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Abstract

ABSTRACT

Chronic myeloid leukemia (CML) is a myeloprolifaket neoplasm caused by the formation
of the Philadelphia chromosome in hematopoietimstad progenitor cells (HSPCs), where
a reciprocal translocation generates B@R::ABL1fusion oncogene. The main isoform
present in CML is BCR::ABL1 p210, a constitutivefjctive kinase that drives the
leukemogenic transformation of HSPCs into leukestéen cells (LSCs). These CML LSCs
are largely responsible for disease initiation,nteriance, and resistance to therapy, as they
can self-renew and persist despite tyrosine kimdsbitor (TKI) therapy, which specifically
targets BCR::ABL1. CML is typically a triphasic d&se, beginning with a chronic phase
characterized by the gradual expansion of matuwi&oghils in circulation, followed by an
accelerated phase marked by increased myeloidfgradlon and genetic instability, and
ultimately progressing into a blast crisis, whiekembles acute leukemia with high numbers
of immature blasts and poor prognosis if not treate

Rapl small GTPase deregulation in mouse modelsbhas associated with myeloid
neoplasms resembling human CML, highlighting thpantance of its regulation for proper
hematopoietic homeostasis. C3G, a guanine nucteettdhange factor (GEF) for Rap1,
interacts with BCR::ABL1, forming signaling compks involved in adhesion and
cytoskeletal regulation, but its potential role disease onset and progression remains
unexplored. In the K562 CML-derived cell line, C&Rerts a dual effect by modulating
downstream BCR:ABL1 signaling and promoting theeraént adhesion properties
characteristic of leukemic cells. Additionally, C3@s been shown to modulate imatinib-
induced apoptosis in a non-linear manner in thiklioe. Recent evidence also identifies
C3G as a key regulator of hematopoiesis, as alt€@d activity disrupts hematopoietic
stem cell (HSC) fate. Increased C3G activity in iS&omotes premature progenitor
exhaustion and impairs long-term hematopoiesislen®BG also regulates megakaryocytic
lineage by modulating HSC interactions with the danarrow (BM) niche to promote
myeloid reconstitution after hematopoietic stress.

Despite the well-documented functional relationgbiiween BCR::ABL1 and C3G, the
specific role of C3G in CML development has notrb&ély addressed. To explore this, we
used a transgenic BCR::ABL1 p210 (hereinafter p2h@use model presenting a time-
controlled deficiency of C3G in HSCs.

BCR::ABL1-expressing mice develop a myeloprolifaratdisease resembling the chronic
phase of CML, characterized by massive expansiomatfire neutrophils in peripheral
blood and myeloid infiltration in medullary and exthedullary tissues. In the absence of
hematopoietic C3G from the first month of life, P2fnice develop an attenuated CML
course, characterized by lower neutrophil levelperipheral blood at late disease stages,
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delayed leukemia onset, and increased survivatifsgaly in female C3G-deficient p210

mice. Additionally, at terminal disease stages, &BGckout p210 mice display reduced
leukemic infiltration, including decreased neutribgtresence in BM and thymus and
increased B lymphocyte levels in BM and spleen,gesgng a partial restoration of
hematopoietic tissue balance. Consistently, C3@tidal at later stages, coinciding with
average disease onset, led to a more modest dtmnobthe myeloproliferative phenotype,
supporting a time-dependent effect of C3G defigremt CML progression.

Analysis of BM HSPC subpopulations at CML onsetrite in which C3G was deleted
during the first month of life revealed significaalterations, predominantly affecting
myeloid-committed progenitors. C3G-deficient micéspthyed increased levels of
immature BM cells, with a notable accumulation eargilocyte-monocyte progenitors
(GMP), the immediate precursors of circulating nephils. Moreover, BM neutrophils

from C3G-deficient p210 mice exhibited impaired raigry capacity in response to
chemotactic stimulus. Altogether, these findingdidate that early C3G deletion disrupts
proper neutrophil differentiation and function, de&y to accumulation of intermediate
progenitors in the BM together with reduced numbar&l functionality of mature

neutrophils, potentially explaining the lower netnil levels observed in circulation.

In vivoresults therefore suggested that C3G deficienaldcact as an attenuating factor of
CML. To further investigate the underlying leukeraog mechanisms, we studied the role
of C3G in BCR::ABL1-expressing cell lines using tBa/F3 cell line expressing the
BCR::ABL1 p21®ncogene (hereinafter Ba/F3-p210).

Interestingly, BCR::ABL1 expression in Ba/F3 caltarelated with decreased C3G levels,
suggesting signaling crosstalk between both pretdio further investigate the contribution
of C3G in a BCR::ABL1-expressing setting, overexsgien and knockdown cell lines were
generated. While modulation of C3G expression ditl affect the proliferation rate of
Ba/F3-p210 cells, it substantially modified thednsitivity to imatinib, the main TKI used
for CML treatment. Both C3G-overexpressing and 8Gekdown Ba/F3-p210 cells
displayed lower viability and increased apoptogisruimatinib exposure compared with
control cells.

Leukemogenic pathways were also affected by chandge@3G expression. Phosphorylation
of the BCR::ABL1 kinase domain, indicative of iteamgenic activity, was moderately
attenuated in both C3G-overexpressing and knockdiows. However, downstream targets
such as CrkL remained unchanged, suggesting tr@vement of additional regulatory
mechanisms. Remarkably, JAK/STAT signaling, a migakemogenic axis in CML, was
disrupted upon both C3G overexpression and knockdaw reflected by a concomitant
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reduction in p-JAK2, p-STAT3, and p-STATS5 levels.dontrast, ERK1/2 and PI3K/AKT
pathway activation was comparable among all lines.

The observation that tightly regulated C3G expmssi a BCR::ABL1 context is required
for proper JAK/STAT signaling prompted us to invgate its impact on hematopoietic
differentiation, particularly given our prior finaljs of disrupted neutropoiesis in p210 mice.
To this end, we performed additional experimentagithe 32D myeloblast-like cell line,
in which C3G expression was engineered to generadeexpression and knockdown
models, following the same strategy used for BggEBO cells.

32D cells were stimulated with granulocyte colotiyaslating factor (G-CSF), a cytokine
that induces neutrophil differentiation in myela@dmmitted HSPCs through activation of
the JAK/STAT pathway, with STAT3 acting as a prpali mediator. Notably, C3G-
knockdown 32D cells exhibited reduced STAT3 acitoratupon G-CSF stimulation,
suggesting that low C3G levels compromise JAK/STAighaling and thereby impair the
neutrophilic differentiation program. Furthermokmth C3G-overexpressing and C3G-
knockdown 32D cell lines displayed cytokine-induedigrations in the ERK1/2 pathway,
which may further contribute to the observed siggatlysregulation.

Overall, these data support a role for C3G in raiuy chronic-phase CML progression,
likely by modulating key leukemogenic pathways saslAK/STAT. Disruption of this axis
may impair neutrophil differentiation, attenuate thyeloproliferative phenotype, and alter
myeloid-committed HSPC populations, ultimately reidg the number of mature
neutrophils in circulation. C3G thus supports pblggiical neutrophil differentiation, and
its loss may limit BCR::ABL1-driven myeloprolifeiah, as also observed in non-
oncogenic models such as the 32D cells.

Furthermore, altered JAK/STAT signaling in CML salipon C3G modulation may increase
sensitivity to imatinib, consistent with the pathwgaknown role in TKI resistance. These
results highlight C3G as a promising therapeutigein CML, both for controlling the
myeloproliferative phenotype and for potentiallysigizing LSCs through combined C3G
inhibition and TKI treatment, addressing a key &raje in current CML research.
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Resumen

RESUMEN

La leucemia mieloide cronica (LMC) es una neoplasialoproliferativa causada por la
formacién del cromosoma Filadelfia en células madrgrogenitoras hematopoyéticas
(HSPC), donde una translocacién reciproca genevacelgén de fusioBCR::ABL1 La
principal isoforma presente en la LMC es BCR::ARI21L0, una quinasa constitutivamente
activa que promueve la transformacion leucemogédedas HSPC en células madre
leucémicas (LSC). Las LSC en la LMC son en granideedesponsables del inicio,
mantenimiento y resistencia a la terapia, ya queg@o autorrenovarse y persistir a pesar
del tratamiento con inhibidores de tirosina quin@Bil), dirigidos especificamente a
BCR::ABL1. La LMC es tipicamente una enfermedaf@sica, que comienza con una fase
cronica caracterizada por la expansién gradual elgrdéfilos maduros en circulacion,
seguida de una fase acelerada marcada por un aumhera proliferacion mieloide e
inestabilidad genética, y progresando finalmenteisis blastica, similar a una leucemia
aguda, caracterizada por un alto nimero de blastwsduros y, un pronéstico desfavorable
si no se trata adecuadamente.

La desregulacidon de la GTPasa Rapl en modelos osusim ha asociado con neoplasias
mieloides similares a la LMC humana, lo que redaltanportancia de su regulacion para
el mantenimiento adecuado de la homeostasis heoyatiga. C3G, un factor de
intercambio de nucledtidos de guanina (GEF) de Rapéractia con BCR::ABL1
formando complejos de sefializacion implicados eradhesion y la regulacion del
citoesqueleto celular, aunque su posible papel aparicion y progresion de la enfermedad
aun no ha sido explorado. En células K562, una lgedular derivada de LMC, C3G ejerce
un efecto dual al modular la sefializacion oncogémie BCR::ABL1 y promover las
propiedades de adhesion aberrantes caracteridédas células leucémicas. Ademas, se ha
demostrado que C3G modula la apoptosis inducidaygimib de manera no lineal en esta
linea celular. Estudios recientes también idemtifie C3G como un regulador clave de la
hematopoyesis, ya que su actividad alterada alea#derenciacion de las células madre
hematopoyéticas (HSC). El aumento de la actividadC8G en las HSC promueve el
agotamiento prematuro de progenitores e impidefaatopoyesis a largo plazo, mientras
que también regula, a nivel de linaje megacarimmitias interacciones de las HSC con el
nicho de médula 6sea (MO) para favorecer la reitoogtn mieloide tras estrés
hematopoyeético.

A pesar de la demostrada relacion funcional enB&BABL1 y C3G, el papel especifico
de C3G en el desarrollo de LMC no ha sido completdenabordado. Para explorarlo,
hemos utilizado un modelo murino transgénico BCRLA p210 (en adelante p210) con
deficiencia controlada en el tiempo de C3G en I8€H
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Los ratones que expresan BCR::ABL1 desarrollan emirmedad mieloproliferativa
similar a la fase cronica de la LMC, caracterizpdala expansion masiva de neutrdfilos
maduros en sangre periférica y la infiltracion wigd en tejidos medulares y
extramedulares. En ausencia de C3G en el linajatogmyético desde el primer mes de
vida, los ratones p210 desarrollan un curso atendad.MC, caracterizado por niveles mas
bajos de neutréfilos en sangre periférica en etapdias de la enfermedad, inicio retardado
de la leucemia y mayor supervivencia especificasnenthembras. Ademas, en las etapas
terminales de la enfermedad, los ratones p2103t Eesentan una infiltracion leucémica
reducida, incluyendo menor presencia de neutraditos10 y timo y aumento de linfocitos
B en MO y bazo, sugiriendo una restauracion padghlbalance celular de los tejidos
hematopoyéticos. De igual manera, la delecion dé €@8etapas mas tardias, coincidiendo
con el inicio promedio de la enfermedad, condujana atenuacién mas modesta del
fenotipo mieloproliferativo, apoyando un efecto elegiiente del tiempo de la deficiencia de
C3G en la progresion de la LMC.

El andlisis de las subpoblaciones de HSPC de laMi@cio de LMC en ratones en los que
C3G fue delecionado durante el primer mes de vi&ld alteraciones significativas,
afectando predominantemente a los progenitores rmongiidos con la linea mieloide. Los
ratones deficientes en C3G mostraron niveles awrdestde células inmaduras en MO, con
una notable acumulaciéon de progenitores granulmednocito (GMP), precursores
inmediatos de los neutréfilos circulantes. Adenhds neutréfilos de MO de ratones p210
deficientes en C3G presentaron una capacidad migraeducida en respuesta a estimulos
guimiotacticos. En conjunto, estos hallazgos indigae la eliminacion temprana de C3G
altera la diferenciacion y funcion adecuadas denagrofilos, llevando a la acumulacion
de progenitores intermedios en BM junto con la ce@in en nimero y funcionalidad de
neutrofilos maduros, lo que podria explicar loetés mas bajos de neutrdfilos observados
en circulacion.

Los resultado# vivo sugieren, por tanto, que la deficiencia de C3Qipaattuar como un
factor atenuante de la LMC. Para investigar mamdd los mecanismos leucemogénicos
subyacentes, hemos estudiado el papel de C3G easlicelulares que expresan
BCR::ABL1, utilizando para ello la linea Ba/F3 gexpresa el oncogéBiCR::ABL1 p210
(en adelante Ba/F3-p210).

De forma notable, la expresién de BCR::ABL1 enle&lBa/F3 se correlaciond con niveles
disminuidos de C3G, sugiriendo una interaccionifumal en sus vias de sefializacion. Para
explorar la contribucion de C3G en un contextoxjwesion de BCR::ABL1, se generaron
lineas celulares con sobreexpresion y silenciamigaiC3G. Si bien la modulacion de C3G
no afecto a la tasa de proliferacion de las céB&EE3-p210, si modificd sustancialmente
su sensibilidad a imatinib, el principal TKI utdido en el tratamiento de la LMC. Tanto las
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células Ba/F3-p210 con sobreexpresion como concsélmiento de C3G mostraron menor
viabilidad y mayor apoptosis tras la exposiciomatinib en comparacion con las células
control.

La sefializacion leucemogénica también se vio afaqgtar los cambios en la expresion de
C3G. La fosforilacion del dominio quinasa de BCRBLIA, indicativa de su actividad
oncogénica, mostré una moderada disminucién en sribaas con sobreexpresion y
silenciamiento de C3G. Sin embargo, los nivelesi@rilacion de CrkL, la principal diana
de BCR::ABL1, permanecieron sin cambios, sugirief@participacién de mecanismos
reguladores adicionales. De manera notable, la liza€ian JAK/STAT, un eje
leucemogénico principal en LMC, se vio alteradadgoor la sobreexpresion como por la
delecion de C3G, reflejandose en una reducciénarnitante de los niveles de p-JAK2, p-
STAT3 y p-STAT5. En contraste, la activacion de ldas ERK1/2 y PISK/AKT no
mostraron cambios en todas las lineas.

La observacion de que la regulacion precisa de €3@n contexto de BCR::ABL1 es
necesaria para la sefializacion adecuada de JAK/80&Tlevo a investigar su impacto en
la diferenciacion hematopoyética, particularmenielaz de nuestros hallazgos previos de
alteraciones en la neutropoyesis en ratones p2dfa @llo, realizamos experimentos
adicionales en la linea celular mieloblastica 32D,la que se generaron modelos de
sobreexpresion y delecion de C3G, siguiendo la misstrategia utilizada para las células
Ba/F3-p210.

Las células 32D se estimularon con factor estintelda colonias de granulocitos (G-CSF),
una citoquina que induce la diferenciacion de dilds en HSPCs comprometidas con la
linea mieloide mediante activacion de la via JAWBTcon STAT3 actuando como
mediador principal. De forma notable, las célul2B 8on silenciamiento de C3G mostraron
una activacion reducida de STAT3 tras la estimatacion G-CSF, sugiriendo que niveles
bajos de C3G comprometen la sefializacion JAK/ST{TRor tanto, la diferenciacion
neutrofilica. Ademds, tanto las lineas celulare® 3®n sobreexpresion como con
silenciamiento de C3G mostraron alteraciones and&ERK1/2 tras la estimulacion con
citoquinas, lo que podria contribuir adicionalmentda disfuncién de la sefalizacion
observada.

En conjunto, estos datos respaldan un papel deeB3&regulacion de la progresion de la
LMC en fase cronica, probablemente mediante la tacdin de vias leucemogénicas clave
como JAK/STAT. La alteracion de este eje puedetafecla diferenciacion de neutrdfilos,

atenuar el fenotipo mieloproliferativo y modifidas poblaciones de HSPC dirigidas hacia
la linea mieloide, lo que en Ultima instancia rédae! nimero de neutréfilos maduros en
circulacion. Asi, C3G sostendria la diferenciadidiolégica de neutréfilos, y su ausencia
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podria limitar la mieloproliferacion inducida po€B::ABL1, como también se observa en
modelos no oncogénicos, como las células 32D.

Ademas, la alteracién de la sefalizacion JAK/STAE&ulas de LMC tras la modulacién
de C3G podria aumentar la sensibilidad al imatinilque concuerda con el papel conocido
de esta via en la resistencia a los TKI. Estodtesas destacan a C3G como una posible
diana terapéutica en LMC, tanto para controlareabfipo mieloproliferativo como para
potencialmente sensibilizar a las LSC medianteokabinacion de inhibicion de C3G y
tratamiento con TKI, abordando uno de los prin@paktos actuales en la investigacion de
la LMC.
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INTRODUCTION
1. Chronic myeloid leukemia: a myeloproliferative nkgm
1.1. Overview

1.1.1Definition and classification

Under normal conditions, cell proliferation is tibh regulated to maintain tissue
homeostasis. Cancer arises when this control ts lkeding to uncontrolled cell growth.
Cancerous cells can originate from almost any ¢issd, in some cases, are able to acquire
metastatic potential, which allows their dissemorato distant sites. Leukemia is a type of
cancer that develops when a blood progenitor cethe bone marrow (BM) undergoes
malignant transformation, leading to an excessivadyrction of abnormal leukocytes
(National Cancer Institute, 2007).

