) and were
analyzed by immunoblotting with the indicated antibody. PSMA8 co-immunoprecipitates with CDK1 (as well as reciprocally). (B) Double labeling of
endogenous CDK1 (green) and SYCP3 (red) in mouse spermatocytes at metaphase I. Chromatin was stained with DAPI (blue). During metaphase I,
CDK1 labels in a slight and disperse way the chromosomes and in a more intensely fashion the centromeres of bivalents. This labeling pattern is
enhanced in a normal Psma8-deficient metaphase L. Plot under the panel represents the quantification of the fluorescence intensity from Psma8**
and Psma8”" metaphase I cells. (C) Double labeling of endogenous CDK1-Tyr15phosphorylated (green) and SYCP3 (red) in mouse spermatocytes at
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metaphase [ showing similar expression levels in Psma8"”* and Psma8”". Chromatin was stained with DAPI (blue). (D) Double labeling of
endogenous cyclin BI (green) and SYCP3 (red) in mouse spermatocytes at metaphase I showing higher expression levels in Psma8”". Plot under the
panel represents the quantification of the fluorescence intensity from Psma8** and Psma8” metaphase I cells. Welch ‘s t-test analysis: * p<0.01; **
p<0.001; *** p<0.0001. (E) CDK1 and CyclinB1 were measured by western blot analysis of protein extracts from whole testis of Psma8”* (WT) and
Psma8”" (KO) (n = 2 mice). Bar in panels, 10 um. Welch s t-test analysis: * p<0.05; ** p<0.001; *** p<0.0001.

https://doi.org/10.1371/journal.pgen.1008316.9006

a well-known substrate of the somatic proteasome. Immunofluorescence analysis showed sim-
ilar levels of PTTG1 in Psma8”" and WT spermatocytes (S17 Fig). This result suggests that
PSMA8-containing proteasomes are not involved in the degradation of classical ubiquitylated
substrates degraded by the somatic proteasome.

PSMAS interacts with proteins of the synaptonemal complex

To investigate the molecular basis of PSMA8 localization in the SC, and considering the alter-
ation of SYCP3 and SYCP1 in Psma8” spermatocytes (Fig 3F and Fig 5B), we used a candidate
gene approach to identify additional putative interactors of PSMA8. We co-transfected Psma8
with cDNAs encoding each of the known central element proteins (SIX60S1, SYCE1, SYCE2,
SYCE3, and TEX12), and the AE protein SYCP3. As positive controls, we exploited the well-
known interaction between SYCE2 and TEX12 [51] (S14C Fig). Surprisingly, we detected spe-
cific co-immunoprecipitation of PSMA8 with SIX60S1 and SYCE3 (Fig 8A and S14B Fig). We
were unable to immunoprecipitate transfected SYCP3 (using several tags or antibodies against
SYCP3), likely due to the highly complex structures of transfected SYCP3, which prevented to
perform co-immunoprecipitation experiments. Because SYCP3 forms filamentous structures
in the cytoplasm of transfected cells, termed polycomplexes [52], co-expression of an interact-
ing protein with SYCP3 may lead to its recruitment to polycomplexes [24], an indication of
protein interaction. Indeed, we obtained self assembled higher structures when Psma8 was co-
transfected with Sycp3 (Fig 8B). This SYCP3-dependent cytological interaction was not
observed when Psma7 was co-transfected (Fig 8B), further validating the specificity of the
interaction given the extensive protein similarity between both PSMA8 and PSMA7 (92%). To
validate this interaction in vivo, we performed a detailed analysis of SYCP3 in mouse mutant
squashed spermatocytes, a procedure in which no solubilization or protein extraction is per-
formed. We observed SYCP3 aggregates/polycomplexes in the Psma8-deficient spermatocytes
during prophase I and metaphase I / IT (Fig 8C and 8D and S7 Table). SYCP3 accumulated in
metaphase I chromosomes as abnormal SYCP3 labeling at the centromeres between sister
kinetochores and as aggregates in the cytosol (Fig 3F and Fig 8D). Global accumulation of
SYCP3 was also observed by western blot of whole testis under high denaturing conditions
(Fig 8E) [53]. Interestingly, it has been previously shown that cultured spermatocytes chemi-
cally treated with the proteasome inhibitor MG132 form SYCP3 aggregates [17]. Overall, our
results suggest that SYCP3 is targeted for degradation by the PSMA8-containing proteasome
and that in the absence of PSMAS its accumulation could mediate, at least in part, the arrest
and apoptosis of spermatocytes.

Discussion

The testis-specific proteasome is one of the three tissue-specific proteasomes identified in
mammals (together with the immunoproteasome and the thymoproteasome); however, little
is known about its biochemical and physiological function. The groundbreaking work of
Xiao-Bo Qiu and colleagues showing the acetyl-histone preference of the PA200 subunit of
the proteasome [5] has provided novel insights into the proteasome-dependent degradation
of non-ubiquitylated proteins and led to the designation of spermatoproteasome to the
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immunoblotted with the indicated antibody. (B) Double immunolabeling of TRIP13 (green) and SYCP3 (red). TRIP13 labels the telomeres at
pachytene and the intensity of the labeling decreases through desynapsis at diplotene and diakinesis. This labeling is enhanced during prophase I in the
Psma8 mutants but its main pattern is not altered. At metaphase I, a faint labeling of sister kinetochores is observed in the Psna8”" spermatocytes that
is absent in the wild type. Plot over the panel represents the quantification of the fluorescence intensity from Psma8*’* and Psma8”" spermatocytes at
pachytene and late diplotene. (C) MAD?2 (green) labels with enhanced intensity the centromeres of the chromosomes from Psma8” metaphase I cells
in comparison with the WT controls. Plot right to the panel represents the quantification of the fluorescence intensity from Psma8"”* and Psma8”"
spermatocytes at metaphase I spermatocytes. Bar in panels, 10 um. Welch s {-test analysis: * p<0.01; ** p<0.001; *** p<0.0001.

https://doi.org/10.1371/journal.pgen.1008316.g007

PA200-containing proteasome. However, following the criteria employed for the designation
of the thymoproteasome, which were devised based on the restricted expression of its B5t sub-
unit in the thymus [9] (GTEx portal), we suggest that the term spermatoproteasome be
restricted exclusively to the PSMA8-containing proteasome instead of the widely expressed
PA200 subunit [5].

We have shown that genetic depletion of Psma8 causes the delocalization and the drastic
decrease (loss of detection) of the proteasome activator PA200 in spermatocytes. Accordingly,
Psma8-deficient spermatocytes accumulate acetylated histones. PSM A8 deficiency is compara-
tively more severe than that of the PA200 single mutant (subfertile) and of the PA200 and
PA28y double mutant, which do not show an arrest in spermatogenesis despite being infertile
in vivo but not in vitro (spermatozoa are not motile but can fertilize in vitro [54]). From a
genetic analysis perspective, this result would suggest that PSM A8 has additional functions
that are independent of the activators PA200 and PA28y. Our proteomic analysis, together
with other data [10], supports this notion and indicates that PSMA8-containing proteasomes
can be associated with other regulators such as the 19S subunit, expanding its targets.

Beyond its role in initiation of histone replacement [34], H4K16ac is involved in the three
waves of H2AX phosphorylation during prophase I [55]. We have shown that Psma8 defi-
ciency causes the accumulation of H4ac and H4K16ac during prophase I. However, we did not
observe defects in this process in the form of a different staining pattern for y-H2AX (lepto-
nema and zygonema), including the expansion of y-H2AX staining to the chromatin of the sex
body (in pachynema). However, the observed premature accumulation of H4K16ac at early
round spermatid might cause a defect in histone removal later on in spermiogenesis if the
Psma8”" mutants spermatids would not have entered apoptosis before this event.

We have shown that spermatoproteasome deficiency causes severe defects in protein turn-
over of key meiotic players that affect metaphase I/II exit, but not the complex process of mei-
otic recombination that occurs during prophase I (CO). By using a candidate approach of
PIPs, we have identified CDK1 and TRIP13 as likely crucial proteins that have an abnormal
expression pattern during meiotic metaphase in mutant mice. Given the key roles of these pro-
teins in all aspects of mitotic/meiotic division (including SAC activation), the accumulation of
aberrant metaphase I/II spermatocytes in Psma8-deficient mice is to be expected.

The role of CDK1 in the metaphase-anaphase transition is complex and is multifaceted.
CDKI1 inhibits and activates APC/C by promoting the SAC and also by a SAC-independent
mechanism [56]. The balance between these opposing functions determines cyclin Bl destruc-
tion and separase activation, giving rise to cohesin cleavage and anaphase onset [57]. Based on
the normal expression levels of PTTG1 in Psma8”” metaphase I cells, it can be argued that
there is no precocious APC activation in Psrma8-deficient cells (S17 Fig). Given that CDK1
activation of the SAC is dominant over the activation of APC“%?° [58] in oocytes, we suggest
that the former effect is acting on Psma8-deficient spermatocytes. The question how CDK1
promotes the SAC is still unresolved in oocytes and even less is known about this in
spermatocytes
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Fig 8. PSMAS interacts with proteins of the SC. (A) PSMAS8 co-immunoprecipitates with SIX60S1 and SYCE3. HEK293T cells were transfected
with plasmids encoding Flag-PSMA8 and GFP-SIX60S1 or GFP-SYCE3. Protein complexes were immunoprecipitated overnight with either an anti-
Flag or anti-EGFP or IgGs (negative control), and were analyzed by immunoblotting with the indicated antibody. (B) Double immunofluorescence of
transfected HEK293T cells with plasmids encoding Flag-PSMAS8 and Flag-PSMA?7 alone or together with plasmid encoding SYCP3-HA and
immuno-detected with antibodies against Flag (green) or HA (red). Transfected PSMAS alone is delocalized and occupies the whole cell whereas
when co-transfected with SYCP3-HA is recruited to form polycomplexes. PSMA7 do not form polycomplexes when co-transfected with SYCP3-HA.
(C-D) SYCP3 is accumulated in vivo in Psma8” spermatocytes. (C) Double immunolabeling of squashed tubules with SYCP3 (red) and SYCP1
(green) in wild-type and Psma8” spermatocytes at prophase I showing large SYCP3 aggregates surrounding the nuclei (arrows). (D) Double
immunolabeling of squashed tubules with SYCP3 (green) and ACA (red) in wild-type and Psma8”" spermatocytes at metaphase I and IL. Psma8”
metaphases I show labeling of SYCP3 in aggregates (arrows, absent in the WT) in addition to its typical labeling at the centromeres. Metaphases II
from Psma8” show labeling for SYCP3 at the centromeres between the sister kinetochores and as aggregates in the cytosol (arrows) whereas wild
type metaphases II show barely visible SYCP3 labeling. (E) SYCP3 was measured by western blot analysis of protein extracts from whole testis of
Psma8*’* (WT) and Psma8”" (KO) (n = 2 mice). Bar in panels, 10 um. Welch s ¢-test analysis: * p<0.05; ** p<0.001; *** p<0.0001.

https://doi.org/10.1371/journal.pgen.1008316.9008

Another group of proteins found to be deregulated in spermatoproteasome-deficient mice
are the SC structural proteins SYCP1 and SYCP3. The precise effect of the accumulated
SYCP1 in the cytoplasm of Psma8” spermatocytes cannot be experimentally analyzed. How-
ever, the coiled-coil structure and self-assemblance abilities of SYCP1 strongly suggest a func-
tionally detrimental consequence. Similarly, the presence of SYCP3 aggregates during
pachynema and metaphase [ mutant spermatocytes and its persistence at metaphase II
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centromeres, where SYCP3 is barely visible in W' cells, also suggest a detrimental effect on
these cells causing their entrance into apoptosis.

We have also shown that PSMAS8 is delocalized in the severe synapsis Six60s] mutant,
which is consistent with the observed co-immunoprecipitation of PSMA8 with SYCP1,
SIX60S1 and SYCES3. All the synapsis-less mutants of CE proteins failed to load properly or
lacked SYCP1 and the remaining CE proteins [24, 59-61]. Thus, we would predict delocaliza-
tion of the spermatoproteasome from the SC in the remaining mouse mutants of the CE pro-
teins. Overall, our results support the idea of a physical anchorage or recruitment of the
spermatoproteasome to the SC especially through SYCP3, possibly facilitated or mediated by
SYCP1, SIX60S1 and SYCE3 as their most relevant structural partners. Supporting this
notion, the Zip1 transverse filament protein of the yeast SC participates in the recruitment of
the proteasome to the SC [22], suggesting an evolutionary conservation of the mechanism.

Yeast mutated for a nonessential subunit of the proteasome (pre9) showed abnormal mei-
otic recombination, pairing and synapsis [22]. Similar but milder defects were also observed in
spermatocytes cultured with a proteasome inhibitor [17]. It has been proposed that the UPS
regulates the proteostatic turnover of the ZMM which is required for efficient synapsis and
CO [17], through the RNF212 (E3 sumo ligase)-Heil0 (E3 ubiquitin ligase) pathway [31].
Given this, the lack of a meiotic recombination phenotype (DSBs are generated and repaired
and COs are generated normally) in our Psma8-deficient mouse is surprising. It can be argued
that PSMA7-containing proteasomes are still present and at the early stages of meiosis are
compensating for the loss of function of Psma8. Another possible but not mutually exclusive
explanation is that the main targets of the PSMA8-containing proteasome are proteins from
mid-prophase I onwards.

The spermatoproteasome through its complex interactome would serve as a hub for the
fine tuning of several fundamental key molecules of the spermatogenic process such as those
analyzed during the present work (SYCP1, SYCP3, TRIP13, CDKI and acetyl-histones). Our
data suggest that deregulation of proteostasis of key meiotic proteins promoting cell division
leads to the presence of multipolar spindles and aberrant meiotic exit. Thus, we favor an expla-
nation in which the joint contribution of several pathways is responsible for the observed
infertility.

In relation to human disease, protein degradation was one of the top cellular functions
found in an unbiased differential proteomic profiling of spermatozoa proteins from infertile
men with a varicocele [62]. More specifically, PSMAS8 is among the top 7 in this list of proteins
that are differentially expressed, suggesting a causal role in the severity of the disease. From an
organismal perspective, Psma8 transcription is mainly restricted to the human testis and to
some tumors like Burkit lymphoma and melanoma (TCGC database). Altogether, and consid-
ering the PSMAS8 dependency of the mouse male germline, we suggest that the spermatopro-
teasome may be an effective target for male contraception and for the treatment of some
human malignancies.

Material and methods
In vivo electroporation of testes

Testes were freed from the abdominal cavity and 10 ul of DNA solution (50 ug) mixed with 1yl
of 10xFastGreen (Sigma Aldrich F7258) was injected into the rete testis with a DNA embryo
microinjection tip. After a period of 1 h following the injection, testes were held between elec-
trodes and four electric pulses were applied (35 V for 50 ms each pulse) using a CUY21 BEX
electroporator.
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Production of CRISPR/Cas9-Edited mice

Psma8-sgRNAs G71 5- GGGCATACT CCACTTGGAAA -3’ G84 5-ACCGCGGTAAGCTG
CTCCCC-3’ targeting exon 1 and intron 1 were predicted at crispr.mit.edu. Psma8-sgRNAs
were produced by cloning annealed complementary oligos at the BbsI site of pX330 (#42230,
Addgene), generating PCR products containing a T7 promoter sequence that were purified
(NZYtech), and then in vitro transcribed with the MEGAshortscrip T7 Transcription Kit (Life
Technologies). The plasmid pST1374-NLS-flag-linker-Cas9 (#44758; Addgene) was used for
generating Cas9 mRNA. After linearization with Agel, it was transcribed and capped with the
mMESSAGE mMACHINE T7 Transcription Kit (AM1345; Life Technologies). RNAs were
purified using the RNeasy Mini Kit (Qiagen). RNAs (100 ng/ul Cas9 and 50ng/ul each guide
RNA) were microinjected into B6/CBA F2 zygotes (hybrids between strains C57BL/6] and
CBA/]) [63] at the Transgenic Facility of the University of Salamanca. Edited founders were
identified by PCR amplification (Taq polymerase, NZYtech) with primers flanking exons 1
and intron 1 (Primer F 5-CTTCTCGGTATGACAGGGCAATC-3’ and R 5’- ACTCTACCTC
CACTGCCAAC CTG-3’) and either direct sequenced or subcloned into pBlueScript (Strata-
gene) followed by Sanger sequencing. The predicted best null mutation was selected by PCR
sequencing of the targeted region of Psma8 (S3B Fig). The selected mutant allele was 166 bp
long versus 222bp of the wild-type. The founder was crossed with wild-type C57BL/6] to elimi-
nate possible unwanted off-targets. Psima8"” heterozygous mice were re-sequenced and
crossed to give rise to Psma8” homozygous. Genotyping was performed by analysis of the
PCR products of genomic DNA with primers F and R. Mouse mutants for Rec8 and Six60s1
have been previously developed [24, 25].

Histology

For histological analysis of adult testes, mice were perfused and their testes were processed
into serial paraffin sections and stained with hematoxylin-eosin or were fixed in Bouin s fixa-
tive and stained with Periodic acid-Schiff (PAS) and hematoxylin.

Microscopy

Slides were visualized at room temperature using a microscope (Axioplan 2; Carl Zeiss, Inc.)
with 63 x objectives with an aperture of 1.4 (Carl Zeiss, Inc.). Images were taken with a digital
camera (ORCA-ER; Hamamatsu) and processed with OPENLAB 4.0.3 and Photoshop
(Adobe). Quantification of fluorescence signals was performed using Image J software.
Squashed preparations were visualized with a Delta vision microscopy station. Stimulated
emission depletion (STED) microscopy (SP8, Leica) was used to generate the super-resolution
images. Secondary antibodies for STED imaging were conjugated to Alexa 555 and 488 (Invi-
trogen). Slides were mounted in Prolong Antifade Gold without DAPI.

Immunocytology

Testes were detunicated and processed for spreading using a conventional "dry-down" tech-
nique or squashing [64]. Antibody against the C-term of PSMAS8 was a gift from Dr. Murata
(Univ of Tokyo, Japan) and has been previously described [10]. Rabbit polyclonal antibodies
against PSM A8 were developed by Proteintech (R1 and R2) against a fusion protein of poly-
His with full length PSMAS8 (pET vector) of mouse origin (see S1 Fig for validation) and was
used to validate the immunofluorescence and western results. The primary antibodies used for
immunofluorescence were rabbit aSYCP1 IgG ab15090 (1:200) (Abcam), rabbit anti-yH2AX
(ser139) IgG #07-164 (1:200) (Millipore), ACA or purified human a-centromere proteins IgG
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15-235 (1:5, Antibodies Incorporated), mouse oMLH1 51-1327GR (1:5, BD Biosciences),
mouse aSYCP3 IgG sc-74569 (1:100), rabbit dRAD51 PC130 (1:50, Calbiochem), Mouse
aCDKI1 sc-54 (1:20 IF; 1:1000 wb, Santa Cruz), rabbit aCDK1 Tyr15p #4539 (1:10, Cell Signal-
ing), rabbit aCDK2 sc-6248 (1:20, Santa Cruz), rabbit aPTTG1 serum K783 (1:20 IF, 1:1000
whb), rabbit o TRIP13 19602-1-AP (1:20, Proteintech), rabbit o H2AL2 (1:100, from Dr. Saadi
Khochbin), rabbit aPA200 (1:20, Bethyl A303-880A), rabbit a-Caspase3 #9661 (1:30, Cell Sig-
naling), rabbit aH2AK5ac ab45152 (1:20, Abcam), Rabbit aH4K16ac #07-329 (1:50 Milli-
pore), Rabbit aH3ac (K9 and K14) #06-599 (1:20, Millipore), Rabbit a:H4ac (K5, K8, K12 and
K16) #06-598 (1:20, Millipore), Mouse a.Ubiquitin 11023 (1:20 IF, 1:1000 wb, QED Biosci-
ence), Rabbit tHORMADI1 and a HORMAD?2 and chicken anti SYCP1 (1:50, from Dr. Attila
Toth; [65]), Rabbit anti p-ser10-H3 06-570 (1:100, Millipore), Mouse anti o-tubulin T9026
(1:100, Sigma), Rabbit aCyclin B1 ab72 (1:20, Abcam), Rabbit aMAD2 (1:30 provided by Dr.
Stemmann), Peanut agglutinin lectin L7381 (15ug/ml, Sigma), SMC6 ab18039 (1:50, Abcam),
Human oVASA 560189 (1:100, BD), Rabbit aINCENP 1186 (1:50, provided by Dr. Earnshaw).
TUNEL staining of chromosome spreads was performed with the in situ cell death detection
kit (Roche).

FACs analysis

Psma8"" and Psma8 ™" testicular cells preparation and measurement of their DNA content
were performed by a standard procedure [66]. Briefly, the testes were detunicated and the sem-
iniferous tubules were kept in 5 ml of ice-cold separation medium (DMEM supplemented
with 10% FCS, 0.1 mM NEAA, 1.5 mM sodium pyruvate, 4 mM L-glutamine and 75 pg/ml
ampicillin). They were treated with 0.1 mg/ml collagenase at 37°C for 10 min under mild shak-
ing. The sedimented seminiferous tubules were washed twice with separation medium and
treated for 2 min at 37°C with 2.5 pg/ml trypsin and 1 U/ml DNAse [ in separation medium
and transferred to ice. Afterwards, single cells were extracted from the seminiferous cords with
a Pasteur pipette and filtered through a 40 pm nylon mesh. The cell suspension (2 x 10° cells/
ml) was diluted 1:1 with a solution containing 0.05 mg/ml propidium iodide and 0.1 mg/ml
RNAse for 15 min. Finally, the cells were analyzed through flow cytometry in a cytometer
FACSCalibur and the BD Cell-Quest software. The cell cycle distribution was analyzed with
the Kaluza Analysis software (Beckman Coulter).

Proteasome assay

The 26S proteasome assay was carried out in a total volume of 250 pl in 96 well plates with 2
mM ATP in 26S buffer using 100 pg of protein supernatants from whole extracts of mouse tes-
tis. Fluorescently labeled substrates employed were: succinyl-Leu-Leu-Val-Tyr-7-amino-
4-methylcoumarin (Suc-LLVY-AMC), Z-Ala-Arg-Arg-AMC (Z-ARR-AMC, Bachem), and
Z-Leu-Leu-Glu-AMC (Z-LLE-AMC) for the detection of the chymotrypsin- (B5 catalytic sub-
unit), trypsin- (B2 catalytic subunit) and caspase- (B1 catalytic) like activity measurements
respectively. The final substrate concentration in each assay was 100 pM.

Cell lines

The HEK293T, GCl-spg, Leydig TM3, and Sertoli TM4 cell lines were directly purchased at
the ATCC and cultured in standard cell media. HEK293T cell line was transfected with Lipo-
fectamine (Invitrogen) or Jetpei (PolyPlus). Cell lines were tested for mycoplasma contamina-
tion (Mycoplasma PCR ELISA, Sigma).
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Generation of plasmids

Full-length cDNAs encoding PSMAS8, PSMA7, CDK1, SYCP1 and SIX60S1, SYCP3, SYCE2,
TEX12, TEX30, PIWIL1 and PIWIL2 were RT-PCR amplified from murine testis RNA. Full-
length cDNAs were cloned into the EcoRV pcDNA3-2XFlag or Smal pEGFP-C1 expression
vectors under the CMV promoter. In frame cloning was verified by Sanger sequencing.

Immunoprecipitation and western blotting

200 ug of antibody R1 and R2 were bound to 100 pl of sepharose beads slurry (GE Healthcare).
Testis extracts were prepared in 50mM Tris HCI (pH8), 500mM NaCl, ImM EDTA 1% tri-
tonX-100. 20 mg of proteins extracts were incubated o/n with the Sepharose beads. Protein-
bound beads were packed into columns and washed in extracting buffer for three times. Pro-
tein were eluted in 100 mM glycine pH3. The whole immunoprecipitation of PSMAS8 was per-
formed in a buffer lacking ATP and glycerol to increase the stringency of the interactors and
regulators/activators subunits. HEK293T cells were transiently transfected and whole cell
extracts were prepared and cleared with protein G Sepharose beads (GE Healthcare) for 1 h.
The antibody was added for 2 h and immunocomplexes were isolated by adsorption to protein
G-Sepharose beads o/n. After washing, the proteins were eluted from the beads with 2xSDS
gel-loading buffer 100mM Tris-Hcl (pH 7), 4% SDS, 0.2% bromophenol blue, 200mM B-mer-
captoethanol and 20% glycerol, and loaded onto reducing polyacrylamide SDS gels. The pro-
teins were detected by western blotting with the indicated antibodies. Inmunoprecipitations
were performed using mouse oFlag IgG (5ug; F1804, Sigma-Aldrich), mouse oGFP IgG (4 pg;
CSB-MA000051M0m, Cusabio), rabbit aMyc Tag IgG (4pg; #06-549, Millipore), mouse
oHA.11 IgG MMS- (5uL, aprox. 10ug/1mg prot; 101R, Covance), ChromPure mouse IgG
(5ug/1mg prot; 015-000-003), ChomPure rabbit IgG (5pg/1mg prot.; 011-000-003, Jackson
ImmunoResearch), ChomPure goat IgG (5pg/1mg prot.; 005-000-003, Jackson ImmunoRe-
search). Primary antibodies used for western blotting were rabbit oFlag IgG (1:2000; F7425
Sigma-Aldrich), goat aGFP IgG (sc-5385, Santa Cruz) (1:3000), rabbit oHA IgG (H6908,
Sigma-Aldrich) (1:1.000), mouse aMyc obtained from hybridoma cell myc-1-9E10.2 ATCC
(1:5). Secondary horseradish peroxidase-conjugated o-mouse (715-035-150, Jackson Immu-
noResearch), a-rabbit (711-035-152, Jackson ImmunoResearch), or a-goat (705-035-147,
Jackson ImmunoResearch) antibodies were used at 1:5000 dilution. Antibodies were detected
by using Immobilon Western Chemiluminescent HRP Substrate from Millipore. Protein
extracts for the analysis of SYCP3, CDK1 and CyclinB1 were extracted in Tris-HCI 250mM,
SDS10%, Glycerol 50% (denaturing buffer).

MS/MS data analysis

Raw MS data were analized using MaxQuant (v. 1.5.7.4) and Perseus (v. 1.5.6.0) programmes
71. Searches were generated versus the Mus musculus proteome (UP000000589, May 2017
release) and Maxquant contaminants. All FDRs were of 1%. Variable modifications taken into
account were oxidation of M, acetylation of the N-term and ubiquitylation remnants di-Gly
and LRGG, while fixed modifications included considered only carbamidomethylation of C.
The maximum number of modifications allowed per peptide was 5. For the case of the protein
group of CDKI1 to 3, experimental results showed that the protein detected was CDK1. For the
PSMAS antibodies R1 and R2, ratios of their respective iBAQ intensity versus the correspon-
dent iBAQ intensity in the control sample were calculated. Proteins with ratio higher or equal
to 5 and two or more unique peptides for at least one RP antibody were selected for ulterior
analysis. Additionally, in order to avoid filtering rare proteins, those with at least one unique
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peptide and one peptide for both Rabbit antibodies (R1 and R2) and none for anti-IgG were
also selected for further analysis.

Functional and pathway analysis

GO and KEGG over-representation tests were performed using the R package clusterProfiler

[67] using standard parameters except for a FDR cutoff of 0.01. KEGG pathways where some
key genes (TRIP13, CDK1, SYCP1, DDX4, SYCP3, SYCE3, SIX60S1) operate and the role of
the co-immunoprecipitated proteins were studied using the R package pathview [68].

Statistics

In order to compare counts between genotypes at different stages, we used the Welch's t-test
(unequal variances t-test), which was appropriate as the count data were not highly skewed
(i.e., were reasonably approximated by a normal distribution) and in most cases showed
unequal variance. We applied a two-sided test in all the cases. Asterisks denote statistical sig-
nificance: *p-value <0.01, **p-value <0.001 and ***p-value<0.0001.

Ethics statement

Mice were housed in a temperature-controlled facility (specific pathogen free, spf) using indi-
vidually ventilated cages, standard diet and a 12 h light/dark cycle, according to EU laws at the
“Servicio de Experimentacion Animal, SEA”. Mouse protocols were approved by the Ethics
Committee for Animal Experimentation of the University of Salamanca (USAL). We made
every effort to minimize suffering and to improve animal welfare. Blinded experiments were
not possible since the phenotype was obvious between wild type and Psma8-deficient mouse
for all of the experimental procedures used. No randomization methods were applied since the
animals were not divided in groups/treatments. The minimum size used for each analysis was
two animals/genotype.