Leukemic cells generally fail to mature and funatiproperly. Instead, they proliferate

rapidly and avoid programmed cell death, a proe¢ss known as apoptosis. Over time,
these dysfunctional cells accumulate in the blaedst, increasing leukocyte counts and
potentially infiltrating other organs, thereby digting their normal physiological functions

(Koolivandet al, 2025).

Leukemias are classified as acute or chronic piiynaccording to disease kinetics and
clinical course. Acute leukemias typically show idaprogression with accumulation of
blast-like cells, whereas chronic leukemias evaohae slowly and are characterized by
expansion of cells with more differentiated phepety that often retain partial functional
properties (Arbeet al, 2022). In chronic leukemias, malignant cellstaiperform essential
immune functions but exhibit extended survival, dieg to their accumulation in
hematopoietic tissues, therefore causing the displant of healthy cells. While chronic
leukemias progress more gradually than acute fotimey, are generally more challenging
to cure (Faderét al, 1999).

Leukemias can be myeloid or lymphoid, dependingttan hematopoietic lineage from
which they originate:

« Myeloid leukemias arise from myeloid progenitors, which normally givise to
granulocytes, monocytes, erythrocytes, and megakgtys (MK) (Arberet al, 2022).

« Lymphoid leukemias originate from lymphoid progenitors, which diffat@te into
lymphocytes. It is important to distinguish lymptideukemias from lymphomas, as
both malignancies affect lymphoid cells but diffetheir primary sites of development.
Leukemia primarily originates in the BM, whereasmghoma arise mainly in the lymph
nodes or other lymphoid tissues (Swerdkval, 2016).
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Thus, although numerous subtypes exist, leukenm@snainly divided according to two
parameters: disease progression (acute or chranéttell lineage (myeloid or lymphoid)
(Swerdlowet al, 2016; Arber et al, 2022):

Acute lymphoid leukemia (ALL) is characterized by the fast proliferation of intana
lymphoid cells (also termed lymphoblasts). As ant@disease, ALL progresses rapidly
and is fatal within weeks or months if left untesétAlthough it can occur in adults, it
is most common in children aged 2 to 5 years.

Chronic lymphoid leukemia (CLL) is typically characterized by the gradual
accumulation of abnormal, mature B lymphocytesikérALL, CLL progresses slowly
and often remains asymptomatic until advanced stdgprimarily affects older adults.
Acute myeloid leukemia (AML) is defined by the uncontrolled growth of immature
myeloid cells. Like ALL, AML progresses rapidly amdquires urgent treatment. It
predominantly affects adults.

Chronic myeloid leukemia (CML) is characterized by the excessive proliferation of
abnormal myeloid cells and belongs to a group séases known as myeloproliferative
neoplasms (MPN). MPNs are clonal hematologic dexrdmarked by the
overproduction of myeloid cells in the BM. In addit to CML, this group includes
polycythemia vera (PV), essential thrombocyther&@)( and primary myelofibrosis
(PMF). Unlike AML, CML typically follows a gradugbrogression before potentially
transforming into an acute phase. It is most comyndiagnosed in adults and is
strongly associated with a well-defined geneticaabrality.

1.1.2Background of CML

CML is likely the first type of leukemia to be foaity described. In the 1840s, patients
experiencing fever, splenomegaly, and unusuallyh higukocyte counts were first
recognized and documented (Bennett, 1845). Eadynatts to determine the cause of death
in these patients led to the hypothesis that tlaelydied from an abnormal accumulation of
white blood cells (WBC). These early cases werdaite examples of this neoplasm,
which was initially referred to as chronic granuitic leukemia (Goldman, 2010).

A major milestone in CML research occurred a cenlater, in the 1960s, when Nowell and
Hungerford identified an abnormally small chromosoin the blood cells of patients
diagnosed with chronic granulocytic leukemia. Tléso observed that these patients had
lost the distal segment of the long arm of chromwes@2 (Nowell and Hungerford, 1960).
This was a groundbreaking discovery as it represkttite first known genetic abnormality
linked to cancer. Years later, with the advanceroénytogenetic techniques, Janet Rowley
demonstrated that this abnormal chromosome 22teglstriom a reciprocal translocation
between the long arms of chromosomes 9 andr2@ie 1) (Rowley, 1973).
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Figure 1. Karyotype illustrating the chromosomal almormality found in patients with chronic
myeloid leukemia (CML). (A) Normal XX karyotype from a healthy individual guted from Chen
et al, 2012). B) XY karyotype from a CML patient showing the recipal translocation between
chromosomes 9 and 22 (pointed in red) (adapted Athas of Haematological Cytology).

This abnormally small chromosome 22 was eventualiyned the Philadelphia (Ph)
chromosome, after the city where it was discovékemtetzky, 2007). The identification of
the Ph chromosome was the first description of anadl cytogenetic abnormality in
leukemia. Its presence in myeloid, megakaryocyia) erythroid lineages suggested that
the disease originated at a pluripotent stem tajies(Fialkowet al, 1977).

Subsequent research aimed to further understargtietic features of the Ph translocation
and its role in the CML phenotype. In 1975, Lozamd Lozzio generated a leukemic cell
line, later known as K562, from the pleural effusaf a 53-year-old woman who had been
suffering from CML for almost 4 years. These cebsild grow indefinitely in culture and
exhibited typical CML characteristics, such as abma cell size and high enzymatic
activity, two hallmark features of CML pathogendsiezzio and Lozzio, 1975).

In-depth studies of the genomic structure of the tRimslocation revealed that the
breakpoints occur in chromosome 9 upstream oABIel gene, a proto-oncogene encoding
a non-receptor tyrosine kinase protein (Heisterkahab, 1983). The translocation involves
a region on chromosome 22 that was first called“ltheakpoint_cluster region” because
breaks frequently occurred there. This region veasr lidentified as a gene, which was
namedBCR after this original description (Groffest al, 1984). This finding raised the

possibility that theBCRandABL1 genes were fused, leading to the constitutivevaistin

of ABL1 (Shtivelmaret al, 1985).
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Successive studies further explored the oncogeafugpties of thiBCR::ABL1fusion gene
by demonstrating its ability to initiate malignadisease in transgenic mouse models,
confirming its central role in the pathogenesiML (Daley et al, 1990; Elefanty et al,
1990; Heisterkamp et al, 1990; Kelliher et al, 1990).

1.1.3Epidemiology

CML accounts for approximately 15-20% of all adidukemia cases, with an annual
incidence of 2 per 100,000 individuals (Jabbour Kadtarjian, 2024). Historically, the
mortality rate for CML was approximately 10-20%¢ kith the introduction of tyrosine
kinase inhibitor (TKI) therapies in 2000, this rdias significantly decreased to 1-2%
(Sasakiet al, 2023).

In the United States (US), the estimated prevaleh@ML was around 30,000 cases in the
year 2000 and has been increasing by approxim@i@g0 cases each year, reaching over
150,000 cases by 2024 (Jabbour and Kantarjian,)2B8ady projections estimated that the
prevalence of CML would reach a plateau of appraéty 180,000 cases between 2030
and 2040, as a consequence of a balance betweaseéiscidence and mortality following
the widespread adoption of long-term TKI therapydHget al, 2012).

On a global scale, with a population of 8 billiondaoptimal CML management through
widespread access to affordable TKIls, the globaVvgdence of CML could possibly rise
above 10 million cases. However, these projectaeend on multiple factors, including
global population growth, as well as the accessipdptimization, and affordability of TKI
therapy (Hehlmanet al, 2017).

The introduction of TKIs has significantly improvémhg-term outcomes, raising the 10-
year survival rate from roughly 20% to 80-90% o28ryears of follow-up (Sasakt al,
2023). Disease-related mortality is around 10%, dhd incidence of malignant
transformation remains low, at 5-6% over 10 yealthough the overall 10-year survival
rate is about 85%, many patients now normally dieauses unrelated to CML, such as
aging or secondary malignancies (Hochhetusl, 2017; Jabbour and Kantarjian, 2024).

1.2. Molecular pathogenesis

1.2.1Philadelphia chromosome formation

CML results from a reciprocal translocation betwesiromosomes 9 and 22 in a
hematopoietic precursor cell (Rowley, 1973Figlre 2). This specific genetic
rearrangement(9;22)(q34;q11), generates an abnormally short chromosome 22, kiaswn
the Ph chromosome, which harbors B@R::ABL1fusion oncogene. The fusion results
from translocation of th&BL1locus on chromosome 9 to tBERregion on chromosome
22, producing a constitutively active tyrosine ldaeaKurzrocket al, 1988). Persistent

6



Introduction

kinase activation usually disrupts genomic intgoaitd main regulatory pathways, resulting
in uncontrolled proliferation. Through this dysréagion, cells acquire the ability to
proliferate independently of cytokines, while evaglapoptosis under absence of growth
factors (Mandanast al, 1993).

Normal Altered
chromosome 9 chromosome 9  Altered

N | chromosome 22
orma ! g
chromosome 22 Philadelphia
chromosome
— —
BCR
BCR &= BCR:ABL1
LAY :
ABL1 “ - ,
-~ ~ ,

Figure 2. Philadelphia (Ph) chromosome formationChromosomes 9 and 22, which harbor the
ABL1 and BCR genes respectively, undergo a reciprocal transtmtahat juxtaposes them on
chromosome 22, forming the Ph chromosome. Thistgerearrangement generates BeR::ABL1
fusion oncogene, whose product drives CML througlaberrant tyrosine kinase activity.

The Ph translocation is not exclusively linked tdICbut is also observed in other leukemia
subtypes. For instance, it occurs in approxima2ebfo of pediatric and 10-20% of adult
cases of B-cell ALL (B-ALL). Additionally, patient&ith chronic neutrophilic leukemia
(CNL) also harbor this translocation. To a lesse¢em, the presence of the Ph chromosome
has also been reported in certain cases of AMLphywma, and multiple myeloma (Melo,
1996). Clinical outcome varies according to theakpmint within theABL1 gene, as
discussed below.

1.2.2TheBCR::ABL1 fusion protein

At the genomic level, the Ph translocation redtisn the juxtaposition of the’' Begion of
the BCR gene with the 3region of theABL1 gene. The specific chromosomal breakpoint
locations determine the extent of the genomic fragis incorporated into the fusion
oncogeneKigure 3) (Paneet al, 2002).

In the majority of CML cases, breakpoints occuthivita specific region in the central part
of theBCRgene, known as the major breakpoint cluster re@BCR). This region spans
between exons el3 (b2) and el4 (b3) (Gro#eral, 1984). Alongside the primary
breakpoint, several alternative breakpoints havenbéentified: the minor breakpoint
cluster region i-BCR, which is located between exons el and e2 angrimsarily
associated with BYLL; and the micro breakpoint cluster region (u-BCR), situated
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downstream of exon €19 and linked to CNL. Theseethreakpointd-BCR, m-BCRand
1-BCR) result in the generation of different isoformstbé BCR::ABL1 fusion protein,
which are named according to their approximate mudée weight as p210, p190, and p230,
respectively. Additionally, less frequent breakpsinvithin the BCR gene have been
described, leading to the formation of atypical B&BL1 fusion proteins, including p195,
p200, and p225 (Weerkanep al, 2009).

Conversely, the breakpoint within tABL1gene can occur at any location within a segment
of approximately 300 kb at the 5’ end of the geMel6, 1996). The breakpoints happen
either upstream of the first alternative exon 1)(ldbwnstream of the second alternative
exon 1 (al), or, more frequently, between the tRegardless of the exact breakpoint
location, the resulting transcript typically comsiBCRsequences fused to exon a2AB81L1
(Izzoet al, 2019).

e13 (b2) el4 (b3)

el e2 N e19
BCR 00— 00 00000 OC—000 001 00—00000—
[I— [ [
m-BCR M-BCR u-BCR
b1 al a2 a3 a4 ab a6 a7 a8 a9 al10 all
ABL1 O0———0—F 000000000 C==—0—
L |
ABL1 breakpoint region Philadelphia
chromosome

@RO0000000E =2 |p190 (B-ALL)

HOOOOOOOOOO@Q?OOOOOOOO@%ﬁ

w1400 | P210(CML)

E00000000000COE00000000E 4

e19

000000000000000000E000C0000E «+ |p230 (oNL)

Figure 3. Genomic breakpoints in the Philadelphia lsromosome generate divers8CR::ABL1
transcripts. Three genomic breakpoints have been describedeiB@R gene:m-BCR (between
exons el and e2M-BCR (between el3 and el4) apeBCR(downstream of e19), generating the
BCR::ABL1 p190, p210 and p230 isoforms, respecjivEthese isoforms are associated with different
leukemia subtypes: p190 with B-cell acute lympHeigkemia (B-ALL), p210 with chronic myeloid
leukemia (CML), and p230 with chronic neutrophiktkemia (CNL). Breakpoints oABL1 gene
typically occur at the 5’ end of the gene, upstredrexon b1, downstream of exon al, or between
them.

In CML, the BCR::ABL1fusion gene generally results from breakpoints ooy after
exon el3, giving rise to the el3a2 (b2a2) fusiorgfter exon el4, resulting in the el4a2
(b3a2) fusion. Both fusion transcripts are tramslainto the p210 isoform of the
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BCR::ABL1 protein (Melo, 1996). Baccaraei al. reported that the distribution of these
fusion transcripts in CML patients was as follo®8:9% of cases harbored the e13a2 (b2a2)
fusion, while 62.1% presented the el4a2 (b3a2pfugidditionally, unusuaBCR::ABL1
fusion transcripts, including elal, e8al, e8a3a2laénd e23al, were identified in 1.93%
of the CML patients (Baccaraet al, 2019).

Different aspects of CML pathogenesis can be atiith to the altered functions of BCR
and ABL1 proteins (Deiningeet al, 2000). Therefore, a clear understanding of their
physiological roles is crucial for assessing tirapact on CML development.

The BCR gene encodes a ubiquitously expressed 160-kDe&iprtitat contains multiple
structural domains with different functional projes (Figure 4A). Its N-terminal domain
(NTD) presents serine-threonine kinase activitghvdentified substrates including BAP-
1, VAV1 and potentially BCR itself (Reuthet al, 1994). The C-terminal domain possesses
GTPase activity for Rac, thereby regulating actolymerization and the function of
NADPH oxidase in phagocytic cells (Diekmaanal, 1991). Moreover, it contains a DH-
PH domain, acting as activator of Rho GTPases (®eek al, 2017). Additionally,
phosphorylation of BCR facilitates its interactioith Grb2, leading to the activation of the
Ras signaling pathway (Mgt al, 1997). Despite these roles in intracellular sligiga the
specific biological function of BCR remains incorafaly understood, &cr-deficient mice
are viable and exhibit only minor immune abnornegi{\Monckeret al, 1995).

TheABL1gene was first identified as the human homolaidpefs-Abl oncogene, originally
discovered in the Abelson murine leukemia virusglbn and Rabstein, 1970). It encodes
a 140-kDa protein composed of multiple functioraingins Figure 4B). Inits NTD, ABL1
undergoes N-myristoylation, a modification esserita autoinhibiting kinase activity by
facilitating the interaction between the myristgybup and a specific pocket located in the
kinase domain itself. Mutations that prevent acaesshe myristoyl pocket lead to a
significant increase in kinase activity (Hantsckelal, 2003). The NTD also contains
several Src homology (SH) domains, including SH8 &H2, which mediate protein-
protein interactionsand SH1, which harbors the catalytic kinase agt{Voodringet al,
2003). In the central region of the protein, preliich motifs enable interactions with SH3
domains of other proteins, including members of ek family, which can be
phosphorylated by ABL1 (Fellest al, 1994). The ABL1 protein plays a complex role in
cellular biology, integrating extracellular and radellular signals to regulate critical
processes such as cell cycle progression and ag®t@n Etten, 1999). Mice deficient in
the Abll gene exhibit increased perinatal mortality andjdently present thymic and
splenic atrophy, as well as T and B cell lymphopeamong other complications. These
findings highlight the essential role of ABL1 inetflhematopoietic system (Tybulewiet
al., 1991).
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At the protein level, the formation of BCR::ABL1stdts in the removal of certain domains
(Figure 4C). For instance, the N-terminal myristoyl groupAd&L1 is lost, impairing its
autoinhibitory function and leading to the congtite phosphorylation of multiple substrate
proteins. Additionally, the BCR-derived region imgorated into the fusion protein provides
critical domains and sequence motifs that furtinerdase the activation of downstream
signaling pathways (Hantschel, 2012). One key ejangptyrosine 177 (Y177), which
becomes phosphorylated and serves as a criticalrdpsite for adaptor proteins, thereby
amplifying the oncogenic signaling (Pendergetsal, 1993). Additionally, a coiled-coll
domain at the NTD of BCR promotes the dimerizatbBCR::ABL1, an event that further
facilitates strong autophosphorylation of the proitself, reinforcing its oncogenic activity
(Hantschel, 2012).