Supporting information

S§1 Fig. Validation of the antibodies raised against PSMAS. (A) HEK293T cells were trans-
fected with a plasmid encoding PSMA8-GFP, PSMA7-GFP or GFP and the whole extracts
were analyzed by western blot using rabbit o-PSMA8 C-terminal (left panel, 4S), rabbit o-
PSMAB (central panel, R2) and o-GFP (right panel, GFP). Inmunodetection of B-actin was
used as loading control. The rabbit o-04S antibody detected exclusively the 60 kDa band rep-
resenting PSMA8-GFP. The rabbit o-PSMAS8 R2 antibody detected both bands representing
PSMAS8-GFP and PSMA7-GFP. The bands of 60 kDa (PSMA7 and PSMAS) and 30 kDa
(GFP) were all detected with the goat a-GFP validating the experiments. (B) Immunofluores-
cence of HEK293T cells transfected with plasmids encoding PSMA8-GFP, PSMA7-GFP or
GFP. Both PSMA8 and PSMA7 were detected with rabbit a-PSMA8-R2 (red) and GFP by
direct fluorescence signal (green). Green and red signals co-localize in the cytoplasm of the
transfected HEK293T cells. The experiments were reproduced three times. Bar represents

10 pm.

(TIF)

S2 Fig. Localization of PSMAS8 in mouse spermatocytes. (A) Double immunolabeling of
endogenous PSMAS8 (R2 antibody, green) and SYCP3 (red) in mouse spermatocytes. From the
leptotene to zygotene stage, PSMAS is detected at the synapsed autosomal LEs. At pachytene,
PSMAS is located at the totally synapsed axes and at the PAR of the sex XY bivalent. In diplo-
tene, PSM A8 localizes at the still synapsed AEs and disappears at diakinesis. (B) Double
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immunolabeling of spermatocytes spread preparations with PSMAS8 (green) and SYCP1 (red),
showing that PSM A8 localizes to the synapsed LEs but do not perfectly co-localize with SYCP1
(upper panel). Magnification of the XY bivalent (lower panel) showing the PAR (arrow). Bars
represent 10 um (A and B, upper panel) and 1.5 um (B, lower panel).

(TIF)

$3 Fig. Generation and genetic characterization of Psma8-deficient mice. (A) Diagram-
matic representation of the mouse Psma8 locus (WT) and the genome editing strategy show-
ing the sgRNAs located on exon 1 and intron 1 (see methods), the corresponding coding
exons (light grey) and non-coding exons (open boxes). Thin (non-coding) and thick (coding
sequences) lines under exons represent the expected transcript derived from wild-type (black)
and Psma8 edited allele (blue). ATG, initiation codon; TGA and *, stop codon. The nucleotide
sequence of the 56 base pair deletion derived from PCR amplification of DNA from the
Psma8 cted/edited i i h dicated (A). Primers (F and R) are represented by arrows. (B) PCR analy-
sis of genomic DNA from three littermate progeny of Psma8"’ heterozygote crosses. The PCR
amplification with primers F and R revealed 222 and 166 bp fragments for wild-type and dis-
rupted alleles respectively. Wild-type (WT, +/+), heterozygous (Het, +/-), and homozygous
knock-out (KO, -/-) animals. (C) Western blot analysis of protein extracts from wild type testis
(P22 and adult), KO testis (P16, P22 and adult) with a specific antibody against the C-terminal
(04S) and whole recombinant PSMAS8 protein (PSMA8-R2). B-actin was used as loading con-
trol. The corresponding bands to PSMA8 and PSMA7 are indicated in the right of the panel.
Note that at the P22 and in adult stages the intensity of both bands abolishes its independent
observation. (D) Double immunofluorescence of spermatocytes at pachytene stage obtained
from Psma8"* and Psma8” mice using SYCP3 (red) and PSMA8 (R2 antibody, green). Green
labeling in Psma8” spermatocytes (49% of the wild type) represents cross-reactivity of the
antiserum with PSMA?7. Plot under the image panel represents the quantification of intensity
from Psma8""* and Psma8” spermatocytes. Welch s t-test analysis: * p<0.01. Bar in panel,

10 pm.

(TIF)

S4 Fig. Validation of the identity of round spermatids with molecular markers. (A) PNA
staining (green) of acrosome in spread preparations from wild type and Psma8”" cells. Double
labeling of squash tubules of VASA (chromatoid body), INCENP [1], SMC6 [2] (green) with
SYCP3 (red) from wild type and Psma8” mice. The combined labeling of INCENP (labels
both interkinesis and round spermatids, [1]) and SYCP3 (mainly labels interkinesis with a typ-
ical barr patterning at the chromocenters, see below S4B Fig) is compatible with round sper-
matids. The combined double immunolabeling of SMC6 (labels both interkinesis and round
spermatids, [2]) and SYCP3 (mainly labels interkinesis with a typical barr patterns at the chro-
mocenters, see below S4B Fig) is also compatible being round spermatids. (B) Double labeling
of SYCP3 (green) and ACA (red) showing the different pattern of secondary spermatocytes at
interkinesis and round spermatids. Bars in panels represent 10 um (A, PNA panel) and 5 um
(rest of panels).

(TIF)

S5 Fig. Early arrest of Psma8” spermatids and gating strategy of the FACs analysis. (A)
Immunolabeling of H2AL2 (green) show positive staining in elongating spermatids from wild
type mice but lack of staining in Psma8” mice. Chromatin was stained with DAPL Bar repre-
sents 10 um. (B) Gating strategy employed in the FACs analysis of Fig 3D. Grey dots represent
cells that were excluded from the analysis whilst dots included in the polygon represent cells
that were employed for the analysis. Red dots enclose 1C cells, blue dots represent 2C cells and
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green dots enclose 4C cells.
(TIF)

S6 Fig. Normal synapsis and desynapsis in spermatocytes lacking PSMAS8. Double immu-
nolabeling of SYCP3 (red) and SYCP1 (green) showing normal synapsis and desynapsis from
early zygotene to diakinesis in Psma8”" in comparison with Psma8"*. Bar represents 10 pm.
(TIF)

S7 Fig. DSBs are generated and repaired as COs in spermatocytes lacking PSMAS. (A)
Double immunolabeling of y-H2AX (green) with SYCP3 (red) in wild-type and Psma8”" sper-
matocytes from leptotene to diplotene (upper panel). In WT and KO leptonemas, y-H2AX
labels intensely the chromatin. After repair, y-H2AX labeling remains only in the chromatin of
the sex body of the pachynemas. Plot right to the panel represent the quantification of the fluo-

8"* and Psma8” spermatocytes at leptotene and pachytene. Late

rescence intensity from Psma
round spermatids (LR) but not early round spermatids (ER) from wild type mice show positive
staining for y-H2AX but these highly differentiated cells are lacking in the Psma8” tubules
which are arrested at early round spermatids without y-H2AX staining (bottom panel). (B)
Double immunolabeling of SYCP3 (red) and RAD51 (green). RAD51 foci associates to the
AEs in leptonema spermatocytes of both genotypes (similar number of foci) and dissociate
towards pachytene with a similar kinetics. Plot right to the image panel represents the quantifi-
cation of the number of foci from Psma8""* and Psma8” spermatocytes. (C) Double immuno-
labeling of SYCP3 (red) with MLH1 (green). MLH1 foci are present along each autosomal SC
in wild-type and Psma8” pachynema meiocytes in a similar way. Plot right to the panel repre-
sents the quantification of the values of the MLHI1 foci from Psma8"* and Psma8”" spermato-
cytes. Bars represent 10 pum. Welch s f-test analysis: * p<0.01; ** p<0.001; *** p<0.0001.
Quantification data is indicated in S3 Table.

(TIF)

S8 Fig. PA200 localization in prophase I from Psma8'/* and Psma8”" spermatocytes. Dou-
ble immunolabeling of PA200 (green) and SYCP3 (red) in chromosome spreads from zygo-
tene to diakinesis. PA200 is detected at the chromosome axes in wild type spermatocytes in
contrast to the absence of labeling in Psma8” spermatocytes. Bar in panels, 10 pm.

(TIF)

S9 Fig. PSMAS deficiency provokes an slight increase of H2AK5ac at prophase I. Double
immunolabeling of H2AK5ac (green) with SYCP3 (red) in wild-type (left panel) and Psma8”"
spermatocytes (right panel). In WT and KO spermatocytes chromatin start to be labelled at
early pachytene around chromosomes axes. Plots from each panel representing the quantifica-
tion of fluorescence intensity from Psma8"* and Psma8” spermatocytes are depicted in Fig
4A. Bar represents 10 pm.

(TIF)

S10 Fig. PSMAS8 deficiency provokes an slight increase of H3ac at prophase I. Double
immunolabeling of H3ac (green) with SYCP3 (red) in wild-type (left panel) and Psma8”" sper-
matocytes (right panel). Spermatocytes from Psma8** and Psma8” show labeling for H3ac at
early pachytene in a very diffuse manner surrounding chromosomes axes. Plots from each
panel representing the quantification of fluorescence intensity from Psma8"/* and Psma8”
spermatocytes are in Fig 4B. Bar represents 10 pm.

(TIF)

S11 Fig. PSMAS deficiency provokes an slight increase of H4ac at prophase I and in round
spermatids. Double immunolabeling of H4ac (green) with SYCP3 (red) in wild-type and
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Psma8” spermatocytes. Spermatocytes from Psma8"’* and Psma8”" show labeling for H4ac in

a very diffuse manner surrounding chromosomes from pachytene to metaphase I (right
panel). In wild type metaphase I, H4ac labeling appears weakly painting the chromosomes and
on some of the centromeres. However, Psma8-deficient cells show a more intense labeling spe-
cially at the centromeres (lower panel). Round spermatid from Psma8” accumulates H4ac
labeling at the chromatin in comparison with the WT. Plots from each panel representing the
quantification of fluorescence intensity from Psma8** and Psma8” spermatocytes are in Fig
4C. Bars represent 10 um.

(TIF)

S12 Fig. PSMAS deficiency provokes an increase of H4K16ac at prophase I and in meta-
phase I/ round spermatids. Double immunolabeling of H4K16ac (green) with SYCP3 (red)
in wild-type and Psma8”" spermatocytes. Spermatocytes from Psma8"/* and Psma8”" show
labeling for H4K16ac in a very diffuse manner surrounding chromosomes from pachytene to
metaphase I (right panel). In wild type metaphase I, H4K16ac labeling appears weakly painting
the chromosomes. However, Psma8-deficient cells show enhance labeling in the chromosomes
of metaphase I cells (lower panel). Round spermatid from Psma8”" accumulates H4K 16ac
labeling at the chromatin in comparison with the WT. Plots from each panel representing the
quantification of fluorescence intensity from Psma8'"* and Psma8” spermatocytes are in Fig
4D. Bars represent 10 um.

(TIF)

S13 Fig. PSMAS deficiency alters Ubiquitylation of mouse spermatocytes. (A) Double
immunolabeling of Ubiquitin (green) and SYCP3 (red) in mouse chromosome spreads at
pachytene stage from Psma8*/* and Psma8” mice. (B) Double immunolabeling of Ubiquitin
(green) and SYCP3 (red) in mouse squashed tubules from Psma8** and Psma8” mice. Chro-
matin was stained with DAPL. Bars represent 10 um (A) and 5 pm (B).

(TIF)

$14 Fig. Lack of co-immunoprecipitation of PSMAS8 with candidate interactors. (A-B)
HEK293T cells were co-transfected with GFP-TEX30, GFP-PIWIL1, GFP-PIWIL2,
GFP-SYCE1, GFP-SYCE2, and GFP-TEX12, and with Flag-PSMA8. PSMA8 does not co-
immunoprecipitates (co-IP) with any of them. (C) Positive control was generated by transfect-
ing HEK293T cells with Flag-SYCE2 and GFP-TEX12. Protein complexes were immunopre-
cipitated overnight with either an anti-Flag or anti-EGFP or IgGs (negative control) and were
analyzed by immunoblotting with the indicated antibody.

(TIF)

§15 Fig. CDK1 / Cyclin B1, but not CDK2, are accumulated in Psma8 mutant spermato-
cytes. (A) Double immunolabeling of endogenous CDK2 (green) and SYCP3 (red) in WT and
KO mouse chromosome spreads at pachytene and metaphase I showing similar labeling at the
telomeres and centromeres, respectively. (B) Double immunolabeling of CDK1 (green) and
SYCP3 (red) in mouse squashed metaphases I from Psma8"* and Psma8” mice showing
CDKI1 accumulation. Plot right to the panel represents the quantification of total CDK1 fluo-
rescence intensity from Psma8"" and Psma8” metaphase I cells. (C) Double immunolabeling
of Cyclin B1 (green) and SYCP3 (red) in mouse squashed tubules from Psma8""" and Psma8”
mice showing CyclinB1 accumulation. Plot right to the panel represents the quantification of
total CyclinB1 fluorescence intensity in metaphase I cells. Bars represent 10 um (A), and 5 pm
(B,C). Welch s t-test analysis: * p<0.01; ** p<0.001; *** p<0.0001.

(TTF)
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$16 Fig. HORMADs are not affected by the increased expression of TRIP13 in the Psma8”
spermatocytes. (A-B) Double immunolabeling of HORMADI1 (A) and HORMAD2 (B)
(green) with SYCP3 (red) in Psma8"* and Psma8”" spermatocytes at zygotene and pachytene
stages. As synapsis progresses HORMADI1 and HORMAD? are released from the AEs and
maintained at the AE of the sex body similarly in the wild type and in the mutant spermato-
cytes. Bars represent 10 um.

(TIF)

§17 Fig. PTTGI1 expression is not altered in the absence of PSMAS8. Double immunofluores-
cence of PTTGI (green) and SYCP3 (red) in metaphase I cells showing similar expression lev-
els of PTTGI. Plot under the panel represents the quantification of the fluorescence intensity
from Psma8'"* and Psma8”" metaphase I cells. Bar in panels, 10 um. Welch s (-test analysis: *
p<0.01; ** p<0.001; *** p<0.0001.

(TIF)

S1 Table. Fertility assessment of Psma8"/", Psma8"- and Psma8”" mice.
(PDF)

S2 Table. Quantification of metaphases I/II in Psma8-/- testis. (A) Quantification of the
proportion of tubules with metaphase I/IT in PAS stained tubule sections from the histology
example shown in Fig 2B. (B) Quantification of the number of metaphase I and II cells present
in p-Ser10-H3 stained tubules that show meiotic divisions (Fig 2C). (C) Quantification of the
percentage of metaphases-anaphases I and metaphases-anaphases I in squash preparations
(double immunolabeled with ACA and SYCP3) measured as the N* of Metaphase-Anaphase
I/11 divided by the N* of cells (prophase I + Metaphase-Anaphase I + Interkinesis +-
Metaphase-Anaphase II) (Fig 2D). Apoptotic Metaphase-Anaphase I and Metaphase-Ana-
phase I within each genotype are indicated.