A BCR
Coiied SHZ ) Ser/Thr
NH, ) P N Rho/GEF PH Rac-GAP —COOCH
coil binding kinase
Y177
B ABL1

NLS Actin
N
w Myristoy!
pocket

Philadelphia chromosome formation

C BCR:ABL1p210

Ser/Thr
kinase

NLS
(DNA binding)

Actin
binding

Rho/GEF

SH1
(kinase)

Figure 4. Protein domains of BCR, ABL1, and the reglting fusion protein BCR::ABL1 p210.
(A) Structural domains of BCR. The tyrosine residéé (Y177), located in the SH2-binding domain
and essential for recruitment of downstream effacie highlighted.E) Structural domains of ABL1.
The N-terminal myristoyl group (Myr) plays a crdiaole in its autoinhibitory mechanism by binding
to the SH1 kinase domain and maintaining the kinasan inactive conformationC} Structural
domains of the BCR::ABL1 fusion. The myristoylatisite is lost and replaced by the BCR coiled-
coil domain, disrupting the autoinhibitory mechamiand promoting oligomerization, which locks
the kinase in a constitutively active state. SHc Bomology domain, GEF: guanine nucleotide
exchange factor, PH: pleckstrin homology domain,PG&TPase activating protein, NLS: nuclear
localization sequence.
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1.2.30ncogenic signaling

BCR::ABL1 activates multiple intracellular signalincascades, directly or indirectly
influencing critical pathways involved in cell suwal, proliferation, and inhibition of
apoptosis (McCubregt al, 2008). Moreover, while ABL1 is mainly localizedthe nucleus
under physiological conditions, the BCR::ABL1 fusiprotein is retained in the cytosol. As
a result, its tyrosine kinase activity is no longabject to spatial regulation, allowing it to
constitutively activate several signaling pathwéyazlehurset al, 2009).

Co-immunoprecipitation assays conducted in the K86 line have uncovered the
widespread and functionally significant interactoofeBCR::ABL1, which includes key
potentially oncogenic signaling proteins such as2G€rk, c-Cbl, PI3K, SHC1, STS-1, and
SHIP-2 (Brehmet al, 2009). These proteins, along with other bindiagners, enable the
recruitment of intermediary and effector molecutesreby initiating a extensive spectrum
of signaling cascade§igure 5), including Ras-ERK1/2, PI3K/AKT, JAK/STAT, Wit/
catenin, and apoptotic pathways, all of which ptaycial roles in leukemogenesis
(Amarante-Mendest al, 2022).

11
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Figure 5. Major cellular signaling pathways activaed by BCR::ABL1 oncoprotein. BCR::ABL1
completely rewires the cellular signaling landscapenstitutively phosphorylating numerous
substrates and adaptor proteins that link to maltgownstream cascades. Through Grb2/SOS, it
activates the Ras/Raf-1/MEK/ERK pathway, promotimgliferation. Activation of Ras proteins, in
turn, stimulates the PIBK/AKT/mTOR axis, enhancgugvival by inhibiting the intrinsic apoptotic
pathway and increasing metabolic activity. AKT waation also downregulates FOXO transcription
factors, further contributing to leukemogenesis.RB8BL1 can also triggep-catenin signaling,
further contributing to the proliferative phenotyde parallel, it constitutively activates JAK2,
thereby engaging the JAK/STAT pathways, where STA@sticularly STATS5, induce transcription of
anti-apoptotic and self-renewal genes. Addition@igR::ABL1 perturbs cell adhesion by activating
FAK and other cytoskeletal regulators, contributiogthe loss of adhesion and increased motility
characteristic of leukemic cells. RTK: Receptoosine kinase.
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The activation of the Ras/Raf/MEK/ERK cascade isated by the recruitment of Gab2
and SOS, the main guanine nucleotide exchangerféeétigF) of Ras, to BCR::ABL1
through the phosphorylated Y177 located in the B€flon (Sattleret al, 2002). This
interaction facilitates Ras activation, leadinghe sequential activation of Raf-1, MEK1/2,
and ERK1/2 signaling cascades, which play a fundaaherole in regulating cell
proliferation, differentiation, and survival (Clat al, 2007). BCR::ABL1 also activates
C3G (Gutiérrez-Berzatt al, 2006), a Rapl GEF, leading to Rapl activatiortivated
Rapl can either enhance or inhibit the ERK1/2 diggaathway, depending on the relative
balance of Raf-1 and B-Raf proteins within the.cHflis selective activation contributes to
the fine-tuning of ERK1/2 signaling, as Raf-1 andRBf have distinct expression patterns,
activities, and functional roles across differésgues, a situation that is particularly relevant
in certain cancers (Peyssonnaux and Eychéne, 2001the context of BCR::ABL1
expression, the C3G-Rap1l axis may promote progirgathways such as the ERK1/2 and
PI3K/AKT cascades, while simultaneously inhibitjpig-apoptotic signaling, including the
p38-MAPK pathway (Mai&t al, 2009). Importantly, activation of the C3G—Rapisavan
also disrupt proper adhesion of leukemic cells @\ial, 2013).

BCR::ABL1 also activates the PI3BK/AKT/mTOR signglinascade through both direct and
indirect mechanisms. It interacts with PI3K via tipié proteins, including Ras, Rapl, c-
Cbl, and CrkL, ultimately leading to the activatiohAKT (Cho et al, 2005; Ren, 2005).
Once activated, AKT plays a critical role in proingtcell survival by phosphorylating key
substrates involved in apoptosis inhibition. Adafitilly, AKT activation initiates
downstream signaling through mTOR, which functiaithin the mTORC1 and mTORC2
complexes. While mTORC1 regulates cell cycle pregjmn, proliferation, and
angiogenesis, mTORC2 is predominantly involved yioskeletal organization and cell
growth (Bertacchinet al, 2015). Furthermore, AKT-driven mTOR activation dotates
the expression of transcription factors, like th@©X© family, contributing to
leukemogenesis (Pellicamb al, 2014).

The JAK/STAT pathway plays a central role in CMigluding growth factor independence
and apoptosis resistance. In CML cell lines, JAKA &TATs proteins are constitutively
activated (Chaet al, 1997). BCR::ABL1 can phosphorylate JAK2, theréfiating the
activation of multiple downstream effectors, incgh@iISTAT3 and STAT5 (Xiet al, 2001).
STATS is particularly critical in CML, being ess@&itfor leukemogenesis (et al, 2006)
and mediating resistance of BCR::ABL1-expressingsde TKIs (Warschet al, 2011).
JAK2 also activates c-MYC, a transcription factossential for cell proliferation,
differentiation, and apoptosis, which is necessany\BCR::ABL1-driven leukemogenesis
(Sawyerset al, 1992). Interestingly, Ph-negative MPNs, whichude PV, ET and PMF,
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are strongly associated withAK2 mutations, leading also to dysregulated JAK/STAT
signaling (Coltreet al, 2021).

In addition, dysregulation of the Wpttatenin signaling pathway is a common feature in
various leukemia subtypes, including CML (Fetisbal, 2018). Wnt signaling is initiated
upon Wnt ligand binding to its extracellular reaeptriggering either the canonical or non-
canonical pathway. The main distinction betweensg¢h&Vnt pathways lies in the
involvement ofp-catenin, which functions exclusively in the camahipathway. In the
absence of Wntp-catenin is continuously targeted for ubiquitinatiand proteasomal
degradation (Rao and Kihl, 2010). However, in CBCR::ABL1 indirectly prevent$-
catenin degradation, enabling its nuclear transimsaOnce in the nucleuB;catenin acts
as a transcriptional regulator, promoting the esgian of genes involved in leukemic cell
proliferation and survival (Coluccit al, 2007).

A key characteristic of BCR::ABL1-expressing celts their increased resistance to
apoptosis (Corteet al, 1995). Cellular stress typically triggers theaunftondrial apoptosis
pathway, which is regulated by members of the BAhrily. This family consists of both
anti-apoptotic proteins (such as BCL-2, BCL;and MCL-1) and pro-apoptotic proteins
(such as BAX and BAK). Under normal conditions,adaince between pro-apoptotic and
anti-apoptotic BCL-2 family members maintains delitsurvival. However, in response to
apoptotic stimuli, this balance shifts in favorpyb-apoptotic factors since anti-apoptotic
proteins are neutralized by BH3-only pro-apoptgticteins, such as BAD and BID. This
leads to the activation of BAX and BAK, which inrtufoster the release of several pro-
apoptotic factors from the mitochondria into théospl (Czabotaet al, 2014). BCR::ABL1
promotes the sequestration of BAD by 14-3-3 prat@nthe cytosol. This prevents BAD
from antagonizing BCL-2 family anti-apoptotic memiighereby increasing their ability to
sequester BAX/BAK and inhibit apoptosis (Nesktzl, 2000). Consequently, BCR::ABL1
overexpression confers pronounced resistance totegs, even in the presence of death-
inducing stimuli, suggesting that BCR::ABL1 harbersen greater anti-apoptotic activity
than BCL-2 or BCL-X proteins (Brumattet al, 2003).

1.3. Pathophysiological features

1.3.1Normal hematopoiesis

Hematopoiesis refers to the process of blood cetiyction. To maintain homeostasis, the
human body constantly generates new blood cellseptace aged or damaged ones,
producing around 7x2tew blood cells per hour (Lew and Tiffert, 201ese cells are
generated in the BM from a rare population of ckli®wn as hematopoietic stem and
progenitor cells (HSPC). HSPCs can be divided bareldeir pluripotency and self-renewal
capability into hematopoietic stem cells (HSC) &edhatopoietic progenitor cells (HPC).
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HSCs, which constitute approximately 0.01% of natdd cells in the BM (Rosst al,
2011), exhibit self-renewal capacity and underggarasetric cell division, producing one
daughter cell that retains stem cell properties amdther that progresses toward
differentiation. In contrast, HPCs have limited ooty and lack self-renewal capacity,
gradually giving rise to more lineage-committedg®oitors that in due course generate all
blood cell types (Gaet al, 2023).

The gold-standard procedure for assessing HSP@titkas traditionally been defined by
the transplantation of donor cells into lethallyadiated recipients lacking a functional
endogenous hematopoietic system (Cheingl, 2020). The first evidence supporting the
existence of HSPCs came from experiments demomgfriie rescue of lethally irradiated
recipient mice through BM transplantation (BMT),adéing to the formation of
hematopoietic colonies in the spleens of the renipmice (Till and McCulloch, 1961).
These BMT studies allowed the distinction betweeBCd and HPCs based on their
multipotency, that is, their ability to produce dlood cell lineages (Orkin, 2000).
Consequently, there has been growing interestrifiyg these HSPCs from BM to further
study their characteristics, functions, and rolaematopoiesis.

The isolation of HSPCs was first achieved throulylorEscence-activated cell sorting
(FACS) using antibodies targeting specific surfaw@kers (Spangrudet al, 1988). Over
the past four decades, significant efforts havenbeade to identify novel surface markers
and refine antibody combinations, allowing for ib@lation and characterization of distinct
subpopulations within the hematopoietic hierarc@hdllen et al, 2009). Historically,
commonly used markers for HSC isolation include @DSca-1, c-Kit, and signaling
lymphocyte activation molecule (SLAM) family pratsi, among others (Chered al,
2020).

The first model of the hematopoietic hierarchy, doason the immunophenotypic
characterization of surface markers, was develdpetassify and better understand the
sequential steps of hematopoiesig)(ire 6A). In this tree-like model, HSCs are categorized
into long-term HSCs (LT-HSC) and short-term HSCEK8C), depending on their ability
to sustain hematopoiesis for prolonged or limitedigas in lethally irradiated recipients,
respectively. LT-HSCs give rise to ST-HSCs, whidibsequently differentiate into
multipotent progenitors (MPP). Unlike HSCs, MPPeskiaelf-renewal capacity and are
therefore classified as HPCs. These MPPs can fudffierentiate into the two main
hematopoietic branches: myeloid and lymphoid (Mamet al, 1997; Cheng et al, 2020).
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<« Figure 6. Models of hematopoiesig¢A) The classic model considers hematopoiesis as wis&p
hierarchical process in which cells possess fidediities and potentials, progressing through discr
stages where binary fate decisions determine lmeagmmitment. B) The continuum model
challenges this rigid hierarchy, proposing thafiedé@ntiation is a smooth and gradual process irchvhi
individual cells display varying degrees of linedm@s without sharp boundaries between stat®s. (
The punctuated continuum model integrates both sidw this model, hematopoietic states are
heterogeneous groups of variable primed cells,ensiill allowing critical transition points where
differentiation decisions become reinforced. Eagmgartment contains a spectrum of cells already
biased toward specific lineages. LT/ST-HSC: lonmgrishort-term hematopoietic stem cell, MPP:
multipotent progenitor, CMP: common myeloid prodgeni CLP: common lymphoid progenitor,
GMP: granulocyte-monocyte progenitor, MEP: megaeyye-erythrocyte progenitor.

The myeloid lineage is derived from the differemtia of MPPs into common myeloid
progenitors (CMP). CMPs can further differentiattvigranulocyte-monocyte progenitors
(GMP) and megakaryocyte-erythrocyte progenitors PFYJESMPs give rise to granulocytes
(including neutrophils, eosinophils, and basoplzs) monocytes, and have also the ability
to generate a population of conventional dendritidls (cDCs). In contrast, MEPs
differentiate into MKs and erythrocytes (Akagtial, 2000). These mature myeloid cells
play distinct physiological roles: granulocytes amohocytes contribute to innate immunity
by defending against pathogens and initiating tti@pive immune response, which is
mediated by antigepresenting cDCs; MKs produce platelets, which are indispensable for
hemostasis; and erythrocytes transport oxygen throughout the body (Liggett and Sankaran,
2020).

On the other hand, the lymphoid lineage arises wWéirs differentiate into common
lymphoid progenitors (CLP), which ultimately giviee to mature T cells, B cells, natural
killer (NK) cells, and plasmacytoid dendritic ce{fgDCs) (Kondcet al, 1997). Lymphoid
cells predominantly mediate adaptive immunity, witland B cells orchestrating antigen-
specific immune responses. NK cells provide inmgtetoxicity, while pDCs play crucial
roles in antiviral immunity and immune regulatidiggett and Sankaran, 2020).

The classical model of hematopoiesigy(ire 6A) suggests that at each differentiation stage,
cells become irreversibly committed to a precisedige, with their fate determined through
a series of binary decisions at specific stageaduslly limiting their developmental
potential (Liggett and Sankaran, 2020). Howevels thodel relies on the existence of
distinct stages consisting of well-defined cell plagions characterized by specific surface
markers and assumes that lineage decisions hagtien wniform cell pools. As a result, it
oversimplifies what is actually a more complex gs&: The discovery of additional cellular
markers has allowed researchers to identify mobpapulations, revising the timing of
lineage commitment and further dividing cell staggs more subgroups (Adolfsset al,
2005; Gorgens et al, 2013; Yamamoto et al, 2013). This, however, has led to more
inconsistencies in defining new cell populationsgking this model less clear. Recent
advances in single-cell technologies have helpedomme these challenges, enabling more
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precise identification and definition of cell poptibns, and leading to more accurate models
of hematopoiesis (Laurenti and Goéttgens, 2018).

Although the classical model provides a simplegawerful framework for understanding
blood cell development, recent single-cell trarngornic analyses have suggested that
lineage commitment may follow a continuous procésgure 6B). In this model,
unilineage-restricted cells arise directly from antinuum of minimally committed,
undifferentiated HSPCs, rather than progressingutin distinct multipotent and bipotent
stages (Macaulagt al, 2016; Velten et al, 2017; Karamitros et al, 2018). Contrary to the
discrete hierarchical structure proposed by thestdal model, these findings indicate a lack
of clear boundaries between HSCs and HPCs.

In addition, situated between these classical andirmuum models lies the punctuated
continuum model. It describes hematopoietic diffiietion as a continuous process also
regulated by critical checkpoints that support dge commitmentRigure 6C). In this
framework, HSPCs progressively acquire lineageesiaghile retaining some plasticity,
with transcriptional, epigenetic, and signaling<aeting as regulatory "punctuations” that
guide differentiation (Liggett and Sankaran, 2020)is model is supported by single-cell
analyses, which reveal substantial heterogeneitpngnmprogenitor stages while still
maintaining structured lineage outcomes (Giktdal, 2018).

1.3.2Leukemic hematopoiesis and disease progression

HSCs maintain hemostasis and undergo continuotdisessgiwal and differentiation to
generate blood cells. This constant activity, addedevents of infection, aging, or
inflammation, places them under replicative stredsch increases the likelihood of DNA
damage. Over time, this stress can lead to acctinmilmutations in the HSCs. These
mutations can compromise their normal function amdpme cases, eventually lead to the
generation of a potentially malignant populationcefls known as leukemic stem cells
(LSC) (Yamashitat al, 2020).

Somatic mutations in HSCs can drive the expansfoa mutant clone without initially
progressing to a hematological malignancy. Thigd@an, known as clonal hematopoiesis
of indeterminate potential (CHIP), is asymptomdtiat, usually confers an increased risk of
suffering hematological malignancies such as leukg@enoveset al, 2014). CHIP is
most commonly associated with mutations in gengslating epigenetic modifications
(DNMT3A, TET2, ASX)1DNA repair PPM1D, TP53, mRNA splicing SF3B1, SRSH2
and kinase signalinglAK2) (Marnellet al, 2021). In some cases of CML, tBER::ABL1
fusion has been reported to arise within a pretiegjsPh-negative clonal population
carrying CHIP-associated mutations, referred ta gseleukemic clone (Steensmiaal,
2015). This observation suggests that the presehd®CR::ABL1 alone may not be
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sufficient to initiate CML. Instead, certain CHIPutations may confer a selective
advantage, enhancing self-renewal capacity andirgea cellular environment in which
the acquisition oBCR::ABL1 more effectively drives leukemic transformationa(t&r,
2017).

Similar to normal hematopoiesisifure 7A), leukemia follows a hierarchical organization,
with LSCs at the apex. LSCs are responsible foeadis initiation, as well as the
maintenance and continuous production of malignaté (Bonnet and Dick, 1997). LSCs
share many characteristics with HSCs, includingsgence, pluripotency, and self-renewal.
However, LSCs usually present a dysregulated dmivaf key signaling pathways that
control proliferation, survival, and their ability invade and disseminate, contributing to
malignant progression. From a clinical perspectdgCs are particularly concerning due to
their resistance to standard cancer treatmentdyding chemotherapy, radiation, and
targeted therapies, making them responsible fot pases of treatment failure and disease
relapse. This multiple resistance is mainly duéh&r quiescent state, which hampers the
effectiveness of therapies that rely on cell dons{Tabe and Konopleva, 2014). In myeloid
leukemias, the generation of LSCs can occur abuarstages of hematopoiesis. However,
in the specific case of CML, the defining featurdsthe LSCs also depends on the
developmental phase of the disease (Riethat, 2015).

CML progression and clinical evolution are typigathtegorized into three distinct phases:
chronic, accelerated, and blast crisis phasgufe 7B) (Blische and Kreipe, 2011):

(1) Chronic phase (CP):The CP is the initial stage of CML and can lastsieveral years,
during which the disease remains stable. Patierksg phase are usually asymptomatic
or present mild symptoms, such as an increaseeémef myeloid granulocyte-like
cells in peripheral blood (PB). BM also shows ahhigumber of relatively mature
myeloid cells. At this stage, the disease can fee®fely managed with TKIs, which
maintain the disease stable.

(2) Accelerated phase (AP):In the AP, the disease becomes more aggressive,
characterized by a higher presence of undiffertattiblast cells in both PB and BM.
Symptoms may become more severe, including fatigusight loss, fever, and
splenomegaly. The disease may become harder tootdoe to a reduced response to
TKIs, often due to the emergence of new leukemagemitations in the LSCs. If
untreated properly, AP can progress into the lolasis phase within several months.

(3) Blast crisis phase (BP):The BP represents the most aggressive form of @it
shares clinical features with the AML. During BP-CMblast cells are typically found
in both PB and BM. Symptoms can be severe and ntdyde bleeding, infections, and
organ enlargement. The disease becomes highlyanetsie TKIs, and treatment options
are limited. If not adequately managed, BP-CML barfatal.
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Figure 7. Triphasic progression of chronic myeloid leukemia (CML). (A) In normal
hematopoiesis, hematopoietic stem cells (HSC) énbibne marrow (BM) maintain a stable pool of
self-renewing cells while generating progenitorat throgressively mature into differentiated blood
lineages under tightly regulated contrak) (In CML, three well-defined clinical phases can be
distinguished: chronic phase (CP), acceleratedepf®B), and blast crisis phase (BP). In CP, HSCs
harboring theBCR::ABLL1 translocation (now termed leukemic stem cells ()S&cquire a
proliferative advantage, leading to excessive pectdo of myeloid cells and expansion of the
granulocytic compartment in peripheral blood (PB)eft untreated, the disease progresses through
AP to an acute leukemia-like BP. BP is charactdrizg the accumulation of secondary mutations
beyondBCR::ABLJ conferring drug resistance, enhanced prolifenatimd a block in differentiation,
resulting in the massive accumulation of myeloydpphoid, or mixed-lineage blasts in the BM, PB,
and extramedullary tissues. MPP: multipotent priigenCMP: common myeloid progenitor, CLP:
common lymphoid progenitor.

In CP-CML, the presence &CR::ABL1in both myeloid and lymphoid lineages suggests
that LSCs originate from a minimally committed HSHKely a HSC or even a HPC with
high self-renewal capacity (Martiat al, 1980; Jonas et al, 1992). Additionally, pre-
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leukemic mutations are generally present in 15-2096P-CML patients, mostly due to
CHIP, without a significant role in disease initiat (Schmidtet al, 2014). However, in a
reduced subset of cases, these mutations pr&eReABLlacquisition and may be linked
with poorer outcomes (Kimat al, 2017). Whereas pre-leukemic mutations seem te hav
minor role in CP-CML development, they are probabignificant risk factors for
progression to BP-CML and AML. This supports th@dipesis that CP-CML LSCs arises
primarily from a first single oncogenic hBCR::ABLJ, while BP-CML LSCs and AML
LSCs, which can also emerge from more committed lated-stage progenitors, require
additional mutations frequently linked to CHIP (tetet al, 2020). In line with this, BP-
CML LSCs and AML LSCs often display immunophenotypd more lineage-restricted
progenitors, such as lymphoid-primed MPPs or GMRWslicating that leukemic
transformation can also take place in more difféa¢éed progenitors once they reacquire
self-renewal capacity (Riethetal, 2015). Interestingly, GMPs have been shown toiaeq
a stem cell-like self-renewal program during pregren to BP-CML, driven by activation
of the Wntp-catenin pathway, which positions them as candid®8€s at this stage
(Jamiesoret al, 2004). This idea is further supported by the fiaat normal GMPs become
leukemogenic when transformed WBICR::ABL1 p21QMinami et al, 2008).

In summary, myeloid leukemias exhibit a shared gpreental frameworkKigure 8).
While CP-CML follows a more linear, HSC-dependeradel, both BP-CML and AML
display a more plastic and heterogeneous LSC leiteyar his indicates that AML and BP-
CML share a common mechanism of leukemic evolutishere hierarchical flexibility
facilitates committed progenitor cells to reacqustem-like properties, driving disease
progression and therapeutic resistance (Vetra, 2020).
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Figure 8. Leukemic hematopoiesis in chronic myeloideukemia (CML). The origin and
characteristics of CML leukemic stem cells (LSCpeled on the clinical phase of the disease. In
chronic-phase (CP) CML, LSC derive from hematopoietem cells (HSC) that acquire the
BCR::ABL1 leukemic hit (1 hit), driving the sustained expansion of myeloadischaracteristic of
this phase. Progression to blast-phase (BP) CMurscevhen CP-CML LSCs acquire secondary
mutations (2 hit), giving rise to BP-CML LSCs. Alternatively, BCML LSCs can originate from
more committed progenitors that, through additiqma-leukemic mutations often associated with
clonal hematopoiesis of indeterminate potential @Hform pre-LSCs. These pre-LSCs may then
either acquir®CR::ABL1, generating BP-CML LSCs, or accumulate acute nmigiddaikemia (AML)
typical mutations, leading to AML LSCs. LT/ST-HSIGng/short term hematopoietic stem cell, MPP:
multipotent progenitor, CMP: common myeloid progeniGMP: granulocyte-monocyte progenitor.

1.4. Current and emerging treatments

The first documented treatment for leukemia dateklio the 1860s, when two leukemia
patients were treated with arsenic (Lissauer, 186Bice then, the treatment of CML has
slowly evolved during 20 century, beginning with the use of spleen radithg for
symptomatic relief in the early years (Goldman, @Qollowed by the introduction of
alkylating agents in the 1950s (Galton, 1953) awbmbinant interferon-alpha (IF&-in
the 1980s (Talpaet al, 1986). Conventional chemotherapeutics such aslfansand
hydroxyurea were also widely used to control disga®gression, due to their ability to
limit the myeloproliferative phenotype (Rushirgd al, 1982). In parallel, allogeneic
hematopoietic stem cell transplantation (Allo-HS@®Dm sibling donors also emerged in
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the 1980s as the only potentially curative theregyCML, although it was applicable to
only a small proportion of patients (Goldmetral, 1982).

The major milestone in CML therapy, however, camiththe discovery and clinical
introduction of TKIs, which specifically target tlidnormal kinase activity of BCR::ABL1
oncogenic protein.

1.4.1Tyrosine kinase inhibitor therapy

CML is the first disease in history to be succdsstueated with TKIs (Cohen, 2002). In
the 1990s, a research group at the pharmaceubicgdany Novartis developed a derivative
of the 2-phenylaminopyrimidine compound, initiaftgmed CGP57148, which was shown
to inhibit ABL1 activity bothin vitro andin vivo (Buchdungeet al, 1996). These findings
were further supported by a subsequent study detnating that this compound effectively
inhibited the growth of BCR::ABL1-positive cells (Tkeret al, 1996). In the early 2000s,
a clinical trial evaluating CGP57148 (later renar8dd-571) in CML patients with chronic
phase demonstrated that the drug was well toleetddexhibited significant antileukemic
activity, underscoring its remarkable clinical eficy (Drukeret al, 2001). Shortly after,
STI-571 received FDA approval for the treatmen€dL patients in the chronic phase and
was marketed under the brand name Gleevec® (id#)er Glivec® (in Europe and other
regions), being the generic name imatinib (Coh@&023.

Over the following years, an increasing number KisTas CML treatment have been
developed in different drug generations, each impgobon the previous ones in terms of
potency, specificity, and ability to overcome resige (able 1).
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Table 1. Tyrosine kinase inhibitors (TKIs) approved to treat chronic myeloid leukemia (CML).
Color goes from red (resistant) to green (non-resistant) to indicate drug effectiveness over
BCR::ABL1 mutations.
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1. First-generation TKIs represent the first class of approved TKIs for CML, with
imatinib being the only drug in this category and the first approved treatment for CML.

¢ Imatinib functions as a competitive inhibitor of ATP binding to ABLI, thereby
inactivating BCR::ABL1 kinase activity, and it is highly effective in CP-CML.
However, resistance can appear, particularly due to point mutations in BCR::ABL1,
making it relatively ineffective against several of these mutations (Melo and Chuah,
2007).

2. Second-generation TKIs were developed to address the increasing resistance and
intolerance observed in some CML patients treated with imatinib. These TKIs display
higher potency and enhanced activity against several imatinib-resistant BCR::ABL1
mutations, while maintaining the same mechanism of action, that is, targeting the ATP-
binding site of BCR::ABL1.
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* Nilotinib was developed by introducing structural modificasido the imatinib
molecule to enhance its potency. It is significantore potent than imatinib and is
effective against some imatinib-resistant BCR::ABblitations (Weisbergt al,
2005).

« Dasatinib was identified in the search for a more potent brahder-spectrum
inhibitor capable of overcoming BCR::ABL1 mutationisis considerably more
potent than imatinib, though less selective, asit inhibits Src-family kinases
(Hanet al, 2010). While effective against most BCR::ABL1 w@titins, dasatinib
is ineffective against the T315I mutation, whicmfays high-level resistance (Shah
et al, 2004).

* Bosutinib was initially designed as a Src inhibitor (Boschetlal, 2001), but it
was later discovered to also exhibit inhibitory ihatt against BCR::ABL1,
effectively preventing the growth of CML cell lindBosutinib is effective against
several BCR::ABL1 mutations; however, similar to dasatinib, it is completely
ineffective against T315I mutation (Puttetial, 2006).

3. Third-generation TKIs were developed to enhance potency and specifizalet the
pan-resistant T315] mutation, which was previousijreatable with available drugs.
T315I substitution prevents critical hydrogen bagdivith standard TKIs, blocking
drug access and causing resistance (Kantagfiah, 2024).

« Ponatinib was developedb target the hydrophobic ATP pocket of mutant BCR:
ABL1™ [t is highly effective against the T315] mutatiand even capable of
suppressing BCR::ABL®'5 tumor growth in mice (O’Haret al, 2009).

¢ Asciminib is referred as a STAMP inhibitor, which stands fepecifically
targeting the ABL1 myristoyl pocket”, thereby beitige first allosteric TKI
approved for CML treatment. As a result, mutatithrag affect the ATP-binding site
of ABL1, such as T315I, do not impact asciminikeeffveness (Réet al, 2021).
The BCR::ABL1 translocation leads to the loss @f thyristoylated N-terminal of
ABL1, which normally occupies a site in the kinad@main and serves as an
allosteric negative regulatory element. As a reshkk myristoyl pocket remains
empty. Asciminib targets this empty pocket to imhikinase activation in an
allosteric manner, providing a novel approach axifivate the oncogenic activity
of BCR::ABL1 (Wylieet al, 2017).

1.4.2Monitoring treatment-responses

After starting treatment, CML patients undergo tagmonitoring to evaluate their response
to therapy. This assessment follows a sequentiloaph based on three main criteria:
hematological, cytogenetic, and molecular respofisgisie 2). Each response reflects a
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progressively deeper reduction in leukemic burdamging from blood count normalization
to the elimination oBCR::ABL1transcripts (Cortest al, 2011).

Table 2. Established criteria for monitorization of chronic myeloid leukemia (CML) patients
during treatment. Response to therapy is assessed at three levematdlegic, cytogenetic, and
molecular. The complete achievement of each respimidiicates a decrease in the residual leukemic
cell population. CHR: complete hematological reggWBC: white blood cell count, PCyR/CCyR:
partial/complete cytogenetic response, Ph: Phitddalchromosome, CBA: chromosome banding
analysis, FISH: fluorescence in situ hybridizatisVR/DMR: major/deep molecular response.

Response to CML

Stage Criteria
therapy g ter!

WBC > 10x16/L (no immature granulocytes)
Hematological CHR Eosinophils > 5%
response Platelets > 450-10%/L
No splenomegaly

Minimal
66%-95% Ph+ cells by CBA
CyR
. Minor
Cytogenetic CVR 36%-65% Ph+ cells by CBA
response (CyR) y
PCyR 1%-35% Ph+ cells by CBA
No Ph+ cells by CBA, or <19BCR::ABL1by FISH in 200
CCyR
cells
MMR <0.1% transcript level
Molecular MR4 <0.01% (4-log reduction) transcript level
response (MR) DMR MR4.5 <0.0032% (4.5-log reduction) transcript level
MR5 <0.001% (5-log reduction) transcript level

1. Hematological response:PB is analyzed to monitor disease resolution. Getap
hematological response (CHR) is defined by WBC tourl0Ox16/L, absence of
immature granulocytes, basophils < 5%, plateletg50x16/L, and no palpable
splenomegaly, typically achieved within the firsbmths of TKI therapy (Hochhauet
al., 2017).

2. Cytogenetic response (CyR)The reduction or elimination of Ph+ metaphaseshh B
cells is assessed through the CyR, typically thhodgromosome banding analysis
(CBA) or fluorescencén situ hybridization (FISH). CyR is categorized into difat
levels based on the percentage of cells with Phtaphases detecteshinimal CyR,
minor CyR, partial CyR (PCyR) andcomplete CyR(CCyR) (A. Hochhauset al,
2017).

3. Molecular response (MR): BCR::ABL1 mRNA levels are quantified using reverse
transcription-quantitative polymerase chain reac{lRT-gPCR) relative to an internal
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reference gene (e.gABL1, GUSB BCR)and reported on the International Scale (IS),
where 100% BCR::ABL' represents the standard values for a pre-treat@istt
patient. Patients are stratified into two MR catégo(1)major molecular response
(MMR) and (2)deep molecular response (DMR)further divided intaMIR4, MR4.5
andMR5 (Hochhaust al, 2017; White et al, 2022).

Although CML is never considered fully “cured”, aehing the deepest level of DMR
means the disease becomes virtually undetectabfact, patients who reach and sustain
DMR may be eligible for treatment-free remissiofRl), which is the closest concept to a
functional cure Figure 9) (Jabbour and Kantarjian, 2024).

Hematological
response

Cytogenetic
\J response .
Molecular )
\ response Patients

elegible to TFR

—

MR4 MR4.5 MR5

\

Diagnosis

100%  10% 1% 0.1% 0.01% * Fu':;t;:nal
0.0032% *
0.001%
BCR::ABL1'S

Figure 9. A proper therapeutic response in chronienyeloid leukemia (CML) can ultimately lead

to a functional cure.Patients who achieve sustained deep molecularmespdDMR) may become
eligible for treatment-free remission (TFR). Inshstate, tyrosine kinase inhibitors (TKIs) are
discontinued, yet patients are able to maintaireterdableBCR::ABL1transcript levels for several
years without ongoing therapy. Achieving and maimiey this condition represents a functional cure
of CML. The estimated percentagesBE€R::ABL1transcripts in each phase are shown, relative to
the International Scale (IS) used in CML responsenitoring guidelines. CHR: complete
hematological response, PCyR/CCyR: partial/commgtegenetic response, MMR: major molecular
response.

Since the 2010s, studies on treatment discontimuati CML patients with sustained DMR
have demonstrated that TKI withdrawal is a vialgdan. The Stop Imatinib trial evaluated
the risk of relapse in patients who had maintaibdR on imatinib for over two years

before discontinuing treatment. The trial concludleat a subset of these patients could
achieve TFR, as imatinib could be safely discomtthin those with hardly detectable
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BCR::ABL1levels (Mahoret al, 2010). This finding raised the possibility thatree CML
patients could potentially be “cured” with TKiIs.

1.4.3HSC transplantation and emerging therapeutic sfiege

Allogeneic hematopoietic stem cell transplantagalio-HSCT), considered the definitive
therapy for CML more than 20 years ago, has be@lass common option with the advent
of TKIs, which are now the first-line treatment this disease. However, it remains essential
for certain patients, particularly those who do respond to TKIs or progress to a more
aggressive disease phase (Radich, 2016). Eachayeand 1-2% of CML patients develop
resistance to many TKIls and thus require allo-H&€Ppart of their treatment. For example,
patients with the T315I mutation, which conferdgesce to most TKls, may require allo-
HSCT if they fail to respond to ponatinib or asciihi In fact, for patients who do not
achieve CCyR even with continuous TKI treatmend-BISCT is one of the potential long-
term survival options (Elmakast al, 2024). Additionally, it remains a valuable apprioa
for patients who have progressed to the AP or BiP raed more intensive treatment,
considering that TKls are typically ineffectivetimese clinical phases (Sauf3ele and Silver,
2015; Jabbour and Kantarjian, 2024).

Besides TKIs and, to a lesser extent allo-HSCT¢twvhbnstitute the main treatment options
for CML, emerging research has begun to reveal Irgivategies aimed at treating or even
curing this neoplasm by targeting the LSCs:
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Combination therapies TKIs can be combined with drugs targeting key
oncogenic pathways beyond BCR::ABL1, such as #{mmune modulation),
BCL-2 inhibitors (apoptosis induction), JAK2 inhinis (blocking JAK/STAT
signaling), PPARyagonists (promoting LSC differentiation and TKihsiization)
(Mu et al, 2021) or modulators of ROS production throughhition of NADPH
oxidases (Sanchez-Sanchetz al, 2014) or xanthine oxidoreductases (Romo-
Gonzéalezt al, 2022), among others.