(PDF)

§3 Table. Quantification of yH2AX levels, RAD51 foci, and MLH1 foci (S7 Fig).
(PDF)

§4 Table. Proteasome subunits and proteasome regulators co-immunoprecipitated with
PSMAS from Psma8"/"and Psma8”" testis protein extracts using anti-PSMAS8 R2 antibody.
(PDF)

S5 Table. Proteasome subunits and proteasome regulators co-immunoprecipitated with
PSMAS selected after analysis and filtering of the data.
(PDF)

S6 Table. Selection of some of the proteasome-related proteins co-immunoprecipitated
with PSMAS8 selected after analysis and filtering of the data.
(PDF)

§7 Table. Quantification of the percentage of spermatocytes showing SYCP3 aggregates
during prophase I stages in squash of seminiferous tubules of Psma8'’* and Psma8”" testis.
They have been classified in cells with small or large aggregates (n = 2 mice).

(PDF)

S1 Text. Exploratory representation of representative KEGG pathways. (A) Cell cycle
(mmu04110). (B) Progesterone-mediated oocyte maduration (mmu04914). (C) Oocyte meio-
sis (mmu04114). In red, proteins detected in the co-IP experiment over the established cut-off.
(HTM)
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S2 Text. Supporting information references.
(DOCX)
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Meiotic reductional division depends on the synaptonemal complex (SC), a supramolecular protein assembly that
mediates homologous chromosomes synapsis and promotes crossover formation. The mammalian SC has eight
structural components, including SYCE1, the only central element protein with known causative mutations in
human infertility. We combine mouse genetics, cellular, and biochemical studies to reveal that SYCE1 undergoes
multivalent interactions with SC component SIX60S1. The N terminus of SIX6051 binds and disrupts SYCE1's core
dimeric structure to form a 1:1 complex, while their downstream sequences provide a distinct second interface.
These interfaces are separately disrupted by SYCE1 mutations associated with nonobstructive azoospermia and
premature ovarianfailure (POF), respectively. Mice harboring SYCE1’s POF mutation and a targeted deletion with-
in SIX60S1’s N terminus are infertile with failure of chromosome synapsis. We conclude that both SYCE1-SIX6051
binding interfaces are essential for SC assembly, thus explaining how SYCE1’s reported clinical mutations give rise

to human infertility.

INTRODUCTION

Meiotic cell division is defined by a unique and highly dynamic
program of events that result in homologous chromosome synapsis,
crossover (CO) formation, and subsequent homolog segregation into
haploid germ cells (1-3). Homologous chromosome pairs are es-
tablished through interhomolog recombination searches from up to
400 induced double-strand breaks (DSBs) per cell (4). Once estab-
lished, local recombination-mediated alignments are converted
into the single continuous synapsis of aligned homologous chromo-
somes through the zipper-like assembly of the synaptonemal
complex (SC) (5). The SC’s supramolecular protein structure medi-
ates continuous 100-nm tethering between homologous chromosome
axes and provides the necessary three-dimensional framework for
crossover formation (2). Following SC disassembly, crossovers
provide the sole physical links between homologs at metaphase I, so
are essential for ensuring correct homolog segregation in addition
to providing genetic diversity (2).

The SC has an iconic and highly conserved tripartite structure
that has been observed across meijotically reproducing eukaryotes
(6). This consists of lateral elements (LEs) that coat the two homolo-
gous chromosome axes and a midline central element (CE), with a
series of transverse filaments that bind together these longitudinal
electron-dense structures (Fig. 1A) (7). The protein components of
the mammalian SC have been identified as transverse filaments
protein SYCP1 (Synaptonemal complex protein 1) (8), CE proteins
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SYCEL, SYCE2, and SYCE3 (Synaptonemal complex central element
proteins 1 to 3), SIX60S1, and TEX12 (Testis-expressed protein 12)
(9-12), and LE proteins SYCP2 and SYCP3 (13, 14). All transverse
filament and CE components are essential for SC assembly, and their
individual disruption leads to infertility owing to meiotic arrest with
failure of DSB repair (10, 11, 15-18). In contrast, disruption of LE
components produces a sexual dimorphism of male infertility and
female subfertility (19, 20), with SYCP3 deficiency in females pro-
moting germ cell aneuploidy and embryonic death (21).

In recent years, a variety of cellular imaging, biochemical and
structural biology approaches have begun to uncover the molecular
structures, interactions, and mechanisms responsible for mammalian
SC assembly. SYCP1 self-assembles into a supramolecular lattice
that provides the underlying 100-nm synapsis between chromo-
some axes (22, 23), while SYCP3 assembles into regularly repeating
filaments that support chromosomal looping (24, 25). The five CE
proteins provide essential structural supports for the SYCP1 lattice
that enable its continuous and cooperative extension along the
entire chromosome length. In this capacity, CE proteins have been
categorized as synaptic initiation factors (SYCE3, SYCEI, and SIX60S1)
and elongation factors (SYCE2 and TEX12), of which their disrup-
tion leads to complete loss of tripartite SC structure and failure of
extension of short SC-like stretches, respectively (10, 11, 16-18). Of
synaptic initiation factors, SYCE3 forms dimers that undergo po-
tentially limitless self-assembly (26, 27), SYCE1 forms antiparallel
dimeric assemblies (28), and SIX60S1 is an SYCEI -interacting pro-
tein of unknown structure (11). These likely act as short-range
structural supports between SYCP1 molecules, possibly in trans-
verse, longitudinal, and vertical orientations to stabilize a local
three-dimensional SYCP1 lattice (22).In contrast, SYCE2 and TEX12
exist as a seemingly constitutive complex that undergoes self-
assembly into fibers of many micrometers in length (29), which likely
provide the long-range structural supports that stabilize continuous
growth of the SYCP1 lattice along the entire chromosome axis (22).
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Fig. 1. SYCE1poF retains its core dimeric structure. (A) Schematic of the SC demonstrating its tripartite structure of two chromosome-bound LEs and a midline CE.
Synapsis is achieved through N-terminal head-to-head assembly of SYCP1 molecules, which are bound via their C termini to meiotic chromosomes. SYCP1 head-to-head
assembly is structurally supported within the CE by SYCE3 (red), an SYCE1-SIX60S1 complex (yellow), and SYCE2-TEX12 fibrous assemblies (green). (B) Human SYCE1 (top)
and SIX60S1 (bottom) sequence schematics indicating the location and consequence of infertility-associated mutations of SYCE1 and A10-21 internal deletion of
SIX60S1, alongside the principal constructs used in this study. (C) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the purified recombinant proteins used
in this study. The dominant degradation product of SYCE1pqf is indicated by an asterisk; its identity was confirmed by the observed cleavage of degraded MBP- and
His-SYCE1pof fusion proteins upon treatment with TEV protease (fig. S1, A and B), consistent with it representing C-terminal degradation down to SYCE1’s structural core.
M,,, weight-average molecular weight. (D) SEC-MALS analysis. SYCE1core (yellow), SYCE1por (green), and full-length SYCE1 (violet) are dimeric species of 36, 48 (39 kDa
for the degradation product), and 86 kDa, respectively (theoretical dimers: 37, 55, and 80 kDa). dRI, differential refractive index. Data for SYCE1core and full-length SYCE1

are reproduced from (28).

Owing to the essential roles of meiotic recombination, synapsis,
and chromosome dynamics in mammalian meiosis (15, 30-34),
their defects are associated with human infertility, recurrent mis-
carriage, and aneuploidies (35, 36). As genetic causes of infertility,
they typically fall within the category of idiopathic cases, having no
readily diagnosable and clinically resolvable cause. Within the 10 to
15% of couples who suffer from infertility, approximately 25% are
idiopathic and of likely genetic origin, comprising 50 to 80% of cases
of nonobstructive azoospermia (NOA) and premature ovarian failure
(POF) (36, 37). While individual infertility mutations are inherently
unlikely to become widespread in a population, they can be found
within families, especially when consanguineous (38), and provide
crucial insights into their common targets and the molecular mech-
anisms that they disrupt.

Within the SC, familial infertility mutations have been identified
for SYCP3 and SYCEI (36). All identified SYCP3 mutations are
autosomal dominant and alter or delete its structural core’s C ter-
minus that mediates filamentous assembly, so likely sequester wild-
type (WT) molecules into inactive complexes (24, 36). In contrast,
the three identified SYCE1 mutations are autosomal recessive and
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were found in two familial cases of NOA and one of POF (36). The
two NOA cases are splice-site mutations, ¢.197-2A>G and ¢.375-
2A>G, which are predicted to result in a truncated product of amino
acids 1 to 65 and an internal deletion of amino acids 126 to 155,
respectively (39, 40). These remove or delete part of human SYCEL’s
structural core that is encoded by amino acids 25 to 179, so can be
explained by disruption of its dimeric structure (Fig. 1B) (28, 36).
The POF mutation ¢.613C>T generates a premature stop codon
(p.GIn241%) to give a truncated product of amino acids 1 to 240,
relative to the canonical 351-amino acid isoform (Fig. 1B) (41).
However, as this truncation lies outside SYCE1’s structural core, the
molecular mechanism that is disrupted, and thereby responsible for
infertility, remains unknown.

Here, we combine mouse genetics and cellular and biochemical
studies to reveal a multivalent interaction mode between SYCEI
and SIX60S1 that is disrupted by infertility-associated mutations of
SYCEIL. We find that the SIX60S1 N terminus binds and disrupts
the core dimeric structure of SYCE1 (amino acids 25 to 179) to form
a 1:1 complex as the first interface, and its downstream sequence
binds to SYCE1 amino acids 177 to 305 as the second interface.
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SYCEI’s infertility-associated mutations ¢.375-2A>G (NOA) and
¢.613C>T (POF) specifically disrupt the first and second interfaces,
respectively. Mice harboring the SYCE1 POF mutation and a tar-
geted deletion within SIX60S1 (which disrupts the first interface)
are infertile, with failure of SC assembly. We conclude that both
SYCE1-SIX60S1 binding interfaces are essential for SC assembly
and meiotic division, thus explaining how human infertility results
from the differential targeting of binding interfaces by SYCEI’s
reported clinical mutations.

RESULTS

SYCE1 POF mutation ¢.613C>T retains its core

dimeric structure

The SYCE1 POF mutation ¢.613C>T encodes a premature stop
codon (p.GIn241%) that is predicted to generate a truncated protein
product of amino acids 1 to 240, relative to SYCE1’s canonical 351
amino acid isoform (Fig. 1B) (41). We previously demonstrated
that an N-terminal structural core encoded by amino acids 25 to 179
(SYCElcore) forms an a-helical antiparallel coiled-coil structure
that mediates head-of-head dimerization of SYCE1 (28). As this core
region is retained (Fig. 1B), we predicted that SYCEL’s antiparallel
dimeric structure would be maintained within the 1- to 240-amino
acid truncated product of the POF mutation (SYCElror). To test
this, we purified recombinant SYCElpor, generating purified mate-
rial that contained approximately equal quantities of the full protein
and a degradation product of apparent size consistent with degrada-
tion to the C-terminal boundary of its structural core (Fig. 1Cand fig.
81, A and B). Circular dichroism (CD) spectroscopy confirmed that
SYCEIror contains a proportion of a-helical structure consistent with
retention of the 25-179 core structure (fig. S1C), and SYCE1por
and SYCElcore demonstrated identical melting temperatures (Tr,)
of 39°C (fig. S1D). Furthermore, analysis by size exclusion chroma-
tography multiangle light scattering (SEC-MALS) confirmed that
the full and degraded proteins are homodimers of 48 and 39 kDa,
respectively (Fig. 1D). We conclude that SYCEIpor retains the di-
meric structure imposed by its core 25-179 region, so its SC and
meiotic defects must result from additional structural or functional
roles of its deleted C terminus.

The SYCE1 POF mutation leads to failure of SC assembly

and infertility in mice

Having established its retention of core dimeric structure, we next
sought to determine the structural and functional consequence of
the SYCE1 POF mutation on the SC and meiotic division in vivo.
We thus generated mice harboring mutations of Sycel alleles to
introduce stop codons at amino acid position 243, equivalent to the
human p.GIn241* mutation (figs. S2 and $3). While heterozygotes
(designated Syce1"°F "WI) were fertile, both male and female homo-
zygotes (designated SyceI"®FFOF) were infertile, replicating the
autosomal recessive pattern of the POF mutation in humans (41).
In male mutant mice, we observed reduced testis size (63% smaller,
n =3 mice at 2 months of age; fig. S4A) and a zygotene-like arrest
similar to that observed in the SYCE1 knockout (16). There was
defective SC assembly, with reduced staining for SYCP1 (Fig. 2A)
and SYCE3 (Fig. 2B) and no staining for SYCEI (Fig. 2C), SIX60S1
(Fig. 2D), and SYCE2-TEX12 (fig. $4, B and C). Analysis of SYCEI
expression in the testis of Sycel POF mice confirmed the presence
of Sycel transcript and a protein product of the correct molecular
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weight, albeit at reduced levels in comparison with WT (fig. S4, D
and E, and table S1A). The Syce1™F open reading frame achieved
WT levels of protein expression in a heterologous 293T cellular
system (fig. S4F). We next studied the kinetics of DSB repair.
Meiotic DSBs are generated by the nuclease SPO11 and are then
resected to form single-stranded DNA ends that invade into the
homologous chromosome by the recombinases RAD51 (DNA re-
pair protein RAD51 homolog 1) and DMCI1 (Meiotic recombination
protein DMC1/LIM15 homolog) (42). DSBs are labeled by the pres-
ence of phosphorylated H2AX (y-H2AX) (43). The distribution of
v-H2AX in mutant spermatocytes was similar to that found in WT
cells at early prophase I but show increased staining at zygotene-like
arrest (Fig. 2E). The distributions of RAD51 and DMC1 were detected
on aligned LEs (Fig. 2, F and G) but in absence of mismatch repair
protein MLH1 (DNA mismatch repair protein Mlhl) (marker of
crossing-overs) (Fig. 2H). Together, these data indicate generation of
DSBsbut with failure of their repair and CO formation in Syce1?OFPOF,
In female mutant mice, we observed no follicles in adult ovaries (fig.
S5A), and embryonic oocytes demonstrated zygotene arrest with
mostly unaligned chromosome axes, recapitulating the human POF
syndrome. Analysis of the SC revealed similar defects, with reduction
in SYCP1 and SYCE3 (Fig. 3, A and B) staining (though to a lesser ex-
tent than males), and absence of SYCEL, SIX60S1 (Fig. 3, Cand D),
and SYCE2-TEX12 (fig. 85, B and C). The distribution of y-H2AX,
RAD51, and DMCI labeling in zygotene-like mutant oocytes was
also increased and lacked MLHI foci (Fig. 3, E to H). Thus, the
SYCE1 POF mutation leads to male and female infertility with pheno-
types of failed DSB repair, synapsis, and lastly SC assembly, similar
to those previously observed upon disruption of structural compo-
nents of the SC CE (10, 11, 16-18).