Immunotherapy: Approaches like PD-1/CTLA-4 checkpoint inhibitoGAR-T
cells, and BCR::ABL1-targeted vaccines aim to aliat¢ LSCs and overcome
resistance. IFNx is also being repurposed to support TFR in TKédied patients
(Yanget al, 2020; Hsieh et al, 2021).

Small-interfering RNAs (siRNA): Targeting BCR::ABL1 mRNA could reduce
fusion gene expression and bypass TKI resistattbeugh delivery and off-target
immune effects remain challenges (Jyotsaira., 2019).

BCR:ABL1 degraders: Proteolysis-targeting chimeras (PROTACSs) have
emerged as a promising strategy. These molecutesitr&3 ubiquitin ligases to
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degrade BCR::ABL1, overcoming resistance causedkibgise mutations and
representing a promising clinical stratg@y and Song, 2020; Lim et al, 2023).

« Genome editing: CRISPR-Cas9 can be designed to directly disBER::ABL1
oncogene, correcting the genetic basis of CML (Gafafidnet al, 2017). Using
this approach, preclinical studies in transgenicenmave shown thak viveedited
LSCs can restore normal hematopoiesis after trantgtion (Vueltaet al, 2021).

2. C3G: a guanine nucleotide exchange factor of Rapl

In humans, the protein C3G is encoded byRW&GEF1gene, located on chromosome 9
at the q34.3 region (Takat al, 1994). C3G primarily functions as a GEF for sfieamall
GTPases of the Ras superfamily, mainly Rapl (Getadl, 1995), and to a lesser extent
Rap2 (Ohbeet al, 2000b), R-Ras (Gotoét al, 1997), and TC-21 (Ohbet al, 2000a).
However, C3G can also act through Rapl-independethanisms, likely involving
regions of the protein outside the GEF domain (@ueet al, 1998, 2004).

C3G is ubiquitously expressed in both fetal andtathsues (Tanakat al, 1994; Guerrero

et al, 1998). Importantly, its absence is lethal frombeyonic day 7.5 in whole-body C3G-
knockout (KO) mice, probably due to its criticalean cell adhesion and spreading of
embryonic fibroblasts during early mouse embryogen@hba, 2001).

2.1. Structural domains

C3G was first identified as a guanine nucleotideaging protein (GNRP) that binds to the
SH3 domain of Crk through a region containing aipesrich sequence. It was initially
named “Crk SH3-binding GNRP”, which led to the ahliation C3G (Tanakat al, 1994).
The C3G sequence shares high similarity with Cdc25 and SOS proteins; however, it differs

in substrate specificity, showing a strong prefeegior Rap1A and Rap1B, the two isoforms
of Rapl (Gototet al, 1995).

In humans, at least three different isoforms of Q8¥e been describeéigure 10A)
(Radheet al, 2011), and additional shorter transcripts hase heen detected (Guerrao
al., 1998). Alternative splicing generates two 140-kBzorms (sometimes referred as to
p140C3G), A and B, which differ at the N-terminisaform A contains three amino acids
that are replaced by 21 amino acids in isoform Bdffrdet al, 2011). Interestingly, a third
shorter isoform of 87 kDa, known as p87C3G, has lzesociated with CML since it has
been detected in patients and CML cell lines. Tinndifference between the p140C3G
and p87C3G isoforms is that the latter lacks th&t 805 amino acids of the N-terminus
(Gutiérrez-Berzakt al, 2006).
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In mice, two ubiquitously expressed isoforms of C¥¥e also been identified, resulting
from the alternative splicing of a 114-base-paioredocated in the N-terminus-igure
10B). Notably, mouseRapgeflcDNA shares 88% nucleotide identity with its human
counterpart, suggesting a high degree of evolutjoocanservation (Zhast al, 2001).

The full-length C3G protein consists of three widkined domainsHigure 10):

(1) The N-terminal domain (NTD) of C3G contains a E-cadherin-binding domain
(EBD). E-cadherin, a key protein involved in epiiflecell-cell adhesion, can
recruit C3G to contact sites and activate Rapl.0B@&—Rap1l signaling pathway
is essential for the proper localization of E-caiheat developing cell-cell
junctions (Hogaret al, 2004).

(2) Thecentral region of C3G contains the SH3-binding domain, whichuwies five
proline-rich motifs, designated PO to P4 (Knudstral, 1994). This domain
mediates interactions with various proteins vidrtB¢d3 domains, including Crk
(Tanakaet al, 1994), Hck (Shivakrupat al, 2003), ABL1 (Radha&t al, 2007),
and p130Cas (Kirscét al, 1998). Notably, the p87C3G isoform lacks the R a
P1 motifs, altering its interaction profile and pitdy conferring selectivity toward
BCR::ABL1 (which preferentially binds to P2) overkC, which can engage
multiple proline-rich regions (Gutiérrez-Berzall al, 2006). This central region
also contains the autoinhibitory region (AIR), whitogether with the NTD, plays
a key role in regulating C3G activity (Carab&sal, 2020).

(3) The catalytic domain is located at tBeterminus and can be further subdivided
into two well-characterized regions: the Ras exgeamotif (REM) and the Cdc25
homology domain (Cdc25HD), which is named aftesitsilarity to the catalytic
domain of the Cdc25 protein, a GEF for Ras in yé@asset al, 2007).

A N-terminal domain SH3-binding domain GEF catalytic region
I LA LA 1
St & & ]
e 60 J([][] (] [Jar[]) e Rem Jm( cdc2sHD o A
o L < Human
e 8D J([][] [ [JaR[[) ) Rem Ju( cde2shp J B | . o =
d e &
a( (] [Jar[]) M Rem )s  cCdc2sHD  J» p87
B S doR
Mouse
—\/ﬁ 8D (][] (] [JAR[]) M REM )u Cdc2sHD e isoforms

+ A67-104
(38 aa)
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<« Figure 10. Structural domains of C3G protein in tre main human and mouse isoformgA)
The human isoforms A and B differ in a short segeewithin the N-terminal domain (NTD). The
p87 isoform, which is expressed in CML samples @iblines, lacks the NTD, as well as the PO and
P1 sites of the SH3-binding domaii) (Two mouse isoforms, one with and one without B8na
acids (aa) in the NTD, are expressed. EBD: E-cadiénding domain, PO-P4: polyproline motifs,
AIR: autoinhibitory region, REM: Ras exchanger Mmadlidc25HD: Cdc25 homology domain.

2.2. Regulation and function

The transcriptional and translational regulationtleé RAPGEF1gene remains poorly
characterized, and currently, limited informatiam available. One known regulatory
mechanism occurs at the post-transcriptional lgwrelugh the above-mentioned alternative
RNA splicing, which regulates isoform diversity anthy allow adaptation to different
cellular contexts (Zhaet al, 2001). Moreover, different C3G isoforms show idist
expression patterns across tissues and develognstagas, with significant differences
between embryonic and adult organs (Vegbnal, 2024).

C3G activation is regulated by phosphorylation 0%, which can be mediated by various
kinases, including Src (Ichilet al, 1999). In addition, C3G activity can also be siimbed
by Crk proteins, which bind to its proline-rich riistand modulate its function by relieving
autoinhibition and promoting membrane localizat{®odriguez-Blazqueet al, 2023).
This autoinhibition under resting conditions is mained by two distinct intramolecular
mechanisms involving specific C3G domains. Firse AIR interacts with the catalytic
Cdc25HD, thereby preventing GEF activity. This @ulibitory interaction can be disrupted
by CrkL binding, which relieves the inhibition apdomotes activation. Second, the NTD
interacts with the REM domain, a binding required full GEF activity. Release of
inhibition, through CrkL binding or tyrosine phospiilation, enables C3G to become fully
active (Carabiast al, 2020).

When activated, C3G primarily functions as a GElEyating small GTPases like Rapl by
facilitating the exchange of GDP for GTP. In simmggrms, small GTPases act as molecular
switches, being "off* when bound to GDP and "on'ewltbound to GTP. GEFs promote the
release of GDP from the inactive GTPase, allowlmg now nucleotide-free GTPase to
spontaneously bind GTP, which is far more abunttzart GDP in the cytoplasm. On the
other hand, the opposite reaction is mediated bRd3&-activating proteins (GAP), which
deactivate small GTPases by promoting the hydmlgsiGTP to GDP (Bost al, 2007).
The small GTPase Rapl can be activated by varideBsGincluding C3G, Epac, and
CalDAG-GEF!L and deactivated by GAPs, such as SIPALl, RapGAPE&RTP1 Figure

11) (Jakiewicz et al, 2018).
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Figure 11. C3G functions primarily as a guanine nuleotide exchange factor (GEF) for the small
GTPase RaplC3G, Epac, and CalDAG-GEFI promote the releasel@® @om inactive Rap1-GDP.
The higher cytoplasmic concentration of GTP allitwspontaneous binding to nucleotide-free Rap1,
leading to Rap1l activation and the initiation ohhstream signaling. Conversely, GTPase-activating
proteins (GAPSs) such as SIPAL, RapGAP, and E6-TRdlyze GTP hydrolysis to GDP, returning
Rapl to its inactive state.

Small GTPases, such as Rapl, are central regulatsgnal transduction, integrating
diverse stimuli to generate specific cellular resms that may act synergistically or
antagonistically. In its active, GTP-bound statapR undergoes a conformational change
that allows interaction with multiple downstreanfeefors (Stork and Dillon, 2005).
Through these interactions, Rapl promotes integendiated adhesion (Lafuenét al,
2004), is involved in cytoskeleton dynamics (Radftaal, 2007), modulates ERK1/2
signaling by either activating it through B-Rafiohibiting via Raf-1 (Peyssonnaux and
Eychéne, 2001), antagonizes p38-MAPK signaling (Etehott and O’Neill, 2002), and
attenuates PI3K/AKT-dependent survival pathwaysdBet al, 2021).

One of the most well-characterized roles of C3@ésregulation of integrin signaling, cell
adhesion, and migration, primarily through Rap G3&2aln this context, Rapl serves as a
central intermediary of integrin-mediated adhesita “inside-out” signaling, in which
intracellular signaling pathways can induce confational changes in integrins to high-
affinity states. Additionally, Rapl is also engadsd“outside-in” signals from integrin-
ligand interactions, which can amplify and staliledhesiorfUemura and Griffin, 1999;
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Stork and Dillon, 2005). As mentioned earlier, B&deficient mouse fibroblasts, impaired
Rap1l activation leads to defective adhesion, ddlapeeading, and faster migration, which
can be rescued by active Rapl GEFs, highlightieg tmportance in this cellular process
(Ohba, 2001).

C3G has also been associated with cytoskeletondeling through multiple mechanisms.
It controls actin dynamics via the activation ofpRabut also Racl and Cdc42 (Radtha
al., 2007; Fernandez-Infanteet al, 2024), which are important pathways involved &l ¢
migration, morphology, and immune synapse formatidmee C3G-CrkL—Rapl complex
also plays an important role mAbkransformed cells by regulating actin-dependent
morphological changes, particularly filopodia fotioa. In this context, the regulation of
actin dynamics occurs independently of its GEFvagtbut requires ABL1 catalytic activity
and N-WASP, a key protein in filopodia formatioreg@et al, 2008).

C3G regulates cellular proliferation and differatibn through both Rapl-dependent and
Rapl-independent mechanisms (Radhal, 2011). For instance, when localized to the
membrane, C3G activates Rapl and Ras, leading ®1R2Rpathway activation and
mimicking Ras overactivity, thereby promoting pfetation (Ishimaruet al, 1999).
Conversely, C3G can impair cell survival via Rapdlépendent pathways, such as directly
inhibiting p38-MAPK (Gutiérrez-Uzquizat al, 2010) or activating PP2A phosphatases,
which suppress ERK1/2 signaling and consequendlyae both survival and proliferation
(Martin-Encabeet al, 2007).

2.3. C3G in normal and dysregulated hematopoiesis

C3G is expressed across a wide range of tissuesaamels out context-dependent functions,
while retaining core activities common to many cglpes, including those in the
hematopoietic system. By activating small GTPa&&G regulates key hematological
processes such adhesion, migration, immune signalisicle trafficking, differentiation,
and apoptosis (Radle al, 2011).

In hematopoietic cell lines, the CrkL—C3G complexecruited following phosphorylation
of scaffolding proteins such as c-Cbl, p130Cas a1, leading to downstream activation
of Rapl (Stork and Dillon, 2005). While an enhan@lL—C3G signaling is associated
with increased adhesion and migration (Aeaal, 1999), this process can be disrupted in
leukemic cells, which display a reduced CrkL-C3Goatation. These observations
underscore the importance of tight regulation a$ fathway to prevent leukemogenic
transformation (de Jongt al, 1998). Similarly, constitutive activation of C3@
hematopoietic cell lines also elevates integrirreggion, such as LFA-1, further influencing
adhesion dynamics (Carabtsal, 2020).
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Rapl activation exerts distinct effects across hepugetic cell subtypes. In MKs and
myeloid precursors, Rapl signals through B-Raf tdivate ERK1/2, promoting
differentiation. In contrast, in T cells, which ka®@-Raf, and in B cells, Rapl inhibits
ERK1/2 signaling, thereby reducing proliferati@ork and Dillon, 2005; Moran-Vaquero
et al, 2026). Interestingly, whole-body Rapl1-null mige &iable, and under homeostatic
conditions they show no major differences in hemaigtic populations in either BM or
spleen. However, Rapl-deficient HSPCs are hypeatsenso DNA damage, displaying
impaired BM reconstitution after myeloablative sgesuch as total-body irradiation or
treatment with the chemotherapeutic agent 5-fluacili(5-FU) (Khattaet al, 2019).

In T cells, C3G phosphorylation at Y504 requiresiR, an actin-remodeling protein from
the WASP family, indicating that C3G activationlirked to actin dynamics during T cell
signaling (Nolzet al, 2008). This is consistent with the crucial ral¢he CrkL-C3G—-Rapl
axis in T cells, which regulates integrin-mediatethesion to the extracellular matrix and
stromal cells, essential for proper immune celkcfion (Katagiriet al, 2002). In B cells,
Rapl activation drives integrin inside-out signglinvhich is critical for development and
activation by promoting adhesion and actin-dependpreading (McLeoctt al, 2004).
Interestingly, constitutive activation of C3G in d8ll lymphoma lines decreases
proliferation and enhances apoptosis, while alscugting Rac2-dependent adhesion. This
imbalance increases cell motility and invasivenelesding to greater metastatic
disseminationn vivo (Moran-Vaquereet al, 2026).

C3G has been proposed as a central regulator oatbpoiesis, given that altering C3G
activity changes the balance of HSPC fate by mdishgiahe interactions with the BM niche
via altered responsiveness to certain niche fa¢torai et al, 2019) or through MK and
adipocyte differentiationHigure 12) (Ortiz-Riveroet al, 2018; Herranz et al, 2025).
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Figure 12. C3G regulates hematopoiesis at multipleevels. Sustained C3G—Rapl signaling in
hematopoietic stem cells (HSC) promotes exit fromiescence and favors differentiation,
accompanied by a reduction in self-renewal potérttiat can lead to HSC exhaustion. In
megakaryocytes (MK), C3G expression is associatél enhanced maturation and increased
proplatelet formation. Moreover, following a myefidative insult, C3G-overexpressing MKs engage
in crosstalk with bone marrow adipocytes (BMA) tigh adipokines such as FGF-1, promoting
adipocyte expansion within the bone marrow. In tthiese BMAs secrete niche factors that stimulate
hematopoietic progenitor differentiation, contrilpgt to myeloid regenerationCMP: common
myeloid progenitor, CLP: common lymphoid progenitGMP: granulocyte-monocyte progenitor,

MEP: megakaryocyte-erythrocyte progenitor.

Basal activation status of Rapl in HSPCs playwuaiarrole in their maintenance within

the BM niche. Sustained C3G activity, which leadshyperactivation of Rapl, causes
HSPCs to exhibit enhanced proliferation and diffiéedion in response to SCF and TPO,
resulting in accelerated progenitor exhaustion, aimgal long-term hematopoiesis, and
defective BM reconstitution (Imait al, 2019). Consistent with this, mice deficient okon
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of the main Rapl GAPs, SIPA1, which also resultséregulated Rapl activity, causes
abnormal HSPC proliferation and a massive expardfianyeloid cells (Ishidat al, 2003).

The role of C3G in hematopoietic differentiation shalso been investigated in
megakaryocytic lineages. Overexpression of C3G iksMpromotes their maturation,
increasing the number of cells with high DNA contand upregulating differentiation
markers. C3G-overexpressing MKs also display erdhmaigration to the vascular niche
and an increased capacity to form proplateletsi{Z@®ivero et al, 2018). Following a
myeloablative insult, C3G-overexpressing MKs influe hematopoietic reconstitution
through interactions with bone marrow adipocyteb£B, likely via adipokines such as
FGF-1. Factors released by these adipocytes cameahmegeneration by favoring myeloid
reconstitution, particularly in the MK and erythitdineages (Herraret al, 2025).

2.3.1C3G—-Rap1 pathway in chronic myeloid leukemia

The central role of C3G in hematopoiesis suggéstsitmay contribute to the development
of hematological malignancies characterized byughted hematopoietic homeostasis, such
as leukemias. Consistent with this idea, dysreguiatf Rap1 has been indirectly associated
with hematological neoplasms (Stork and Dillon, 2000n one hand, CalDAG-GEFI,
another Rapl GEF, has been identified as a pratogame in BXH2 murine myeloid
leukemia, where its aberrant activation supporsribtion that Rapl activation can drive
oncogenesis in the myeloid lineage (Dugtiyal, 2001). On the other hand, the Rapl GAP
SIPAlgene maps to 11q13, a chromosomal region frequahéred in cancer, suggesting
that copy number or regulatory changesSHPAL could also contribute to malignant
transformation (Wadat al, 1997). Indeed, the use 8tPALKO mice provided the first
directin vivo evidence for the oncogenic potential of Rap1 diggalysregulation (Minato
and Hattori, 2009).

Total-body SIPA1-deficient mice, although viabledarormally developed, spontaneously
develop myeloid disorders resembling human CMUyuiding hematological abnormalities,
splenomegaly, and leukemic blast infiltration in loiple organs (Ishideet al, 2003).
Moreover, transplantation of SIPA1-deficient BCRBIAL* HSPCs into immunodeficient
mice led to faster disease progression with enfthagpansion of LSCs/HPCs, supporting
a tumor-suppressive role for SIPA1 (Kometainal, 2006). Consistently, transplantation of
HSPCs with hyperactivated Rapl, achieved througitession of a constitutively active
farnesylated version of C3G combined with SIPAlideficy, resulted in the development
of a T-ALL characterized by the expansion of abredr@D4'CD8'CD3 TCRj~ thymocytes
(Wanget al, 2008).

In addition, SIPAl-deficient mice exhibit alterat® in the BM niche, creating a
dysregulated hematopoietic environment that fatltrgdevelopment of myeloproliferative
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disorders, highlighting the importance of Rapl algy in both hematopoietic cells and
BM microenvironment integrity (Xia@t al, 2018). Interestingly, SIPA1 deficiency also
triggers a host immune mechanism that eradicatesptanted BCR::ABL1 HSPCs,
revealing a protective role for SIPA1 in immune v&iifance against leukemia and
underscoring its multifaceted role in hematopoié€xiset al, 2018).

Beyond this, CrkL, an adaptor protein mentionediipssly, is one of the most frequently
tyrosine-phosphorylated proteins found in CML cellpatients (Nicholet al, 1994; Oda

et al, 1994; ten Hoeve et al, 1994). Its role in leukemia, however, has gemheiaten
attributed to its ability to recruit major protecomplexes involved in leukemogenic
signaling pathways, given that it lacks intringizgmatic activity (Sattler and Salgia, 1998).
Under normal conditions, C3G associates with Cubilt this interaction is reduced in
BCR::ABL1-expressing cells, likely because bothteirts compete for CrkL binding (de
Jonget al, 1998). CrkL mediates the assembly of protein dergs containing C3G and
BCR::ABL1, facilitating a hyperphosphorylated statéhin the complex. The resulting
increase in phosphorylated C3G enhances downssggraling through Rapl, suggesting
a potential role for the BCR::ABL1-CrkL—C3G—RapXipeay in leukemogenesis (Cled
al., 2005). Additionally, C3G has been shown to besphorylated by the Src family
tyrosine kinase Hck (Shivakrumd al, 2003), which plays a positive role in BCR::ABL1-
expressing cells by activating downstream tardgeds ¢rive proliferation, survival, and
cytoskeletal changes (Warmuwhal, 1997).

As mentioned earlier, an 87-kDa isoform of C3G Ibasn reported to be overexpressed in
samples from CML patients as well as in the K562LGHdll line. This isoform, which lacks
the NTD as well as the PO and P1 polyproline motffsthought to preferentially bind
BCR::ABL1 over Crk/CrkL, although this has not besperimentally confirmed. p87C3G
is constitutively phosphorylated in CML cell linégs a BCR::ABL1-dependent manner,
thereby activating downstream signaling and sugugst direct contribution to
leukemogenesis (Gutiérrez-Bereakl, 2006). C3G functionally interacts with p38-MAPK
to modulate imatinib-induced apoptosis in K562 Gak. In this context, inhibition of the
C3G—-Rapl pathway activates p38-MAPK, enhancing st whereas overexpression of
C3G promotes apoptosis via a Rapl-independentiiitmlof the ERK and AKT pathways.
These findings suggest that C3G can exert botlspraival (Figure 13A) and pro-apoptotic
(Figure 13B) effects depending on the cellular context andsfiexific signaling pathways
engaged, effects that in this case are reveal@debgpoptotic action of imatinib (Ma&t
al., 2009).
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Figure 13. C3G modulates cellular dynamics in the ®L cell line K562. C3G, particularly the
p87 isoform, forms large multiprotein complexes wBCR::ABL1 and other adhesion-related
proteins at focal adhesions in K562 cells, thealoynoting aberrant adhesion properties. In addition
C3G appears to play a dual role in these cellsptomoting cell proliferation and survival through
Rapl-mediated activation of the ERK1/2 and PI3K/Agathways, while inhibiting pro-apoptotic
signaling via suppression of p38-MAPK, aiiy) (epressing proliferation and survival through Rap1-
independent inhibition of ERK1/2 and PI3K/AKT siding.

Beyond its role in survival and apoptosis, C3GI$® amportant for K562 cell adhesion. In
these cells, BCR::ABL1 alters cytoskeletal functemd impairs adhesion by interfering
with focal adhesion (FA) proteins (Salgia al, 1996), thereby reducing their ability to
adhere to specific stromal layers (Verfailbe al, 1992). C3G, and patrticularly its p87
isoform due to its higher abundance in these dalisfacts with BCR::ABL1 and becomes
part of multiprotein complexes that include FA pios such as CrkL, p130Cas, c-Cbl, and
Abil, among othersHigure 13). Interestingly, p38-MAPK also associates withstne
complexes, suggesting that p87C3G and p38-MAPKvattin a common pathway
regulating CML cell adhesiveness, in addition teitttpreviously described roles. Among
the C3G isoforms, p87C3G appears to dominate BAR:IAFA interactions, promoting
aberrant adhesion signaling, whereas full-leng#0@BG likely exerts a more regulatory
influence, helping to preserve balanced adhesiommhjcs. Consistent with this, reduced
p87C3G expression impairs CML cell adhesion todfilectin, while increased C3G levels
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Introduction

lead to excessive or dysregulated FA assemblynatély resulting in abnormal adhesion
(Maiaet al, 2013).

Apart from CML, alterations in C3G have also beekdd, directly or indirectly, to other

hematological disorders, including MPNs and lymplmialignancies. MPNs are typically
associated with mutations in three key gedéd&2 MPL, andCALR These genes encode
proteins that act along the same signaling axiOAMPL-JAK—STAT), whose aberrant
activation results in cytokine-independent growthd aexcessive proliferation of

hematopoietic progenitors, particularly those cottedito the MK lineage (Soyfer and
Fleischman, 2023).

Notably, the C3G—c-Cbl complex can be recruited-MPL upon TPO stimulation (Stork
and Dillon, 2005), where it participates in recepiiquitination, internalization, and
degradation (Hernandez-Casital., 2022), suggesting a potential role for C3G asgative
regulator of TPO signaling. Furthermore, in the HEdll line (derived from a PV patient
carrying the JAK¥517F mutation), C3G expression increases following skition with
PMA, a compound used to promote MK differentiat{@rtiz-Riveroet al, 2018), while
C3G repression increases the levels of p-MK?2 (unpublished results from the group).
Consistently, recent results indicate that C3Goaikgicy in HSPCs produces a phenotype
resembling PV following 5-FU-induced myeloablatipotentially due to alterations in the
TPO-c-Mpl signaling (Herranz Varea, 2024).

The prothrombotic state observed in MPNs appeare frartly driven by platelet-leukocyte

aggregates (PLA), formed through interactions afgdets with neutrophils or monocytes
via adhesion molecules (Oyarzin and Heller, 20t®&restingly, overexpression of C3G

in platelets enhances PLA formation, likely dueirtoreased surface levels of adhesion
molecules such as P-selectin and CD40L (Fernamdeate, 2023).

Regarding lymphoid malignancies, a few C3G alteratihave been identified in patients.
For example, C3G downregulation has been reportgdLi. samples (Fernandexz al,
2008), while point mutations Y554H in follicularmphoma (Greeret al, 2013) and
M555K in diffuse large B-cell ymphoma (DLBCL) hagéso been described (Mo al,
2011). Importantly, these mutations disrupt C3®@igmlibitory mechanism, thereby causing
aberrant constitutive activity (Carabietsal, 2020).
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OBJECTIVES

Although chronic myeloid leukemia (CML) is genetigalefined by theBCR::ABL 1fusion
oncogene, its biological behavior extends beyorgdsingle alteration. Leukemic stem cells
persist despite efficient BCR::ABL1 inhibition, yalg on regulatory signaling networks
that remain incompletely understood. How oncogsiginals are tuned in terms of intensity,
timing, and feedback, and how these mechanismsigteenatopoietic stem and progenitor
cells (HSPC) outcome, quiescence, and therapytaasis, are still open questions in CML
biology.

Previous studies have shown that C3G regulatesadbsion and proliferation in human
CML cell lines and participates in BCR:ABL1 dowrestm signaling.In vivo,
hematopoietic C3G has been implicated in diffeetin, myeloid reconstitution, and
modulation of HSPC fate under stress conditions.

Consequently, this study aims to further charantetiie function of C3G in dysregulated
hematopoiesis, as occurs in CML, and to clarifyrttechanisms by which C3G modulates
these processes. To achieve this, the followingggmmbjectives have been addressed:

1. To investigate the role of C3G in CML developmering a p210-BCR::ABL1
transgenic mouse model with C3G ablation in the E8&mpartment.

2. To elucidate the cellular and molecular mechanismavhich C3G modulates
BCR::ABL1-driven leukemic cell behavior.

3. To determine how C3G modulates cytokine-driven &ligg pathways that
contribute to the leukemic phenotype.
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OBJETIVOS

Aungue la leucemia mieloide crénica (LMC) estanigf genéticamente por el oncogén de
fusion BCR::ABL1, su comportamiento biolégico va mas alla de esiealalteracion. Las
células madre leucémicas persisten a pesar deninizicion eficaz de BCR::ABL1,
apoyandose en redes de sefializacion reguladorasodeeia no se comprenden por
completo. COmo se ajustan las sefiales oncogémdaseinos de intensidad, temporalidad
y retroalimentacion, y como estos mecanismos regaladestino, la quiescencia y la
resistencia terapéutica de las células madre yepitogas hematopoyéticas (HSPC), siguen
siendo cuestiones abiertas en la biologia de la LMC

Estudios previos han demostrado que C3G reguldHasion y la proliferacion en lineas
celulares humanas de LMC y participa en la sef@fmaoncogénica de BCR::ABL1In
vivo, se ha demostrado la implicacién de C3G en laatifdgacion hematopoyética, la
reconstitucion mieloide y la modulacién del destiedas HSPC bajo condiciones de estrés.

En consecuencia, este estudio tiene como objesivacterizar con mayor profundidad la
funcién de C3G en la hematopoyesis desreguladay ceorre en la LMC, y esclarecer los
mecanismos mediante los cuales C3G modula estosgu®. Para ello, se han abordado los
siguientes objetivos generales:

1. Investigar el papel de C3G en el desarrollo deM&lutilizando un modelo murino
transgénico p210-BCR::ABL1 con ablacién de C3Gleompartimento de HSPC.

2. Elucidar los mecanismos celulares y molecularesangzllos cuales C3G modula
el comportamiento de las células leucémicas imgdolgar BCR::ABL1.

3. Determinar cdmo C3G modula las vias de sefalizan@ucidas por citocinas que
contribuyen al fenotipo leucémico.
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METHODS

1. Mouse models

Mice bearing theRapgefl gene with intronicloxP sites flanking exons 17-21
(Rapgefiodfiioxy (Shahet al, 2016) were crossed with mice carrying a tamox{feAM)-
inducible Cre recombinase under the control oh#tatopoietic Scl'§HSC-Sc) promoter
(HSC-SclCreER) (Gothertet al, 2005). This cross generated hematopoietic promeni
inducible C3G-KO mice Rapgefio¥fiox; HSC-SckCreER*") hereinafter referred to as
C3G*SCSeLK O, and its corresponding control littermatBapgefiox/fiox; HSC-SckCreER

F), referred to as C3tSCSclwt. These mice were then crossed wiigep210 (hereinafter
referred to as p210) transgenic animals, whichesgthd8CR::ABL1p210 transgene under
the control of the hematopoietiec promoter. p210 mice develop a myeloproliferative
disease resembling human CML, characterized by edagtanulocytic hyperplasia and
thrombocytosis after a long latency period (Homdeal, 1998). The resulting animals
(Rapgefiofiox; HSC-SckCreER*-; Tecp2107) and their controlsRapgefiodiox; HSC-
SckCreER™, Tecp210”) are hereinafter referred to as p210/EESLKO and
p210/C3aSCSelwt, respectively. This triple-transgenic model lelea the investigation of
C3G deficiency in BCR::ABL1 p210-driven leukemogsise More details of the mice used
are listed inrable 3.

Table 3. Mouse models used in this workThe table lists the common and officially standzedi
names of the genetically modified mice, their diggiam, and the reference article in which theyever
first described.

Common hame Standardized name Description Reference

C57BL/6N-
Rapgef11o* FloxedRapgef Shabet al, 2016
apd Rapgefltm(flox/flowtsiiy | O edrapgetigene anta

Transgenic expression
of CreER under HSC- Goéthertet al, 2005
Sclpromoter
Transgenic expression
of BCR::ABL1 p210 Hondaet al, 1998
underTecpromoter

C57BL/6-Tg(Tall-

HSC-Scl-CreERT
cre/ERT)42-056Jrg/J

B6.Cg-Tg(Tec-p210

Tec-p210
P BCR/ABL1)1Homy

All mice were maintained on a 12-hour light/12-hdark cycle withad libitumaccess to
food and water. In all experiments, age- and setclmeal controls were used. When
possible, males and females were analyzed sepatatelentify sex-dependent effects.
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2. Mouse genotyping

2.1. Murine genomic DNA isolation

At weaning, a small ear biopsy was clipped i5@0 pL of lysis buffer (100 mM Tris-HCI
pH=8.0 5mM EDTA pH=8.0, 200 mM NaCl; 0.2% SDS$ and 0.25 mg/mL proteinase K
(Roche, #31158870019nd incubated overnight (o/n) at 55°C in a water bath. The
following day, samples were centrifuged at 12,000 x g for 10 minutes, and the supernatants
were transferred to new tubes. DNA was precipitated by adding 900 pL of cold absolute
ethanol and gently mixing. Tubes were centrifuged again at 12,000 x g for 10 minutes at

4 °C, and the resulting pellets were washed with 700 pL of cold 70% ethanol. After a final
centrifugation step under the same conditions, guliere left open to air-dry at room
temperatee (RT). DNA pellets were then resuspended in 200 pL of DNase-free water and
stored at 4 °C for short-term or at —20 °C for ldagn storage until use.

2.2. Amplification of DNA by polymerase chain reactidhGR)

For genotyping, the genomic region containing tleeegic alteration was amplified by
polymerase chain reaction (PCR). The PCR mixtunsisted of 1xeaction buffer, 0.2 mM
of each dNTPs, 1.5 mM MgCly, 5% DMSO, 0.5 uM of each primer, and 0.05 U/uL Taq
DNA polymerase (NZYTech, #MB35401). PCR conditi@ms listed infable 4.

Table 4. PCR conditions used for mouse genotypindhe table lists the genetic features, the
oligonucleotide sequences, and the cycling comtstior amplification. F: forward, R: reverse.

Genetic feature Sequence (5> 3) Cycle conditions

95°C | 95°C

72°C

Rapgefl Lox-F: AGCCTGTTGGCAAGTTTGG
conditional alelle  Lox-R: CTGATGGAGAACCTAGCTGTGG

60°C

1 00:30

x 35 cycles m
95°C | 95°C
Rapgefl Lox-F: AGCCTGTTGGCAAGTTTGG ' ;
knockout alelle Int21-R: GGACTGGAGCATCTTTCAG 1 00:30
x 35 cycles i
95°C | 95°C
HSC-Scl-CreERT F: TCGATGCAACGAGTGATGAG
transgene R: TTCGGCTATACGTAACAGGG
x 35 cycles «°
95°C | 95°C
Tec-p210 F: CCCTATGCTAGGCTCTGATG ’ :
transgene R: GCAACGTCTGCAGGTAGATC 0030

x 35 cycles
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2.3. Agarose gel electrophoresis

PCR products were resolved by electrophoresis on 2% agarose gels containing 0.4 pg/mL
ethidium bromide. For each sample, 10 uL of PCR products were mixed with 2 pL. of 6x
loading buffer (40% sucros®.025% bromophenol blue) and loaded into the galsw
alongside the GeneRuler 1kb DNA Ladder (Thermo Fisher Scientific, #SM0311) as a
molecular weight marker. Electrophoresis was performed at a constant voltage of 120 V for
15-20minutes. DNA bands were visualized using a Moletizager® Gel Doc™ XR+
System (Bio-Rad) under ultraviolet (UV) illuminatio

3. Tamoxifen administration

The Cre-LoxP system enables targeted genetic matigruin mouse models. In our model,
exons 17 to 21 of thRapgeflgene are flanked by LoxP sitdRapgefi®), and the mice
express a transgenic Cre recombinase, fused &sttagen receptor (ER), in hematopoietic
stem and progenitor cells (HSPCs). This fusiongimptCreER, remains inactive under
basal conditions but is activated upon tamoxifeldM] administration, which induces its
translocation to the nucleus (Schwaatlal, 1998). This approach allovikapgefldeletion

to occur in a tissue-specific and temporally cdigcbmanner.