SYCE1pof retains SIX60S1 binding but lacks SYCE3 binding
in heterologous systems

As the Syce I"FFOF mouse strain indicated a clear structural defect
in the SC, we wondered whether the POF mutation may disrupt the
known interaction between SYCE1 and fellow SC CE components
SIX60S1 and SYCES3 (11). The expression of SYCEL and SIX60S1 in
COS7 cells produced cytoplasmic signals that became colocalized in
foci upon coexpression (95% cells; Fig. 4A and fig. $6), in keeping
with our previous findings (11). SYCElror formed similar or slightly
reduced numbers of foci that equally colocalized with SIX60S1, in-
dicating a retention of SIX60S1 binding (89% cells; Fig. 4A). We
further demonstrated a similar coimmunoprecipitation of SIX60S1
by WT SYCEI and SYCEIrorupon coexpression in human embryonic
kidney (HEK) 293 cells (Fig. 4B). Thus, the SYCE1-SIX60S1 inter-
action is retained in the SYCEI POF mutation. Could other disrupted
functions contribute to the effect of the POF mutation? The only
other known SYCEI interactor is SYCE3, which undergoes low-
affinity binding, as determined by its dissociation during purifica-
tion (fig. S7, A and B). In contrast with the W'T protein, the expression
of SYCEIror (cytoplasmic foci) in COS7 cells failed to recruit
SYCES3 (preferentially nuclear) to their cytoplasmic foci (colocaliza-
tion between SYCE3 and SYCEI was observed for 95% of cells
expressing WT SYCE1 and 21% of cells expressing SYCElroF;
Fig. 4C and fig. $6). Similarly, SYCElpor failed to coimmunopre-
cipitate SYCE3 upon coexpression in HEK293 cells (Fig. 4D). Thus,
while the SYCE1-SI1X60S1 complex is retained, the low-affinity
SYCE1-SYCE3 complex is largely abolished in the SYCE1 POF
mutation.
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Fig. 2. Syce 179" spermatocytes are not able to synapse and DSBs are deficiently repaired. (A) Double immunolabeling of WT pachytene and Syce1”°7*f zygotene-like

spermatocytes with SYCP3 (red) and SYCP1 (green). In Syce1™7*%F spermatocytes, AEs fail to synapse and show a weak staining of SYCP1 along the axial elements (AEs).
a.u,, arbitrary units. (B to D) Double immunolabeling of spermatocyte spreads with SYCP3 (red) and the CE proteins (green). Syce1”97P%F zygotene-like spermatocytes
showed a highly reduced signal of SYCE3 (B) and the absence of (C) SYCE1 and (D) SIX60S1 from the AEs. (E) Double immunolabeling of y-H2AX (green) and SYCP3 (red)
in spermatocyte spreads from WT and Syce1”°7*% mice. y-H2AX staining was persistent in Syce1”°7*% zygotene-like spermatocytes, but was restricted to the sex body in
WT pachytene cells. (F and G) Double immunofluorescence of (F) RAD51 or (G) DMC1 (green) and SYCP3 (red). Syce1”°77°F zygotene-like spermatocytes showed increased
numbers of foci of RAD51 and DMC1 along the AEs in comparison with WT, indicating unrepaired DSBs. (H) Double immunolabeling of MLH1 (green) and SYCP3 (red)
showing the absence of COs (MLH1) in arrested Syce1”97#9F spermatocytes. Fluorescence intensity levels (A, B, and E) and number of foci (F and G) from WT and
zygotene-like arrested spermatocytes are quantified in the right-hand plots. Welch’s t test analysis: ***P < 0.0001. Scale bars, 10 um.

Sanchez-Saez et al., Sci. Adv. 2020; 6 : eabb1660 2 September 2020 40f14

260



SCIENCE ADVANCES | RESEARCH ARTICLE

SYCED intensity (a.u.)

SYCP1 intensity (a.u)

Sycer™™  Sycet™omror

Syce 1PoFPoF Syce1PorPor

Syce1PoFPoF

§

¥

¥

Syce1**

§

“H2AX intensity (8.0
No. of RADS1 focl
§

8

o

Syce1™*  Syce1"ORPOF

Syce1™  Syce1PorPor

Syce1PoFPor
H

MLH1
Syce1*”

No. of DMC1 foci

Sycer™  Sycorhonror

Fig.3. Syce1P0F/P°F oocytes fail to synapse and do not properly repair DSBs. (A) Double immunolabeling of oocyte spreads from WT and Syce1”°7#F mice with SYCP3
(red) and SYCP1 (green). Syce1”7P9F oocytes became arrested in a zygotene-like stage where AEs remain unsynapsed and unaligned, with reduced levels of SYCP1. (B to
D) Double immunolabeling of oocyte spreads with SYCP3 (red) and the CE proteins (green). Syce1”7"%F zygotene-like oocytes showed reduced SYCE3 signal (B) and a

Syce170ror

complete absence of (C) SYCE1 and (D) SIX60S1 from the AEs. IP, immunoprecipitation. (E) Double immunostaining of spread preparations of WT pachytene and Syce1”97#F

zygotene-like oocytes with y-H2AX (green) and SYCP3 (red). In Syce 179779 oocytes, the levels of y-H2AX increased and were more restricted to AEs in comparison with
WT pachytene cells. (F to G) Double immunolabeling of (F) RAD51 or (G) DMC1 (green) and SYCP3 (red), showing higher numbers of foci in AEs from mutant oocytes.
(H) Labeling of MLH1 (green) and SYCP3 (red). MLH1 foci are absent from the AEs of Syce17°7P%F oocytes. Fluorescence intensity levels (A, B, and E) and number of foci
(F and G) from WT and Syce 1”977 zygotene-like oocytes are quantified in the right-hand plots. Welch's t test analysis: **P < 0.0001. Scale bars, 10 um.
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Fig. 4. SYCE1pof retains SIX60S1 binding but fails to retain the SYCE3-interaction in heterologous systems. (A) Mouse SIX6051 colocalized with mouse SYCE1 and
SYCE1por in a cytoplasmatic punctate pattern upon coexpression in COS7 cells; the percentage of cells exhibiting colocalization is shown in the right-hand plot (n=100 cells).
DAPI, 4',6-diamidino-2-phenylindole. (B) HEK293T cells were cotransfected with the indicated expression vectors. Protein complexes were immunoprecipitated with
anti-Flag or anti-enhanced green fluorescent protein (EGFP) antibodies, or mouse immunoglobulin G (IgG) as a negative control, and were analyzed by immunoblotting
with the indicated antibody. GFP-mSIX60S1 coimmunoprecipitated with Flag-mSYCET and Flag-mSYCE1pof, suggesting that the POF mutation of SYCE1 alone is insuffi-
cient to block the interaction. (C) COS7 cells were transfected with mouse Syce3 in combination with mouse Sycel or Sycelror as indicated. SYCE1 colocalized with
SYCE3 in its own cytoplasmatic punctate pattern, and colocalization was substantially diminished for SYCE1por (n = 100 cells). (D) Immunoprecipitation of protein
complexes from HEK293T-cotransfected cells with an anti-Myc or anti-EGFP antibody or mouse IgG. SYCE1 coimmunoprecipitated with SYCE3, and the interaction was
disrupted for SYCET POF, suggesting that the C-terminal region of SYCE1 is required for its interaction with SYCE3. The untransfected lanes in (B) and (D) show the absence
of all the proteins in total protein extracts from untransfected 293T cells. Scale bars, 20 um.
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SYCE1core undergoes conformational change toforma 1:1
complex with SIX60S1

What is the molecular basis of SIX60S1 binding by SYCE1? As this
is retained in SYCE1lpoF, we reasoned that SIX60S1 binding must
be mediated by SYCE1’s structural core. We screened SYCElcore
against a library of SIX60S1 constructs through bacterial coexpres-
sion and identified a robust interaction with amino acids 1 to 67 of
SIX60S1, herein referred to as SIX60S1y (Figs. 1B and 5A). We
were able to purify the SYCElcore-SIX60S1y complex by reciprocal
affinity chromatography, ion exchange, and size exclusion chroma-
tography (Fig. 5B) and found it to be stable under all experimental
conditions tested. We were further able to purify similar complexes
for SYCEIpor (with the same degradation product as upon isolated
expression) and full-length SYCE1 (Fig. 1C and fig. S1B), confirm-
ing that SIX6081 binding is retained by all constructs containing
the 25-179 core. CD analysis revealed similar a-helical content for
SYCEIL-SIX60S81y complexes as for their isolated SYCE1 proteins
(fig. S1C). CD thermal denaturation revealed slightly increased
cooperativity of unfolding and melting temperatures for SYCEI-
SIX60S1y complexes relative to their isolated SYCEIL proteins
(increasing from 39° to 43°C, 39° to 41°C, and 38° to 40°C for
SYCElcore, SYCE1poF, and full length, respectively; Fig. 5C and fig.
S1D). SEC-MALS analysis revealed that all three SYCE1-SIX60S1y
complexes are 1:1, with molecular weights of 27, 37, and 46 kDa,
respectively (Fig. 5D and fig. $7C). Thus, the SYCElcore undergoes
conformation change from an antiparallel homodimer to a 1:1 com-
plex upon binding to SIX60OS1y (Fig. 5E).

We analyzed the conformation of the SYCElcore-SIX60S1y
complex by size exclusion chromatography small-angle x-ray scatter-
ing (SEC-SAXS; fig. §7, D and E). The SAXS real-space pair-distance
P(r) distribution (the distribution of interatomic distances within a
protein structure) demonstrates positive skew, indicating that
SYCElcore-SIX60S 1y retains the rod-like structure of SYCElcore,
but with a reduction in its molecular length from 186 to 138 A
(Fig. 5F). Furthermore, its cross-sectional radius is slightly increased
from9to 11 A (fig. S7F), suggesting an increase from a two- to
four-helical coiled coil. These geometric changes are consistent with
the SYCElcore-SIX6081y 1:1 complex forming a shorter but wider
coiled coil than the isolated SYCEI core dimer, as indicated by their
SAXS ab initio models (Fig. 5G). Furthermore, the SAXS P(r) distri-
bution of SYCE1por indicates a similar elongated structure but with
an increased tail to a maximum dimension of 180 A (Fig. 5F), con-
sistent with it containing the same SYCElcore-SIX60S1y structure
with an extended and potentially unstructured C terminus to amino
acid 240. We conclude that SYCElcore mediates a direct interac-
tion with SIX60OS1y that imposes a conformational change to a 1:1
complex that adopts a shorter and wider coiled-coil conformation
than the isolated SYCEI core antiparallel homodimer.

SYCE1pof disrupts a second SYCE1-SIX60S1

binding interface

Does the SYCElcore-SIX60S 1y complex represent the sole means
by which SYCEI interacts with SIX60512 We were unable to obtain
soluble biochemical complexes containing SIX60S1 sequences
beyond its N terminus and so used yeast two-hybrid (Y2H) to test
SYCEI binding by full-length SIX60S1. Having confirmed direct
binding of SYCElcore to full-length SIX6081, we used C-terminal
truncation to dissect its minimal binding site to amino acids 1 to 75,
in keeping with our biochemical findings, and identified an addi-
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tional interaction between SYCE1 177-305 and full-length SIX6OS1
(Fig. 6A).

To establish whether SYCElcore and 177-305 bind to the same
or distinct sites within SIX60S1, we established an internal deletion
of SIX60S1 amino acids 10 to 21 (A10-21) that blocks formation
of the SYCElcore-SIX60S1y biochemical complex (Fig. 5A).
SIX60S1 1-22 did not interact with any SYCEI construct (Fig. 6A),
indicating that amino acids 10 to 21 are necessary but not sufficient
for SYCElcore binding. While A10-21 completely abrogated the
Y2H interaction of full-length SIX60S1 with SYCElcore (25-179),
it retained a robust interaction with SYCE1 177-305, suggesting
distinct SIX60S1-binding sites (Fig. 6A). Furthermore, A10-21
blocked the ability of SIX60S1 1-262 to interact with SYCElcore
and SYCElror (amino acids 25 to 240) while retaining its binding to
full-length and 25-315 SYCEI (Fig. 6A). Thus, SYCE1 undergoes
multivalent interactions with SIX6081, with the first binding inter-
face mediated by SYCElcore and SIX60S1y (1-67), and the second
interface mediated by SYCE1 177-305 and downstream sequence
within SIX6081 1-262. Furthermore, the first and second binding
interfaces are specifically disrupted by SIX60S1 deletion A10-21
and the SYCE1 POF mutation, respectively, and in both cases, an
SYCE1-SIX6081 complex is retained through the unaffected alter-
native site (Fig. 6B).

SIX60S51 A10-21 retains SYCE1 binding in

heterologous systems

Our biochemical and Y2H analyses concluded that SIX60S1 A10-21
would disrupt the first SYCE1-SIX60S1 binding interface while
retaining complex formation through the second interface. In sup-
port of this, we found that SIX60S1 A10-21 retained its ability to
form intense colocalized foci with SYCEI upon coexpression in
COS7 cells (98% of the cells; Fig. 6C), similar to our previous obser-
vations for the SYCEI POF mutation (Fig. 4A). Similarly, SIX6OS1
A10-21 retained its ability to coimmunoprecipitate SYCE1 upon
coexpression in HEK293 cells (Fig. 6D). Thus, localization and
coimmunoprecipitation data from heterologous systems support
our Y2H findings that the second SYCE1-SIX60S1 binding inter-
face is retained in SIX60OS1 A10-21, mirroring the retention of only
the second binding interface that is predicted for the 126-155 deletion
of the SYCEI ¢.375-2A>G NOA mutation (40).