Induction of the CreERrecombinase was achieved by intraperitoneal (ijeftion of 5
mg of TAM (MedChemExpress, #HY-13757A) administeirethree doses, spaced 24 hours
apart (1.5, 1.5 and 2 mg, respectively). Each TAldedwas dissolved in 200 puL of corn oll
(Sigma-Aldrich, #C8267) containing 10% DMSO. To tohfor potential off-target TAM
effects, C3ESCSClwt and p210/C3&3CSclwt mice (lacking Cre expression) were also
treated under the same conditions.

In most experiments, mice were TAM-injected at 1nthoof age to induce early C3G
deletion. In experiments examining the effect oGCQ&:letion on CML onset, corresponding
to an average age of 6 months, TAM treatment wasrastered at 6 months of agedure
14).

1 Early C3G deficiency 2 C3G deficiency on CML onset
/é//TAM %/// TAM
Y4 4

Age (months)
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<« Figure 14. Schematic representation of the experiemtal setup used to induce C3G deletion
at different time points. Tamoxifen (TAM) was administered when mice weredi¢ month old, to
induce early C3G deficiency, or (2) six months dialinduce C3G deficiency at the onset of the
chronic phase of chronic myeloid leukemia (CML).

4. 5-Fluorouracil treatment

To accelerate HSPCs turnover for the quantificattdnC3G expression levels, mild
myeloablation was induced by 5-FU administratios=Ub (Sigma-Aldrich, #F6627) was
prepared in an aqueous solution containing 0.9%l lda@ 10% DMSO and dissolved by
heating at 55 °C with vigorous shaking for 15 masutMice were injected i.p. with a
sublethal dose of 150 mg/kg seven days after teeTAM injection.

5. Isolation of hematopoietic murine cells

5.1. From peripheral blood

Approximately 200 pL of peripheral blood (PB) wen#lected from mice by submandibular
vein puncture into EDTA-coated tubes (Sarstedt, #385.005). Erythrocytes were lysed
by incubation in ACK buffer (0.155 Ni€'1l; 10 mM KHCOs; 10 mM EDTA pH=7.4) for 15
minutes at 4 °C, followed by two consecutive washiés 1x PBS (1% fetal bovine serum
(FBS)),each with centrifugation for 5 minutes at 300 x g. The lysis step was repeated once
more to ensure complete erythrocyte removal. Adteadditional wash with 1x PBS (1%
FBS), cells were used for downstream applications.

5.2. From hematopoietic tissues

5.2.1Bone marrow

Femurs and tibias were harvested from mice and @tashlx PBS. The epiphyses were
cut openand the bones were placed in 0.5 mL tubes with a hole pierced at the bottom and
nested into 1.5 mL tubes containing 100 uL. of 1x PBS (1% FBS). BM was collected by
centrifugation, allowing cells to pass through the holes into the 1.5mL tubes. This
centrifugation method has been described in dietgitevious studies (Soreg al, 2024).
Erythrocytes were lysed by incubation in ACK asatiéed above. The resulting BM cells
were resuspended in 1x PBS (1% FBS) and used vanstoeam applications.

5.2.2Spleen

Spleens were harvested from mice and washed iBS{F FBS). Each spleen was placed
in a 50mL tube fitted with a 70 um cell strainer (PluriSelect, #43-50070-50) and
mechanically dissociated. 1x PBS (1% FBS) was geatted to the strainer to facilitate
passage of the cells into the tube, which was then centrifuged for 5 minutes at 300 x g.
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Erythrocytes were lysed by incubation in ACK buftes described above. The resulting
spleen cells were resuspended in 1x PBS (1% FBS)sed for downstream applications.

5.2.3Thymus
Thymuses were harvested from mice and washed PBISx Each thymus was placed in a
50 mL tube fitted with a 70 um cell strainer and mechanically dissociated. 1x PBS (1% FBS)
was gently added to the strainer to facilitate pgssof the cells into the tube, which was
then centrifuged for 5 minutes at 300 x g. A wash step with 1x PBS (1% FBS) was
performed bycentrifugation for 5 minutes at 300 x g. The resulting thymus cells were
resuspended in 1x PBS (1% FBS) and used for dogamtapplications.

6. Flow cytometry analysis

Flow cytometry is a multiparametric technique thiaébles rapid, single-cell analysis based
on light scattering and fluorescence detection (@fhamnet al, 2021). In this work, it was
mainly used for immunophenotyping hematopoieti¢s¢alllowing the identification and
quantification of distinct populations according lineage and differentiation marker
expression. All flow cytometry analyses were perfed using FlowJo v10.10.0 software.

6.1. Immunophenotyping of mature hematopoietic cells
Cell suspensions from PB or hematopoietic tissuse@nalyzed by flow cytometry using
a BD Accuri™ C6+ flow cytometer (BD Biosciences)determine the proportions of the
different mature hematopoietic cell populationankes were stained with the appropriate
antibody combinations listed ifeble 5.
Table 5. Fluorescent conjugated antibodies used foimmunophenotyping of mature

hematopoietic cellsThe table lists the target antigen, the conjug#lisarochrome, the cell type
detected, the dilution used, and the referencefl@&rpBioLegend).

Target Fluorochrome Cell type Dilution Reference
B220 (CD45R) FITC B cell 1:100 103205
CD3 APC T cell 1:100 100236

CD4 FITC CD4' T cell 1:100 100509
CD8a PE CD8 T cell 1:100 100707
CD41 (GPIIb) FITC Platelet 1:200 133903
Grl (Ly6G/Ly6C) FITC 1:100 108405

Granulocyte
Macl (CD11b) PE 1:100 101207

6.1.1Immunophenotyping of peripheral blood mononuclesisc
PB cells isolated as describediethods section 5..wvere resuspended in 50 pL of 1x PBS
(1% FBS) containing the appropriate antibody cdtkta staining (fable 5) and incubated
for 20 minutes at 4 °C in the dark. Prior to acijois in a BD Accuri™ C6+ flow cytometer,
cells were centrifuged and resuspended in 100 [iixd#BS (1% FBS) containing 1 pg/mL
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of propidium iodide (PI) to exclude dead cells. édintrifugation steps were performed at
300 x g for 5 minutes.

6.1.2Determination of peripheral blood platelet levels

PB was obtained as describedvathods section 5.115 pL of PB were washed with pre-
warmed Tyrode’s buffer (134 mM NaCl; 0.34mM NaHPQs; 2.9mM KCI; 12mM
NaHCG; S mM glucose; 20 mM HEPES pH=7.4) containing 3% bovine serum albumin
(BSA) and centrifuged for 5 minutes at 1,300 x g. The supernatant was discarded, and the
pellet was resuspended in 800 pL of Tyrode’s buffer with 3% BSA. 30 pL of this suspension
were stained with FITC-CD4T#éble 5) for 20 minutes at RT in the dark. After a subsequent
wash, the pellet was resuspended in 500 uL of Tyrode’s buffer with 3% BSA, and 50 pL was
analyzed on a BD Accuri™ C6+ flow cytometer. Thentner of CD41 platelets per
microliter of blood was calculated accounting féee tdilutions used throughout the
procedure.

6.1.3Immunophenotyping of infiltrated cells in hematagia tissues

Cell suspensions from BM (seééethods section 5.2.), spleen (seé/lethods section
5.2.2), and thymus (seklethods section 5.2.Bwere resuspended in 50 puL of 1x PBS (1%
FBS) and stained with the corresponding antiboliSésd in Table 5for 20 minutes at 4 °C

in the dark. Prior to acquisition in BD Accuri™ C@ew cytometer, cells were centrifuged
at300 x g for 5 minutes and resuspended in 100 pL of 1x @BGFBS) containing 1 pg/mL
of Pl to exclude dead cells.

6.2. Immunophenotyping of bone marrow hematopoietic stechprogenitor cells
Cell suspensions from BM (sé&ethods section 5.2 lwere resuspended in 100 pL of 1x
PBS (1% FBS) and stained with the antibody mixetisin Table 6 for 25-30minutes at 4
°C in the dark. Afterward, cells were washed withFABS (1% FBS) and centrifuged at
300 x g for 5 minutes and resuspended in 100 pL of 1x PB& FBS). For analysis, one
million events were acquired in a BD FACSAria I cytometer (BD Biosciences).
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Table 6. Fluorescent conjugated antibodies used fammunophenotyping of bone marrow
hematopoietic stem and progenitor cells (HSPC) sulgpulations. The table lists the target antigen,
the conjugated fluorochrome, the dilution used, tredsupplier with reference.

Target Fluorochrome Dilution Supplier Reference

CD16/32 (FqRIII/I) PE/Cy7 1:133 BioLegend 101318
CD34 PerCP/Cy5.5 1:50 BioLegend 138608

c-Kit (CD117) PE 1:333 BioLegend 105808
Flt-3/FlIk-2 (CD135) PE/CF594 1:50 BD Biosciences 562537
IL-7R a (CD127) BV™ 510 1:80 Biolegend 135033
Lineage (Lin) cocktail (CD3, .

Grl,gMécl’)B 720, Te(r-ll o FITC 1:133 BioLegend 133302
Scal (Ly6A/E) APC 1:100 BioLegend 108112

Identification of HSPC subpopulations is more cagmpthan the immunophenotyping of
mature hematopoietic cells, whose marker profiles generally more consistent across
studies, likely because they are better charaeriplaaset al, 2018). As discussed in
Introduction section 1.3.1 multiple strategies have been used to identifyPES
depending on the specific markers selected for inophenotyping. In this work, HSPC
identification was performed following previous diees (Challeret al, 2009; Cheng et al,
2020) in which different subpopulations of stem and proge cells are defined using well-
established surface markefslfle 7), allowing us to distinguish the main types of KLSP
for further analysis. The gating strategy usedlémiify the HSPC subpopulations is shown
in Figure 15,

Table 7. Immunophenotype used for the characterizadn of hematopoietic stem and progenitor
cell (HSPC) subpopulationsThe table lists each HSPC subpopulation along thighmarkers used
in this work to define its immunophenotype. titineage-negative population, LKS: Lir-Kit*
ScaZ cells, LT/ST-HSC: long-term/short-term hematopaistem cell, MPP: multipotent progenitor,

CLP: common lymphoid progenitor, CMP: common myel@rogenitor, MEP: megakaryocyte-
erythrocyte progenitor, GMP: granulocyte-monocyiagenitor.

HSPC subpopulation Immunophenotype

Lin- Lin—

LKS Lin—c-Kit*Sca:*
LT-HSC Lin—c-Kit* Sca:* CD34 FIt3-
ST-HSC Lin—c-Kit*Sca.*CD34" FIt3~

MPP Lin—c-Kit* Sca* CD34" FIt3*

CLP Lin~ c-Kit'o% Scel'o¥ FIt3* IL-7Ra*

CMP Lin—c-Kit*Sca-CD34" CD16/3-

MEP Lin—c-Kit*Sca-"CD34-CD16/3:-

GMP Lin—c-Kit*Sca:-CD34"* CD16/3:*
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Figure 15. Identification of hematopoietic stem angrogenitor cell (HSPC) subpopulations by
flow cytometry. (A) Schematic representation of HSPC subpopulationsiwthe hematopoietic
hierarchy. Lineage-negative (Ljncells correspond to bone marrow (BM) cells thaatkl mature
lineage markers. Within this population, tictKit* Scal (LKS) cells represent the least-committed
cells, including long- and short-term hematopoietiem cells (LT/ST-HSC) and multipotent
progenitors (MPP). Among the non-LKS Licells, the lymphoid branch is represented by commo
lymphoid progenitors (CLP), while the myeloid branconsists of common myeloid progenitors
(CMP), which can further differentiate into megal@yte-erythrocyte progenitors (MEP) and
granulocyte-monocyte progenitors (GMP}) Gating strategy used in the flow cytometry analysis
Gates were defined according to the immunophenaifpach HSPC subpopulation to determine the
percentage of cells within the parent population.
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7. Migration assay of bone marrow neutrophils

BM cells were isolated as describedMirthods section 5.2.%and stained with FITC-Grl
(1:100, BioLegend, #108405) and PE-Mac1 (1:100L8g®nd, #101207). A total of 1x40
stained BM cells were seeded in IMDM medium (Gib€b2440053) on top of 5um pore
sizeTranswell® inserts (Corning, #3421). IMDM medium containing 0.1, 1.0, or 10.0 uM

of the N-Formyl-Met-Leu-Phe (fMLP) peptide (SigmddAch, #F3506), used as a
neutrophil chemoattractant, was added to the lovedls. As a positive control, 1x%@ells
were seeded directly into IMDM without an insert & negative control, a well with an
insert was used without fMLE the lower compartment. After incubation for 1 hour at
37 °C, cells from the lower compartment were collected. BM neutrophils (GriMacl) were
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quantified using a BD Accuri™ C6+ flow cytometendaresults were expressed relative to
the total number of neutrophils in the positive tcolhof each genotype.

8. Imatinib treatment

Mice approximately 10 months old with established disease were treated with imatinib. The
drug (MedChemExpress, #HY-15463) was dissolvedsimlgtion of 90% PEG800 and 10%
DMSO and administered orally at a dose of 100 mg/kg following a 5-days-on, 2days-off
regimen for 1 month, as used in other works (Tanakaal, 2020).

9. Celllines

In this work different cell lines have been usédhle 8), whose main characteristics and
culture conditions are described below.

Table 8. Cell lines used in this workThe table lists the name of each cell line, theigm of origin
(including mouse strain when applicable), the tgde, and the correspondifellosaurusdentifier.

Cell line Organism Cell type Identifier
Ba/F3 Mouse (C3H) Pro-B CVCL 0161
Ba/F3-p210 Mouse (C3H) Pro-B transformed wiBCR::ABL1 p210 CVCL_UEG63
32D Mouse (C3H) Myeloblast-like CVvCL_0118
WEHI-3 Mouse (BALB/c) Myelomonocytic leukemia CVCL 3622
HEK-293T Human Embryonic kidney CVCL_0063
9.1. Ba/F3

Ba/F3 is an IL-3-dependent murine pro-B cell liRalacios and Steinmetz, 1985). Although
it was initially reported to be derived from the BB/c mouse strain, SNP array analysis
later identified a C3H strain background (Didietral, 2014). Transformation of these cells
with theBCR::ABL1 p21®ncogene confers IL-3 independence, providinghasbcellular
model to study BCR::ABL1 function (Sanchez-Garcfal &riitz, 1995). The resulting
Ba/F3-p210 cells, also referred to as Boff-p210ti@rez-Berzakt al, 2006), express the
BCR::ABL1 p21Q0gene under the control of a Tet-off system, all@vsuppression of its
expression in the presence of tetracycline or dgofiree. Ba/F3 were cultured in RPMI
(Gibco, #11875093) supplemented with 10% FBS (GibBt85256701), 10% WEHI-3
conditioned medium (CM) (sedethods section 1), 1% glutamine (Gibco, #25030-024),
and 1% penicillin-streptomycin (Gibco, #15140-1223/F3-p210 cells were cultured under
the same conditions but without IL-3 supplementatio

9.2.32D

32D is an IL-3-dependent, myeloid-committed murdrematopoietic progenitor cell line
derived from long-term BM cultures of a C3H moustected with the Friend leukemia
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virus (Heardet al, 1986). These cells can respond to G-CSF, initlaf neutrophilic
differentiation program (Nakajima and lhle, 20082D cells were cultured in RPMI
supplemented with 10% FBS, 10% WEHI-3 CM, 1% gldteen and 1% penicillin—
streptomycin.

9.3. WEHI-3

WEHI-3 is a semi-adherent cell line originally édished from a myelomonocytic leukemia
found in a BALB/c mouse (Metca#t al, 1969). These cells secrete IL-3 into the culture
medium (Leeet al, 1982), which can be collected and used to sugpergrowth of IL-3-
dependent cell lines such as Ba/F3 and 32DN&&kods section 1) WEHI-3 cells were
cultured in RPMI supplemented with 10% FBS, 1% ahine, and 1% penicillin—
streptomycin.

9.4. HEK-293T

HEK-293T are adherent cells derived from human goic kidney epithelial cells. They
were generated by stably transfecting HEK-293 cgith a plasmid encoding the SV40
large T antigen, which enhances their capacitigin-efficiency transfection (DuBridgst

al., 1987). For this reason, HEK-293T cells were usethis work to produce lentiviral
particles carrying our genes of interest, whicheansrbsequently used for transducing target
cells. These cells were cultured in DMEM (Gibco1885039) supplemented with 10%
FBS, 1% glutamine, and 1% penicillin—streptomycin.

10. Production of IL-3-rich WEHI-3 conditioned mediui@)

Ba/F3 and 32D cells require B{for proliferation and survival in culture; in its absence,
they undergo apoptosis. WEHI-3 cells were therefmed as a source of this cytokine to
generate IL-3-rich CM for supplementation of Ba#fkl 32D culture media.

IL-3-rich supernatants were collected from WEHItBtares in exponential growth phase,
avoiding overgrown cultures as indicated by addiiion of the medium (yellow color).
Briefly, WEHI-3 cells were seeded at 2®1€klls/mL and cultured for 48 hours. Culture
supernatants were then harvested, centrifugedtak3pfor 5 minutes to remove cellular
debris, filtered through a 0.22 um filter, aliquhtand stored at —80 °C until use.