SIX60S1 A10-21 leads to failure of SC assembly and

murine infertility

Having established that the severe phenotype of the SYCE1 POF
mutation likely results from the disruption of the second SYCEI-
SIX60S1 binding interface and its interaction with SYCE3, we
wondered whether a similar phenotype would result from the sole
disruption of the first SYCE1-SIX60S1 binding interface. To test
this, we generated mice harboring mutations of Six6os! alleles
encoding internal in-frame deletions of amino acids 10 to 21 (equiva-
lent numbering to the human protein) (fig. S8, A and B). While
heterozygotes (designated Sixgos1210-2V WT) were fertile, both male
and female homozygotes (designated Six60s1410-2/A10-21y yrere
infertile, similar to the SYCE1 POF mutation. In males, we observed
reduced testis size (Fig. 7A) and a zygotene-like arrest similar to
that observed in the Six6osI and Sycel knockouts (11, 16). The
mutant spermatocytes were defective in synapsis and SC assembly,
with reduced staining for SC proteins SYCP1 (Fig. 7B) and SYCE3
(Fig. 7C) and no staining for SYCE2-TEX12 (Fig. 7, F and G). In
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1-67, 1-75 A10-21, and free MBP with His-SYCE1core. (B) SDS-PAGE of the copurification of the SYCE1core-SIX60S1n complex. Ni-NTA, Ni-nitrilotriacetic acid. (C) CD
thermal denaturation recording the CD helical signature at 222 nm between 5° and 95°C, as % unfolded; estimated melting temperatures (Ty,,) are indicated. (D) SEC-MALS
analysis. SYCE1core-SIX60S1n (blue), SYCE1por-SIX60S1n (red) and full-length SYCE1-SIX60S1n (black) are 1:1 complexes of 27, 37 (29 kDa for the degradation product
complex), and 46 kDa, respectively (theoretical 1:1 to 27, 36, and 48 kDa), while MBP-SIX60S1n (gray) is a 57-kDa monomer (theoretical, 53 kDa). SDS-PAGE of the
SYCE1por-SIX60S1n sample is shown in Fig. 1C. (E) Schematic of the conformational change of the SYCE1core antiparallel dimer (yellow) into a 1:1 SYCE1core-SIX60S1n
complex (yellow-blue). (F and G) SEC-SAXS analysis. (F) SEC-SAXS P(r) interatomic distance distributions of SYCE1core-SIX60S1n (blue), SYCE1poe-SIX60S1n (red), and
SYCE1core (yellow), revealing maximum dimensions (Dmax) of 138, 180, and 186 A respectively. Their cross-sectional radii (Rc) are indicated (fig. S7D). (G) SAXS ab initio
models of SYCE1core-SIX60S1n (blue) and SYCE1core (yellow); averaged models were generated from 20 independent DAMMIF runs. Data for SYCE1core and full-length
SYCE1 are reproduced from (28).
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Fig. 6. SYCE1 undergoes multivalent interaction with SIX60S1 in yeast, but SIX60S1 A10-21 retains SYCE1 binding in heterologous systems. (A) Y2H analysis of
interactions between SYCE1 and SIX60S1 in which positive reactions are indicated by the growth of blue colonies. These data are representative of three repeats.
(B) Schematic of the SYCE1-SIX6051 interaction based on the Y2H data in (A), with the two binding sites highlighted in red and green. The SYCE1 POF mutation blocks
the second binding interface between SYCE1 177-305 and SIX60S1 downstream sequence within region 1-262, whereas the SIX6051 A10-21 deletion blocks the first
binding interface between SYCE1core (25-179) and SIX60S1n (1-67). (€) COS7 cells were transfected with mouse Six6os1 A70-21 alone or in combination with mouse
Sycel. SIX60S1 A10-21 showed nuclear localization with some cytoplasmatic signal and colocalized in cytoplasmic foci with SYCE1; the percentage of cells exhibiting
colocalization is shown. Scale bars, 20 um. (D) Coimmunoprecipitation of SIX6051 A10-21 and Flag-SYCE1 from cotransfected HEK293T cells using anti-Myc or anti-EGFP
antibodies, or mouse IgG as a negative control. SIX6051 A10-21 coimmunoprecipitated SYCE1, indicating that the second SYCE1 binding interface is retained. The

untransfected lanes confirm the absence of SIX6051 A10-21 and SYCE1 in total protein extracts of untransfected 293T cells.

contrast with their complete absence in the SYCEI POF mutation, we
observed some residual staining for SYCE1 (Fig. 7D) and SIX60S1
(Fig. 7E) even though the levels of transcription of Six6os1*!% ! appeared
to be increased in the mutant testis (fig. S9 and table S1B). We detected
v-H2AX (fig. S10A) and DMCI1/RAD51 foci (fig. S10, B and C) on
aligned axial elements but no MLH1 foci (fig. S10D), indicating the
proper induction of DSBs with their failed repair and absence of
COs. Thus, SIX60S1 A10-21 leads to infertility with a phenotype of
failed DSB repair and SC assembly, similar to the SYCE1 POF
mutation and those reported for disruption of structural compo-
nents of the CE (10, 11, 16-18).

Thus, we conclude that both first and second SYCE1-SIX60S1
binding interfaces are essential for SC assembly and meiotic pro-
gression. Furthermore, these findings explain how the sole disrup-
tion of individual SYCE1-SIX60S1 binding interfaces by SYCEI
NOA (¢.375-2A>G) and POF (c.613C>T) mutations result in the
reported familial cases of human infertility.

DISCUSSION
The structural and functional integrity of the SC is contingent on
the structure and assembly of is constituent protein components.
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Here, we report that SC assembly depends on multivalent interac-
tions between CE components SYCEI and SIX60SI that are dis-
rupted by infertility-associated mutations of SYCEL. The first binding
interface is formed by the structural core of SYCE1 (SYCElcore;
amino acids 25 to 179), which undergoes conformational change
from an antiparallel homodimer to a 1:1 complex upon interaction
with SIX60S1’s N terminus (SIX60S1y; amino acids 1 to 67). The
second binding interface is formed by downstream sequence within
SIX60S1 1-262 interacting directly with SYCE1 177-305. Through
the generation of mice harboring an internal deletion of SIX60S1’s
N terminus (A10-21) and the SYCE1 POF mutation (murine p.
GIn243*), which specifically block the first and second binding
interfaces, respectively, we find that integrity of both SYCE1-
SIX60S1 binding interfaces is essential for SC assembly and meiotic
progression in vivo.

What is the structure of the SYCE1-SIX60S1 complex? SEC-SAXS
analysis revealed that the SYCElcore-SIX60S1y 1:1 complex formed
by the first binding interface has a length and cross-sectional radius
of 138 and 11 A, in comparison with 186 and 9 A for the SYCE1core
dimer. We previously reported a model for SYCElcore in which
amino acids 52 to 179 form an antiparallel dimeric coiled coil con-
taining a midline “kink”, with o helices of amino acids 25 to 50 packing

90of14

265



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

Six6os1** Six6os 148

SYCP1 intensity (a.u)

Six6os 144

Six6os1**

SYCE intensity (a.u)

Six6os 184

Six6ost”*

Six6os 1+’

SYCE3 intensity (a.u)

SixGost™*  Six6os14s

SixBos 184

Six6os 14

Six6os1”*

SIX60S1 intensity (a.u.)

Sixbos 1™ SixGosT™* Six6os148
Six6os 146 Six6os 180 SixGosta
H
SYCE1 SIX60S1 P
antiparallel dimer o SYCE1-SIX60S1
M wild parallel 1:1 complex?
XRES R . -
1-67

177305 _Core
2199)

SYCE1-SIX6081

177-305

SYCE1 SIX6081 SYCE1
NOA A10-21 POF

SYCE1-SIX6081 SYCE1-SIX60S1

parallel 1:1 complex

parallel 1:1 complex antiparallel
TR 2:2 complex?
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Six6os 144

Laura Gomez-H, Instituto de Biologia Celular y Molecular del Cancer.

against this structural core (fig. S11A) (28). A maximum dimension
of 138 A for SYCE1core-SIX60S1y suggests a coiled-coil length of
approximately 92 amino acids, given a helical rise of 1.5 A per amino
acid (44). This could be explained by the 52-179 region forming a
helix-turn-helix structure through exaggeration of the kink to a full
turn, which may combine with the a helix formed by amino acids
25 to 50 and an a helix from SIX60S1y to form a four-helical coiled
coil, consistent with its 11-A cross-sectional radius (fig. S11B). The
second binding interface between SYCE1 177-305 and downstream
sequence within SIX60S1 1-262 suggests that SYCEIcore-SIX60S1x
likely adopts a parallel configuration to form a single SYCE1-
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SIX60S1 1:1 complex of consecutive first and second binding inter-
faces (Fig. 7H).

Our analysis of the SYCEI-SIX60S1 complex reveals how the
three reported clinical mutations of SYCEL1 differentially affect its
interaction with SIX60S1. The SYCE1 NOA mutation ¢.197-2A>G
is predicted to result in a truncated product of amino acids 1 to 65
(39), which would disrupt both binding sites and so likely abrogates
SYCEI1-SIX60S1 complex formation and thus works as a null mu-
tation. The SYCE1 NOA mutation ¢.375-2A>G is predicted to re-
sultin internal deletion of amino acids 126 to 155 (40), which would
disrupt the first binding interface while retaining the second binding
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interface, and so is likely to result in a conformationally altered
1:1 complex (Fig. 7H). In contrast, while A10-21 SIX60S1 similarly
disrupts the first binding interface and retains the second binding
interface, the SYCElcore remains unaffected and so is predicted to
enable formation of a head-to-head 2:2 complex (Fig. 7H). The
SYCE! POF mutation c.613C>T generates a premature stop codon
(p.GIn241%) that gives a truncated product of amino acids 1 to 240
(41), which we have demonstrated disrupts the second binding in-
terface while retaining the first binding interface (Fig. 7H). Thus,
the latter two infertility-associated mutations of SYCEI specifically
disrupt one SYCE1-SIX60S1 interface while retaining the other,
which combine with our mouse genetic studies to confirm that both
interfaces are essential for the structural assembly of the SC and its
function in meiosis.

What are the structural roles of SYCE1 and SYCE1-SIX60S1
within the SC? Our analyses of SyceIP OF/POF and Six6os 1410721/ A10-21
mouse strains revealed similar phenotypes with retention of some
SYCP1 and SYCE3 recruitment to chromosome axes, with absence
or substantial reduction of SYCEL and SIX60S1, and lack of re-
cruitment of SYCE2-TEX12. This pattern suggests a hierarchical
model of SC assembly in which SYCE1 and SYCE1-SIX60S1 lie
downstream of SYCP1 and SYCE3, and upstream of SYCE2-TEX12
(Fig. 1A), which is consistent with existing knockout data (10, 11,
15-18). The disruption of SYCE3 binding by the POF mutation
suggests that its SYCE1-SIX60S1 complex would be defective for
SC recruitment, whereas the SYCEI-SYCE3 interaction, and hence
SC recruitment, should be retained for the SYCE1-SIX60S1 com-
plex of the SIX60S1 A10-21 internal deletion. This ex}Pla'ns the
greater severity of the CE loading defect in Syce1?®#OF than
Six60sIA10-2V/ A10-21 44y which SYCEI and SIX60S1 staining was
substantially reduced in the latter (83.77% of SYCEI reduction,
0.12 + 0.02 in the Six60s1°7 /412! versus 0.73 + 021 in the W'T;
68.27% of SIX60S1 reduction, 0.24 + 0.02 in the Six6osA0-21/A10-21
versus 0.76 + 0.15 in the WT) but completely absent in the former.
Thus, we conclude that the first and second SYCE1-SIX60S1 inter-
faces are essential for initiation of SC CE formation and likely function
by stabilizing a local three-dimensional SC structure that mediates
recruitment and self-assembly of SYCE2-TEX12 into fibers that
mediate SC elongation along the chromosome axis. Furthermore, the
SYCEI POF mutation is likely worsened by its additional disruption
of SYCE3 binding that removes the residual SYCE1-SIX6081 SC
recruitment observed for the SIX60S1 A10-21 internal deletion.

The existence of SYCElcore as an isolated antiparallel homodi-
mer and in a 1:1 complex with SIX60S1y raises the question of
which is the biologically relevant conformation. It is important to
highlight that the CD melting temperatures of SYCEI-SIX60S1y
complexes and isolated SYCE1 dimers are very similar, ranging
between 38° and 41°C. In contrast, highly stable SC components
SYCE2-TEX12 and SYCP3 have melting temperatures of approxi-
mately 65°C (24, 29). Thus, the relatively low melting temperatures
of SYCE1-SIX60S 1y complexes and SYCE! suggest that they may
undergo conformational change in vivo, with each conformation
functioning at different stages of meiosis and/or at different loca-
tions within the SC. Furthermore, our analysis of SYCE1 infertility-
associated mutations and a targeted internal deletion of SIX60S1
revealed at least four possible conformations of SYCE1 and SYCE1L-
SIX60S1 complexes (Fig. 7H). Owing to the direct competition
between SIX60S1y binding and SYCElcore dimerization, these
conformations could be achieved in the absence of mutations,
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through alterations of protein levels, local concentrations, allosteric
changes, and posttranslational modifications. Hence, alterative
conformations of SYCE] and SYCE1-SIX60S1 are intriguing
candidates for local structural heterogeneity and the propagation of
signals along the length of the SC, which could function in roles
such as crossover enforcement and interference. Thus, as we prog-
ress toward a full molecular understanding of the mammalian SC,
the multivalent SYCE1-SIX60S1 interactions described herein
provide tantalizing possibilities for a dynamic role of SC structure
in its enigmatic functions in the mechanics of meijosis.

MATERIALS AND METHODS

Recombinant protein expression and purification

Human SYCEI sequences were cloned into pHAT4 and pMAT11
vectors (45) for bacterial expression as His- and His-MBP (Maltose -
Binding Protein) fusions with TEV (Tobacco Etch Virus) cleavage
sites for fusion protein removal. Human SIX60S1 was cloned into
PRSE-Duetl vectors with a TEV-cleavable N-terminal MBP fusion for
coexpression with SYCEL. Proteins were expressed in BL21(DE3)
Escherichia coli cells (Novagen), in 2xYT (Yeast Extract Tryptone)
media. Expression was induced with addition of 0.5 mM isopropyl-
B-p-thiogalactopyranoside with the cells incubated at 25°C for
16 hours. Cells were lysed via sonication in 20 mM tris (pH 8.0) and
500 mM KCl, followed by centrifugation. Supernatant was ap-
plied to an amylose (New England Biolabs) affinity chromatography
column, followed by HiTrap Q HP (GE Healthcare) anion exchange
chromatography. His- and His-MBP/MBP tags were removed by in-
cubation with TEV protease at 4°C for 16 hours. The cleaved pro-
teins were further purified by HiTrap Q HP (GE Healthcare) anion
exchange chromatography followed by size exclusion chromatogra-
phy (HiLoad 16/600 Superdex 200, GE Healthcare). The purified
proteins/complexes were concentrated using Microsep Advance 3 kDa
(PALL) centrifugal filter units and stored at —80°C. Protein samples were
analyzed for purity using Coomassie-stained SDS-polyacrylamide
gel electrophoresis. Protein molecular weights and extinction coeffi-
cients were calculated using EXPASY ProtParam (http://web.expasy.
org/protparam/) with protein concentrations determined using a
Cary 60 ultraviolet (UV) spectrophotometer (Agilent).

Circular dichroism

Far-UV CD spectra were collected using a Jasco J-810 spectropo-
larimeter (Institute for Cell and Molecular Biosciences, Newcastle
University). Wavelength scans were recorded at 4°C from 260 to
185 nm at 0.2-nm intervals using a 0.2-mm path length quartz
cuvette (Hellma). Protein samples were measured at 0.2 to 0.4 mg/ml
in 10 mM Na,HPO, (pH 7.5) and 150 mM NaF. Nine measurements
were taken for each sample, averaged, buffer-corrected and con-
verted to mean residue ellipticity (MRE) ([6]) (x1000 deg-(:mZ-dmol_1
per residue). Spectral deconvolutions were carried out using the
Dichroweb CDSSTR algorithm (http://dichroweb.cryst.bbk.ac.uk).
CD thermal melts were recorded at 222 nm between 5° and 95°C, at
intervals of 0.5°C with a 1°C/min ramping rate. Protein samples
were measured at 0.1 mg/ml in 20 mM tris (pH 8.0), 150 mM KCl,
and 2 mM dithiothreitol (DTT), using a 1-mm path length quartz
cuvette (Hellma). The data were plotted as % unfolded after conver-
sion to MRE ([6]222,x-[0]222,5)/([0]222,95-[0]222,5). The melting tem-
perature was determined as the temperature at which the proteins
are 50% unfolded.
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Size exclusion chromatography multiangle light scattering
SEC-MALS analysis of protein samples was carried out at concen-
trations of 5 to 20 mg/ml in 20 mM tris (pH 8.0), 150 mM KCI, and
2 mM DTT. Samples were loaded onto a Superdex 200 Increase
10/300 GL (GE Healthcare) column at 0.5 ml/min using an AKTA
Pure (GE Healthcare) system. The eluate was fed into a DAWN
HELEOS II MALS detector (Wyatt Technology), followed by an
Optilab T-rEX differential refractometer (Wyatt Technology).
SEC-MALS data were collected and analyzed using ASTRA 6 software
(Wyatt Technology), using Zimm plot extrapolation with a 0.185 ml/g
dn/dc value to determine absolute protein molecular weights.

Size exclusion chromatography small-angle x-ray scattering
SEC-SAXS experiments were carried out on beamline B21 at the
Diamond Light Source synchrotron facility (Oxfordshire, UK).
Protein samples at concentrations 6 to 20 mg/ml were loaded onto
a Superdex 200 Increase 10/300 GL size exclusion chromatography
column (GE Healthcare) in 20 mM tris (pH 8.0) and 150 mM KCl
at 0.5 ml/min using an Agilent 1200 high-performance liquid chro-
matography system. The eluate was fed through the experimental
cell, with SAXS data recorded at 12.4 keV, in 3.0-s frames with a de-
tector distance of 4.014 m. ScAtter 3.0 (www.bioisis.net) was used to
subtract and average the frames and carry out the Guinier analysis
for the Rgand cross-sectional Rg (Re). P(r) distributions were fitted
using PRIMUS. Ab initio modeling was performed using DAMMIF
(46) imposing P1 symmetry. Twenty independent runs were averaged.
The PyMOL Molecular Graphics System, Version 2.0 Schrodinger,
LLC was used to generate images of the SAXS ab initio models.

Yeast two-hybrid

Constructs of human SYCE] and SIX60S1 were cloned into pGB-
KT7 and pGADT7 vectors (Clontech). Y2H experiments were car-
ried out using the Matchmaker Gold system (Clontech) according
to the manufacturer’s guidelines. Y187 yeast strain was transformed
with pGBKT?7 vectors, while the Y2H gold strain was transformed
with pGADT7 vectors. Yeast transformations were carried out
using standard lithium acetate methods. Mating of the two strains
was carried out in 0.5 ml 2x YPDA (Yeast Peptone Dextrose Adenine)
at 30°C, 40 rpm, by mixing respective colonies. After 24 hours, the
cultures were centrifuged and pellets were resuspended in 0.5xYPDA.
These were then plated onto SD/-Trp/-Leu to select for mated
colonies and onto SD/-Trp/-Leu/-Ade/—His with X-a-gal to detect
mated colonies through ADE1, HIS3, and MEL1 reporter gene activa-
tion. Plates were then incubated for 5 days at 30°C.

Production of CRISPR-Cas9-edited mice
For developing the Syce1”®™F%F model, Sycel-single-guide RNA
(sgRNA) 5-TGACTTCTTTCCACACTATC-3' targeting the intron
10 was predicted at https://eu.idtdna.com/site/order/designtool/
index/CRISPR_SEQUENCE. This ctRNA (CRISPR RNA), the
tractRNA (trans-activating CRISPR RNA), and the ssODN (single-
stranded donor oligonucleotides) (5'-GGGACTCTTCCTCCG-
AAGCCATGAGGCAGCTGCAGCAATGTAAGATGCAGGGT-
GGGGCAGGAGGAGGAAATGTCTAGCACTGACTTCTTTC-
CACACCCCCAGGTAGATCTTCAAGGATGAGAA-
CAAGAAAGCTGAGG
AGTTCCTAGAGGCTGCAGCTCAGCAGCACGAGCAGCT-
GCAGCAGAGGTGCCACCAGCTACAG-3') were produced by
chemical synthesis at IDT. The ssODN contains the mutated base

Sanchez-Saez et al,, Sci. Adv. 2020; 6 : eabb 1660 2 September 2020

(C>T, p.GIn241%) and the peptidyl-glycine a-amidating monooxy-
genase (PAM) was mutated by substituting it by the human intron
sequence (ACTATCAG > CCCCCAG). The crtRNA and tracrRNA
were annealed to obtain the mature sgRNA. A mixture containing
the sgRINAs, recombinant Cas9 protein (IDT), and the ssODN [Cas9
(30 ng/ul), annealed sgRNA (20 ng/ul each), and ssODN (10 ng/ul)]
were microinjected into B6/CBA F2 zygotes (hybrids between strains
C57BL/6 ] and CBA/J) (47) at the Transgenic Facility of the Univer-
sity of Salamanca. Edited founders were identified by polymerase
chain reaction (PCR) amplification (Taq polymerase, NZYTech)
with primers flanking the exon 11 (primer F 5-CTGTAGAGAAACT -
GATGAAAGT-3' and R 5’-CAAGAAAATATGAAGAGACATAC-3)
producing an amplicon of 398 base pairs (bp) for both edited and
WT alleles, and either direct sequenced or subcloned into pBlueScript
(Stratagene) followed by Sanger sequencing, selecting the point mu-
tation in the tar%eted region of Sycel (ﬁé' §2). For generating the
Six6os]A0-2L/ AO-21 (named as Six6osIV), Six6osI-crRNA G68
5-ATCTGTTTGTCAGTTTGGAC-3’ and Six6osI-ctRNA G75
5'-TACTTATGTCTTGCTCATAC-3’ targeting exons 2 and 3 and
the ssODN (5'-GTTCTTACTTTATGTATGCTCTTTTATATAT-
GGCTTCTGAAAGTTTTATTATTTATTTTACA-
CAGTGTCCAAGATGAATGATAATCTGTTTGT-
CAGTTTGCAAGACATAAGTATTAAAGAAGATACGAT-
TCAAAGAATTAATAGTAAGTAGTTTTGCATGAAATA-
AATATTTTAGTCTTTTGGTTTTATCTTATATAGCA-3") were
predicted, produced, and microinjected, as previously described.
Edited founders with the predicted deletion were identified through
PCR using primers flanking this region (primer F 5'-CACTTA-
CATTTTCCTTTTAAGAATGC-3" and R 5'-CCCCTCTCATA-
CATACAAGTTGC-3"). The A10-21 allele was 285 bp long versus
413 bp of the WT allele (fig. S8, A and B). The founders were crossed
with WT C57BL/6 ] to eliminate possible unwanted off-targets.
Heterozygous mice were resequenced and crossed to give rise to
edited homozygous. Genotyping was performed by analysis of the
PCR products of genomic DNA with primers F and R.

Histology

For histological analysis of ovaries, after the necropsy of the mice, their
ovaries were removed and fixed in formol 10%. They were processed
into serial paraffin sections and stained with hematoxylin and eosin.
The samples were analyzed using a microscope OLYMPUS BX51,
and images were taken with a digital camera OLYMPUS DP70.

Immunocytology

Testes were detunicated and processed for spreading using a con-
ventional “dry-down” technique. Oocytes from fetal ovaries (E17.5
embryos) were digested with collagenase, incubated in hypotonic
buffer, disaggregated, and fixed in paraformaldehyde. Both meiocyte
preparations were incubated with the following primary antibodies
for immunofluorescence (IF): rabbit aSIX60S1 R1 and R2 [1:100, Pro-
teogenix (11)], rabbit aSYCE1 17406-1-AP (1:50, Proteintech),
guinea pig aSYCEI1 (1:100, provided by C. H66g), mouse aSYCP3
immunoglobulin G (IgG) sc-74569 (1:1000, Santa Cruz Biotechnology),
rabbit serum aSYCP3 K921 (1:500), rabbit aSYCP1 IgG ab15090
(1:200), guinea pig aSYCE3(1:20, provided by R. Benavente), guinea
pig aSYCE2 (1:100, provided by C. Ho6g), rabbit «TEX12 IgG
(1:100, provided by R. Benavente), rabbit anti-y-H2AX (ser139)
IgG #07-164 (1:200) (Millipore), mouse «MLH1 51-1327GR (1:5, BD
Biosciences), rabbit dRAD51 PC130 (1:50, Calbiochem), and rabbit
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oDMCI R1 and R2 (1:500, Proteogenix). The secondary antibodies
used were goat Alexa 555 a-mouse A-32727, goat Alexa 488 a-mouse
A-11001, donkey Alexa 555 a-rabbit A-31572 (1:200, Thermo Fisher
Scientific), goat Alexa 488-Fab a-rabbit 111-547-003, and donkey
fluorescein isothiocyanate a—guinea pig 706-095-148 (1:100, Jackson
Immunoresearch). Slides were visualized at room temperature
using a microscope (Axioplan 2; Carl Zeiss Inc.) with 63x objectives
with an aperture of 1.4 (Carl Zeiss Inc.). Images were taken with a
digital camera (ORCA-ER; Hamamatsu) and processed with
OPENLAB 4.0.3 and Photoshop (Adobe). Quantification of fluo-
rescence signals was performed using Image] software.

Cell lines and transfections

HEK?293T and COS?7 cell lines were and obtained from the American
Type Culture Collection (ATCC). Cell lines were tested for myco-
plasma contamination (Mycoplasma PCR ELISA, Sigma-Aldrich).
They were transfected with Jetpei (PolyPlus) according to the
manufacturer’s protocol.

Immunoprecipitation and Western blotting

HEK293T cells were transiently transfected, and whole-cell extracts
were prepared and cleared with protein G Sepharose beads (GE
Healthcare) for 1 hour. The antibody was added for 2 hours, and
immunocomplexes were isolated by adsorption to protein G Sepharose
beads overnight. After washing, the proteins were eluted from the
beads with 2x SDS gel-loading buffer 100 mM tris-HCI (pH 7), 4%
SDS, 0.2% bromophenol blue, 200 mM p-mercaptoethanol, and
20% glycerol and loaded onto reducing polyacrylamide SDS gels.
The proteins were detected by Western blotting with the indicated
antibodies. Immunoprecipitations were performed using mouse
a-Flag IgG (5 pg; F1804, Sigma-Aldrich), mouse a-green fluores-
cent protein (a-GFP) IgG (4 ug; CSB-MA000051MOm, Cusabio),
mouse o-Myc obtained from hybridoma cell myc-1-9E10.2 ATCC
(4 pg), and ChromPure mouse IgG (5 ug/1 mg protein; 015-000-003).
Primary antibodies used for Western blotting were rabbit o-Flag
IgG (1:2000; F7425 Sigma-Aldrich), goat a-GFP IgG (sc-5385, Santa
Cruz Biotechnology) (1:3000), and rabbit a-Myc Tag IgG (1:3000;
#06-549, Millipore). Secondary horseradish peroxidase—conjugated
a-mouse (715-035-150, Jackson ImmunoResearch), a-rabbit (711-
035-152, Jackson ImmunoResearch), or a-goat (705-035-147, Jackson
ImmunoResearch) antibodies were used at 1:5000 dilution. Anti-
bodies were detected by using Immobilon Western Chemilumi-
nescent HRP Substrate from Millipore. Both Sycelpor and Six6os1
A10-21 complementary DNAs (cDNAs) used for IF and coimmuno-
precipitation experiments were reverse transcription PCR-amplified
(the primers used for it were Sycel § 5'-GAGCAGTATGGC-
CACCAGACC-3’ and Syce AS 5'-GAGGAGGGTATTAGGTCCT-
GC-3’; Six6osl S 5'-AGTGTCCAAGATGAATGATAATCTG-3’ and
Six60sl AS 5'-GTTCAAAAATAATAACTCAAAAAAAC-3') from
total RNA extracted from SycelpowpoF and Six6os 2102/ A0-2L pice,
respectively. PCR-amplified fragments were cloned in pcDNA3-
based mammalian expression vectors with different tags (enhanced
GEP or Flag) and verified by Sanger sequencing.

Quantitative PCR

Total RNA was isolated from testis of WT and mutant mice. To
analyze the expression of Syce and Six60os] mRNAs, equal amounts
of cDNA were synthesized using SuperScript II Reverse Transcrip-
tase (Invitrogen, Life Technologies) and Oligo (dT). Quantitative
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PCR (gPCR) was performed using FastStart Universal SYBR Green
Master Mix (ROX) (Roche) and specific forward and reverse primers:
qSYCEL_F 5-GGACATGGTGAAAAAGTTGCAG-3" and qgSYCEL_R
5-CAGTTCCTTCTGCAGGTTGTC-3’ for Sycel, and qSIX60S1_F
5 -GCTGAATGTGGAGATAAAGAG-3’and qSIX60S81_R 5'-AG-
GAGTTTCAGGAGTTTGAGG-3’ for Six6osl. All qQPCR reactions
were performed at 95°C for 10 min and then 40 cycles of 95°C for
15 sand 62°C for 1 min on the iQ5 Thermal Cycler (Bio-Rad). B-Actin
was amplified as a housekeeping gene with the primers gf-actin_F
5-GGCACCACACCTTCTACAATG-3’and gf-actin R 5-GTG-
GTGGTGAAGCTGTAGCC-3".

Statistics

To compare counts between genotypes, we used the Welch’s ¢ test
(unequal variances f test), which was appropriate as the count data
were not highly skewed (i.e., were reasonably approximated by a
normal distribution) and, in most cases, showed unequal variance.
We applied a two-sided test in all the cases. Asterisks denote statis-
tical significance: *P < 0.01, **P < 0.001, and ***P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full /6/36/eabb1660/DC1

Yiew/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. N.Hunter, Meiotic recombination: The essence of heredity. Cold Spring Harb. Perspect. Biol.
7,a016618 (2015).

2. D. Zickler, N. Kleckner, Recombination, pairing, and synapsis of homologs during meiosis.
Cold Spring Harb. Perspect. Biol. 7, (2015).

3. J.Loidl, Conservation and variability of meiosis across the eukaryotes. Annu. Rev. Genet.
50, 293-316(2016).

4. F.Baudat, Y. Imai, B. de Massy, Meiotic recom bination in mammals: Localization
and regulation. Nat. Rev. Genet. 14, 794-806 (2013).

5. C.K. Cahoon, R.S. Hawley, Regulating the construction and demolition
of the synaptonemal complex. Nat. Struct. Mol. Biol. 23, 369-377 (2016).

6. M.Westergaard, D. von Wettstein, The synaptinemal complex. Annu. Rev. Genet. 6,
71-110(1972).

7. K. Schmekel, B. Daneholt, The central region of the synaptonemal complex revealed
inthreedimensions. Trends Celf Biol. 5, 239-242 (1995).

8. R.L Meuwissen, H. H.Offenberg, A. J. Dietrich, A. Riesewijk, M. van lersel, C. Heyting, A
coiled-coil related protein specific for synapsed regions of meiotic prophase
chromosomes. EMBO J. 11,5091-5100 (1992).

9. Y.Costa, R. Speed, R.Ollinger, M. Alsheimer, C. A. Semple, P. Gautier, K. Maratou,

I. Novak, C. H56g, R. Benavente, H. J. Cooke, Two novel proteins recruited by
synaptonemal complex protein 1 (SYCP1) are at the centre of meiosis. J. Celf Sci. 118,
2755-2762 (2005).

10. S.Schramm, J. Fraune, R. Naumann, A. Hernandez-Hernandez, C. Hs6g, H. J. Cooke,

M. Alsheimer, R. Benavente, A novel mouse synaptonemal complex protein is essential
forloading of central element proteins, recombination, and fertility. PLOS Genet. 7,
21002083 (2011).

11. L.Gomez-H, N. Felipe-Medina, M. Sanchez-Martin, O. R. Davies, |. Ramos, |. Garcia-Tuidn,
D. G.de Rooij, |. Dereli, A. Téth, J. L. Barbero, R. Benavente, E. Llano, A. M. Pendas,
C140RF39/SIX60S1 is a constituent of the synaptonemal complex and is essential
formousefertility. Nat. Commun. 7, 13298 (2016).

12. G.Hamer, K Gell, A. Kouznetsova, |. Novak, R. Benavente, C. Hitg, Characterization
of anovel meiosis-specific protein within the central element of the synaptonemal
complex. J. Ceff Sci. 119, 4025-4032 (2006).

13. H.H.Offenberg, J. A. Schalk, R. L. Meuwissen, M. van Aalderen, H. A. Kester, A. J. Dietrich,
C. Heyting, SCP2: Amajor protein component of the axial elements of synaptonemal
com plexes of the rat. Nudfeic Acids Res. 26, 2572-2579 (1998).

14. J.H.Lammers, H. H. Offenberg, M. van Aalderen, A.C. Vink, A. J. Dietrich, C. Heyting, The
geneencoding a major component of the lateral elements of synaptonemal complexes
of therat is related to X-linked lymphocyte-regulated genes. Mol. Cell. Biol. 14, 1137-1146
(1994).

130f 14

269



SCIENCE ADVANCES | RESEARCH ARTICLE

15. F. A.T.deVries, E. de Boer, M. van den Bosch, W. M. Baarends, M. Ooms, L. Yuan, J.-G. Liu,
A. A.van Zeeland, C. Heyting, A. Pastink, Mouse Sycp7 functions in synaptonemal
complex assembly, meiotic recombination, and XY body formation. Genes Dev. 19,
1376-1389 (2005).

16. E.Bolcun-Filas, E. Hall, R. Speed, M. Taggart, C. Grey, B. de Massy, R. Benavente,

H. J. Cooke, Mutation of the mouse Syce? gene disrupts synapsis and suggests alink
between synaptonemal complex structural components and DNA repair. PLOS Genet. 5,
21000393 (2009).

17. E.Bolcun-Filas, Y. Costa, R. Speed, M. Taggart, R. Benavente, D. G. de Rooij, H. ). Cooke,
SYCE2 is required for synaptonemal complex assembly, double strand break repair,
and homologous recombination. . Ceff Biof. 176, 741-747 (2007).

18. G.Hamer, H. Wang, E. Bolcun-Filas, H. J. Cooke, R. Benavente, C. Hoog, Progression
of meiotic recombination requires structural maturation of the central element
ofthe synaptonemal complex. J. Ceff Sci. 121, 2445-2451 (20083).

19. L. Yuan, J. G.Liu, J. Zhao, E. Brundell, B. Daneholt, C. Hitg, The murine SCP3 gene is
required for synaptonemal complex assembly, chromosome synapsis, and male fertility.
Mol. Celf 5, 73-83 (2000).

20. F.Yang,R.D.L. Fuente, N. A. Leu, C. Baumann, K. J. McLaughlin, P. J. Wang, Mouse SYCP2

is required for synaptonemal complex assembly and chromosomal synapsis during male

meiosis. /. Cell Biol. 173, 497-507 (2006).

L. Yuan, J. G. Liu, M. R. Hoja, J. Wilbertz, K. Nordqvist, C. Hg, Female germ cell

aneuploidy and embryo death in mice lacking the meiosis-specific protein SCP3. Science

296, 1115-1113 (2002).

22. J. M. Dunce, O. M. Dunne, M. Ratcliff, C. Millan, S. Madgwick, |. Usén, O. R. Davies,
Structural basis of meiotic chromosome synapsis through SYCP1 self-assembly. Nat. Struct.
Mol. Biol. 25, 557 -569 (2013).

23. K. Schucker, T. Holm, C. Franke, M. Sauer, R. Benavente, Elucidation of synaptonemal
complex organization by super-resolution imaging with isotropic resolution. Proc. Natl.
Acad. Si. U.SA. 112, 2029-2033 (2015).

24. ). L. Syrjanen, L. Pellegrini, O. R. Davies, A molecular model for the role of SYCP3 in meiotic
chromosome organisation. eLife 3, (2014).

25. ). L. Syrjanen, |. Heller, A. Candelli, O. R. Davies, E. J. G. Peterman, G. J. L. Wuite,

L. Pellegrini, Single-molecule observation of DNA compaction by meiotic protein SYCP3.
elife®, 22582 (2017).

26. J.Lu, Y.Gu, J. Feng, W. Zhou, X. Yang, Y. Shen, Structural insight into the central element
assembly of the synaptonemal com plex. Sci. Rep. 4, 7059 (2014).

27. O.M. Dunne, O.R. Davies, A molecular model for self-assembly of the synaptonemal
complex protein SYCE3. 1 Biof. Chem. 294, 9260-9275 (2019).

23. O.M. Dunne, O.R. Davies, Molecular structure of human synaptonemal complex protein
SYCE1. Chromosoma 128, 223-236 (2019).

29. O.R. Davies, J. D. Maman, L. Pellegrini, Structural analysis of the human SYCE2-TEX12
complex provides molecular insights into synaptonemal complex assembly. Open Biol. 2,
120099 (2012).

30. A Kouznetsova, R. Benavente, A. Pastink, C. Hoog, Meiosis in mice without

a synaptonemal complex. PLOSONE 6, 28255 (2011).

H.F.Horn, D.1. Kim, G. D. Wright, E. S. M. Wong, C. L. Stewart, B. Burke, K. J. Roux, A

mammalian KASH domain protein coupling meiotic chromosomes to the cytoskeleton.

4. Celf Biol. 202, 1023-1039 (2013).

32. X.Ding, R. Xu, J. Yu, T. Xu, Y. Zhuang, M. Han, SUN1 is required for telomere attachment
to nuclear envelope and gametogenesis in mice. Dev. Ceff 12, 863-872 (2007).

21

31.

33. P.J.Romanienko, R. D.Camerini-Otero, The mouse Spo11 gene is required for meiotic
chromosome synapsis. Mol. Ceff 6, 975-937 (2000).

34. K. Yoshida, G. Kondoh, Y. Matsuda, T. Habu, Y. Nishimune, T. Morita, The mouse RecA -like
gene Dmc1 is required for homologous chromosome synapsis during meiosis. Mof. Ceff 1,
707-718(1998).

35. M. A.Handel, J. C. Schimenti, Genetics of mammalian meiosis: Regulation, dynamics
and impact on fertility. Nat. Rev. Genet. 11, 124-136 (2010).

36. A.Geisinger, R. Benavente, Mutations in genes coding for synaptonemal complex
proteins and their impact on human fertility. Cytogenet. Genome Res. 150, 77-35 (2016).

37. P.Laissue, Aetiological coding sequence variants in non-syndromic premature ovarian
failure: From genetic linkage analysis to next generation sequencing. Mol. Cell. Endocrinol.
411, 243-257 (2015).

Sanchez-Saez et al,, Sci. Adv. 2020; 6 : eabb 1660 2 September 2020

38. S.Caburet, V. A. Arboleda, E. Llano, P. A. Overbeek, J. L. Barbero, K. Oka, W. Harrison,
D.Vaiman, Z. Ben-Neriah, |. Garcia-Tufidn, M. Fellous, A. M. Pendas, R. A. Veitia, E. Vilain,
Mutant cohesin in premature ovarian failure. N. Engl. J. Med. 370, 943-949 (2014).

39. E. Maor-Sagie, Y. Cinnamon, B. Yaacov, A. Shaag, H. Goldsmidlt, S. Zenvirt, N. Laufer,

C. Richler, A. Frumkin, Deleterious mutation in SYCE1 is associated with non-obstructive
azoospermia. 1 Assist. Reprod. Genet. 32, 887-891 (2015).

40. M. Pashaei, M. M. Rahimi Bidgoli, D. Zare-Abdollahi, H. Najmabadi, R. Haji-Seyed-Javadi,
F. Fatehi, A. Alavi, The second mutation of SYCE1 gene associated with autosomal
recessive nonobstructive azoospermia. J. Assist. Reprod. Genet. 37, 451-453 (2020).

41. L. deVries, D. M. Behar, P. Smirin-Yosef, |. Lagovsky, S. Tzur, L. Basel-Vanagaite, Exome
sequencing reveals SYCE1 mutation associated with autosomal recessive primary ovarian
insufficiency. J. (in. Endocrinol. Metab. 99, E2129-E2132 (2014).

42. E.P.Mimitou, L. S. Symington, Nucleases and helicases take center stage in homologous
recombination. Trends Biochem. Sci. 34, 264-272 (2009).

43. S.K.Mahadevaiah, J. M. A. Turner, F. Baudat, E. P. Rogakou, P. de Boer, J. Blanco-
Rodriguez, M. Jasin, S. Keeney, W. M. Bonner, P. S. Burgoyne, Recombinational DNA
double-strand breaks in mice precede synapsis. Nat. Genet. 27, 271-276 (2001).

44. A.N.Lupas, M. Gruber, The structure of a-Helical coiled coils. Adv. Protein Chem. 70,
37-78 (2005).

45. ). Peranen, M. Rikkonen, M. Hyvonen, L. Kaariainen, T7 vectors with modified T7lac
promoter for expression of proteinsin Escherichia coli. Anal. Biochem. 236, 371-373(1996).

46. D.Franke, D. . Svergun, DAMMIF, a program for rapidab-initioshape determination
in small-angle scattering. J. Appl. Cryst. 42, 342-346 (2009).

47. P.Singh, J. C. Schimenti, E. Bolcun-Filas, A mouse geneticist's practical guide to CRISPR
applications. Genetics 192, 1-15 (2015).

Acknowledgments: We thank Diamond Light Source and the staff of beamline B21 (proposals
sm15836, sm21777, and sm23510). We thank H. Waller for assistance with CD data collection.
Funding: O.R.D.is a Sir Henry Dale Fellow jointly funded by the Wellcome Trust and Royal
Society (grant number 104158/Z/14/Z). This work was supported by MINECO (BFU2017-
89408-R) and by Junta de Castilla y Leon (CSI239P18). F.S.-S., LG.-H, and NF.-M. are supported
by European Social Fund/JCyLe grants (EDU/556/2019, EDU/1083/2013, and EDU/310/2015).
CIC-IBMCC is supported by the Programa de Apoyo a Planes Estratégicos de Investigacién de
Estructuras de Investigacién de Excelencia cofunded by the Castilla-Ledn autonomous
government and the European Regional Development Fund (CLC-2017-01). The funders had
no role in the study design, data collection and analysis, decision to publish, or preparation of
the manuscript. Ethics statement: Mice were housed in a temperature-controlled facility
(specific pathogen free) using individually ventilated cages, standard diet, and a 12-hour light/
dark cycle, according to European Union laws at the “Servicio de Experimentacion Animal,
SEA.”Mouse protocols were approved by the Ethics Committee for Animal Experimentation of
the University of Salamanca (USAL). We made every effort to minimize suffering and to
improve animal welfare. Blinded experiments were not possible since the phenotype was
obvious between WT and mutant mice for all of the experimental procedures used. No
randomization methods were applied since the animals were not divided in groups or
treatments. The minimum size used for each analysis was two animals per genotype.
Author contributions: FS.-S, LG-H, O.MD, NF.-M.,, CG.-P, M.S-M., and O.RD. performed
experiments. O.RD. and AM.P. designed experiments, analyzed data, and wrote the
manuscript. AM.P, EL., and O.R.D. supervised and designed the work. Competing financial

: The authors declare that they have no competing interests. Data and materials

1 All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Additional data related to this paper may be requested
from the authors.

Submitted 4 February 2020
Accepted 17 July 2020
Published 2 September 2020
10.1126/sciadv.abb1660

Citation: F. Sanchez-Saez, L. Gémez-H, O. M. Dunne, C. Gallego-Paramo, N. Felipe-Medina,
M. Sanchez-Martin, E. Llano, A. M. Pendas, O. R. Davies, Meiotic chromosome synapsis depends
on multivalent SYCE1-SIX60S1 interactions that are disrupted in cases of human infertility.
Sci. Adv. 6, eabb1660 (2020).

14 of 14

270






	Página en blanco