11. Lentiviral transduction of cell lines

11.1. Lentiviral production and titration

Lentiviruses are a subtype of retroviruses thatehbeen adapted for gene delivery.
Lentiviral vectors have a long history in cell lmgy for transduction, particularly because
they can efficiently deliver genes into both divigiand non-dividing cells, which was a
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limitation for earlier retroviral vectors (Wolff @Mikkelsen, 2022). In this work, a second-
generation lentiviral packaging system was usethising three different plasmids:

« Lentiviral transfer plasmid , which carries the gene of interest. In this sty
different lentiviral transfer plasmids were used:epti-C-mEGFP-IRES-BSD
(Origene #PS1a71; Figure 16A-B) and pLVTHM-mEGFP (Addgene #12247,;
Figure 16C-D). The pLenti vector was employed for C3G overeggpian and
encodes the gene of interest fused to GFP, regutithe expression of a C3G—
GFP fusion protein. In addition, it contains a btagin-resistance cassette used for
the selection of successfully transduced cellscd@ytrast, the pLVTHM vector was
used to silence C3G expression, as it allows dolecing and expression of short
hairpin RNA (shRNA) sequences. This plasmid lacks aatibiotic-resistance
cassette and has been used in previous studié® afroup (Ortiz-Riveret al,
2018).

» Packaging plasmid(psPAX2; Addgene #12260; Figure 16E), which provides the
genes encoding the retroviral core polyprotein (Gegyerse transcriptase (Pol),
and regulatory proteins (Rev and Tat).

* Envelope plasmid(VSV-G; Addgene #14888; Figure 16F), which is necessary for
the formation of lentiviral particles, as it encedbe G glycoprotein (VSV-G).
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<« Figure 16. Lentiviral plasmids used for viral production. (A-D) Lentiviral transfer plasmids
carrying our gene of interest. Overexpression ofzGBas achieved using the pLenti-mEGFP
plasmids: £) empty, andB§) C3G"T / C3G"%. Silencing of C3G expression was achieved using
the pLVTHM-mEGFP plasmids:() empty, and [p) carrying the short hairpin RNA (shRNA) for
C3G expression inhibition (C3GIi)E(F) Lentiviral helper plasmids used for viral prodaoat (E)
psPAX2 was used as packaging plasmid &)&/EV-G was used as envelope plasmid. Plasmid maps
were generated using SnapGene v3.2.1 software.

Lentiviruses were produced in HEK-293T cells (s&xthods section 9.). Briefly, 6x1¢
cells were seeded in 100 mm tissue culture plates. The next day, the transfection mix (Table

9), previously incubated at Riflor 25 minutes, was added to the plates. 24 hours after
transfection, the medium was replaced with frestlioma and GFP expression was assessed
by fluorescence microscopy using either an EVOS™gimg System (Thermo Fisher
Scientific) or a Mateo Digital Microscope (Leic&pntiviral supernatants were collected at
48 and 72 hours post-transfection. For concentrati®@ collected medium was transferred
to a tube, and 1/3 volume of Lenti-X Concentra@ioftech, #631231) was added, followed
by incubation for at leasi) minutes at 4 °C. Supernatants collected on both days were then
combined and centrifuged at 1,500 x g for 45 minutes at 4 °C. After centrifugation, the
supernatant was removed, and the pellet was restsgén 1/100 of the original volume
using complete medium. The concentrated virus viddet! into single-use aliquots and
stored at 80 °C until use.

Table 9. Reagents used for the transfection mix IHEK-293T cells. Lentiviral transfer, packaging,
and envelope plasmids were combined with polyettigie (PEI) (Polysciences, #24314) diluted
in 150 mM NaCl.

Reagent Amount
Lentiviral transfer plasmid (pLenti or pLVTHM) 9 ug
Packaging plasmid (psPAX2) 3 ug
Envelope plasmid (VSV-G) 5ug
PEI 60 pL
NaCl (150 mM) Up to 500 uL

Lentiviral aliquots were titrated to estimate théetctious units per milliliter (IFU/mL), a
measure of the concentration of functional infactiwiral particles capable of entering a
target cell. For this, 8x*MHEK-293T cells per well were seeded into a 24-yélte and
cultured for 24 hours. The next day, cells in triplicate wells were counted to estimate the
number of cells per well, recording the averagéteals plated The medium was then
aspirated from the remaining wells, and fresh maditontaning 8 pg/mL polybrene
(Sigma-Aldrich, #107689) was added to each wellfeént volumes of lentiviral aliquots
were added to the wells, with one well maintaine@ airus-free control. To facilitate viral
transduction, spinoculation was performed by centrifuging the plates at 1,800 % g for
90 minutes at 32 °C. 24 hours after transduction, the medium was reglagih fresh
medium. 72 hours post-transduction, cells weresinjped and transferred into tubes
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containing 1x PBS witi mM EDTA. The percentage of GFP* cells was analyzed by flow
cytometry in a BD Accuri™ C6+ flow cytometer. Viréiter was calculated using only
samples in which the percentage of GE®@lIs ranged between 1-10%, using the following
formula:

% GFP™* x #cells plated x 1000
ul of viral suspension used

Infectious units per mL (IFU/mL) =

11.2. Lentiviral transduction and selection

Lentiviral transduction of target cells was perfedrsimilarly in Ba/F3-p210 and 32D cells.
The multiplicity of infection (MOI), which refer®tthe number of infectious units per target
cell, was set to 1 for both cell lines. This MOlsasufficient to obtain 5—20% GFeells.

For transduction, 5x®Otarget cells per well were seeded into a 6-wedlteplin the
corresponding medium containing 8 pg/mL polybremel the appropriate volume of viral
concentrate was added. To enhance viral entrypspiation was performed by centrifuging
the plates at 1,000 x g for 90 minutes at 32 °Chd@ds later, the medium was replaced with
fresh medium, and the cells were maintained inucelfor expansion. In the case of the
pLenti-transduced cells, 8 ug/mL of blasticidin iwoGen, #ant-bl) was added to the
medium 48 hours post-transduction to enrich the‘Giepulation.

To isolate only the positively transduced cellsJAwas performed 72—-96 hours post-
transduction on a BD FACSAria lll, selecting GFé¥ents within the live-cell gate. After
sorting, blasticidin selection was maintained foteast 3 weeks in the pLenti-transduced
cells to ensure stable maintenance.

12.Western blot analyses

12.1. Protein extraction

Cultured cells or isolated hematopoietic cells (se¢hods section $ were collected and
lysed in 1x RIPA buffer (100 mM TriECI pH=7.5; 100 mM NaCl; 1% Triton X-100; 1
mM EDTA; 0.1% sodium deoxycholate; 0.1% SDS; 1 mM NasVOg; 25 mM NaF; 1 mM
PMSF; 1x cOmplete™ protease inhibitor cocktail (Roche,681498001)) for at least 30
minutes on ice. To facilitate lysis, samples weriefly vortexed every 10 min. Next,
samples were centrifuged for 10 min at 13,000 k4%, and supernatants were collected
into new tubes. Protein lysates were then store@@®eC until use.

12.2. Protein quantification

Protein concentrations were determined using treef®rd assay. Briefly, 1 pL of each
lysate was mixed with 200 pl of Milli-Q water an@ gl of Bradford reagent (0.25 mg/mL
Coomasie Brilliant Blue @50; 25% methanol; 42.5% HiPQy). After thorough mixing,
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absorbance was measured at 595 nm using a TECAMténf1200 Pro microplate reader.
Protein concentrations were calculated by intetfmiafrom a standard curve generated
with known concentrations of BSA.

12.3. Isolation of Rap1-GTP by pull-down assay

Active Rapl (Rapl-GTP) was isolated by a pull-doassay based on the specific
interaction between the GTP-bound form of the GERasl its effector Ral-GDS. For this
purpose, a plasmid encoding a fusion protein coimgithe Ras binding domain (RBD) of
Ral-GDS fused to glutathione-S-transferase (GST$ wsed. The affinity of GST for
Glutathione-Sepharose™ resin (ABT, #4B-GLU) allavedective isolation of Rapl-GTP.
Briefly, cells were lysed in 1x RIPA for 30 minutas4 °C, and supernatants were collected
after centrifugation for 10 min at 13,000 x g &Gl A fraction of each sample was saved
for total lysate analysis. The remaining lysate wasibated with purified GST-RalGDS-
RBD (Table 10 and Glutathione-Sepharose™ resin, previously e@stith 1x RIPA, for

1 hour at 4 °C with rotation. After incubation, iresvas washed three times with 1x RIPA,
and the bound fraction together with the saveddégaere used in the subsequent analysis.

Table 10. GST-fused protein used for pull-down asga. The table shows the construct used for
Rap1-GTP purification and the plasmid, along withrief description, target specificity, and source.
GST: glutathione-S-transferase, RBD: Ras bindingaia.

Construction Plasmid Description Target Source
GST-RalGDS- GEX-4T3 Human RalGDS Active Rapl In-house generated. Details in
RBD P RBD (aa 701-852) (Rapl-GTP) Moran-Vaquercet al., 2026.

12.4. Polyacrylamide gel electrophoresis

Protein samples were prepared by mixing the apjatgpvolume of lysate with 4x Laemmli
buffer (250 mM TrisHCI pH=6.8; 40% glycerol, 8% SDS; 4% B-mercaptoethanpD.04%
bromophenol blue) and heating for 5 minutes at@6Samples were then loaded onto
polyacrylamide-SDS gels, together with the molecwaight marker PageRuler™ Plus
(Thermo Fischer Scientific, #26619). Gels contagnih5-12% acrylamide were prepared
depending on the molecular weight of the targetgmmo Electrophoresis was performed in
running buffer (25 mM TriddC1 pH=8.3; 200 mM glycine; 0.1% SDS) at a constant voltage
of 70 V for 15 minutes, followed by 120 V for apginmately 1 hour, until protein separation
was complete.

12.5. Wet-transfer and membrane blocking
Gels were transferred onto 0.45 um pore-size PV@fibmanes (Merck, #/PVH00010)
previously activated with methanol. Wet transfersvpgrformed by submerging the gel—
membrane cassettes in transfer buffer (25 mM H$-pH=8.3; 192 mM glycine; 20%
methanol) and running at a constant current ofA0f8r 2 hours at 4 °C using the Mini
Trans-Blot® Cell system (Bio-Rad). Afterwards, meares were blocked to reduce
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nonspecific antibody binding by incubating them fdnour at RT in 5% non-fat dried milk
prepared in TBS-T buffer (25 mM TriE€1 pH=8.3; 50 mM NacCl; 2.5 mM KCI; 0.05%
Tween-20 (Sigma-Aldrich, #P1379)).

12.6. Protein immunodetection and quantification

After blocking, membranes were rinsed with TBS-T arcubated with the corresponding
primary antibody diluted in TBS-T containing 2% BSAable 11, upper sectiol
Membranes were then washed three times, for 5 snedch, to remove excess antibody
and subsequently incubated with the appropriaterskry antibody diluted in TBS-T
containing 2% of non-fat dried milkiéble 11, lower sectioh The secondary antibodies
are fluorochrome-conjugated, allowing its detectioran Odyssey® M Imaging System
(LICORDbio).

Densitometric quantification of protein bands wasrfgrmed using ImageJ analysis
software. The signal intensity of each band wasnatized to the total protein signal in the
corresponding lane according to established metf\dsterberget al, 2025). In Western
blot experiments analyzing the expression of asipmptein (e.g., C3G), protein levels were
normalized to an internal loading control, typigatie housekeeping proteiractin. When
analyzing phosphorylated (p-) proteins, signalsanermalized to the corresponding total
protein levels (e.g., p-STAT5/total STATS). In thesases-actin is shown as a qualitative
loading control but was not used for quantificatias analysis was based exclusively on the
phospho/total protein ratio.

Table 11. Antibodies used for Western blofThe table lists the antibody name, host speciasjati
and incubation time, and supplier with referenaénBry antibodies shown in the upper section and
secondary antibodies in the lower section. o/nrruight, RT: room temperature, p-: phosphorylated.

Antibody Host Dilution Incubation Supplier Reference
Primary antibodies
ABL1 Mouse 1/1000 o/n4°C Santa Cruz Biotechnology sc-23
p-ABL1 Mouse 1/1000 o/n4°C Santa Cruz Biotechnology sd-203
AKT1/2/3 Rabbit 1/1000 o/n4°C Santa Cruz Biotechnology s@831
p-AKT1/2/3 Rabbit 1/1000 o/n4°C Cell Signaling Technology 9271
C3G (C-19) Rabbit 1/1000 o/n4°C Santa Cruz Biotechnology sc-869
C3G (G-4) Mouse 1/1000 o/n4°C Santa Cruz Biotechnology sea78
CrkL Rabbit 1/1000 o/n4°C Santa Cruz Biotechnology sc-319
p-CrkL Rabbit 1/1000 o/n4°C Cell Signaling Technology 3181
ERK1/2 Rabbit 1/1000 o/n4°C Santa Cruz Biotechnology sc-94
p-ERK1/2 Mouse 1/1000 o/n4°C Santa Cruz Biotechnology s&738
GFP Rabbit 1/1000 o/n4°C Santa Cruz Biotechnology s@833
JAK2 Rabbit 1/1000 o/n4°C Cell Signaling Technology 3230
p-JAK2 Rabbit 1/1000 o/n4°C Cell Signaling Technology 3771
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STAT3 Mouse 1/1000 o/n4°C Santa Cruz Biotechnology s&801
p-STAT3 Rabbit 1/1000 o/n4°C Cell Signaling Technology D3A7
STATS Mouse 1/1000 o/n4°C Santa Cruz Biotechnology s&Z44
STATS Mouse 1/1000 o/n4°C Santa Cruz Biotechnology s@815
P Mouse 1/3000 o/n4°C Invitrogen MA5-47643
Rapl Mouse 1/800 o/n4°C Santa Cruz Biotechnology sc-3987
B-actin Mouse  1/10000 1hRT Proteintech 66009-1-1g
Secondary antibodies
Anti-mouse
1gG (H+L) Goat 1/5000 1hRT Invitrogen 35518
DyLight™ 680
Anti-mouse
1gG (H+L) Goat 1/5000 1hRT Invitrogen 35521
DyLight™ 800
Anti-rabbit
19gG (H+L) Goat 1/10000 1hRT Invitrogen 35568
DyLight™ 680
Anti-rabbit
1gG (H+L) Goat 1/10000 1hRT Invitrogen 10036

DyLight™ 800

13. Cell culture analyses

13.1.
Cell proliferation was assessed by counting liMes@very 24 hours using the BD Accuri™
C6+ flow cytometer. For this, 1x1@ells per well were seeded in triplicate in 6-vytites,
and samples were collected at 24-hour intervalgdantification. Only GFP-positive cells
within the live-cell gate were counted. The celliots at time 0 was used as a reference, and
counts at subsequent time points were expressatil/eeto this initial value.

Cell proliferation assay

13.2.

For the analysis of Ba/F3-p210 cell viability irsppnse to imatinib, 5x2@ells per well
were seeded in 1Q0Q of culture medium in 96-well plates, with multgpteplicates for each
cell line. Imatinib was added at the desired cotre¢ions. At 24, 48, and 72 hours after
seeding, 1QL of 5 mg/mL MTT reagent (Sigma-Aldrich, #M2128) svadded to each well,
except for the blank wells, and the plates weraibated at 37 °C for 2 hours. After
incubation, the culture medium was removed, andftnmazan crystals formed were
solubilized in 10QuL of DMSO. Absorbance was then measured at 570sing@a TECAN
Infinite M200 Pro microplate reader. After subtrantof the blank, results were normalized
to untreated cells at the corresponding time points

Evaluation of Ba/F3-p210 viability response to imidt
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13.3. Evaluation of imatinib-induced apoptosis in Ba/F3E0

For apoptosis analysis of Ba/F3-p210 cells, imhtsoncentrations close to thespGt 72
hourswere selected for each generated line (pLenti lines: 0.6 uM; pLVTHM lines: 1.6 uM),
and cells were treated for 72 hours. Apoptotic andéad cells were then assessed using
the Apoptosis Detection Kit (ImmunoStep), followirtge manufacturer’s instructions.
Apoptotic responses were assessed using fluoroehkdreled Annexin V, a protein that
specifically binds phosphatidylserine, a lipid ezed on the outer leaflet of the plasma
membrane during apoptosis (Vermatsal, 1995).In combination with AnnexinV, the
DNA-intercalating dye 7-AAD was used to assess ntambintegrity. 7-AAD cannot enter
viable cells, but it penetrates cells with compreadi membranes, binding DNA and
rendering these cells fluorescent (Zembreslal, 2012). Cells positive for Annexin V but
negative for 7-AAD (Annexin V7-AAD") were considered apoptotic.

13.4. Stimulation of 32D cells with G-CSF
To induce the neutrophilic differentiation progra®2D cells were stimulated with G-CSF,
a cytokine that regulates the proliferation, ddéfaiation, and survival of granulocyte
precursors (Chakraborty and Tweardy, 1998).

Under basal conditions, 32D cells require IL-3$arvival, as it induces the expression of
genes involved in cell survival and proliferati®ignal transduction triggered by both IL-3
and G-CSF is primarily mediated by the JAK/STAThpedy, although important differences
exist between the two signaling programs. Whilehdat3 and G-CSF receptors activate
JAK2, the recruitment and activation of downstre8mMAT effectors differ in a cytokine
receptor-dependent mannerthis context, IL-3 predominantly promotes STAd@&ivation,
driving the transcription of genes associated witiliferation and survival (Podolskd al,
2024), whereas G-CSF preferentially signals throB@AT3, inducing the expression of
genes involved in granulocytic differentiation amdturation (Parlet al, 2022). These
distinct signaling outputs underlie the abilitylbf3 to maintain 32D cells in a proliferative
state, while G-CSF redirects them toward a neuttdjfferentiation program (Zhanet al,
2023). Although both IL-3 and G-CSF can activai BRK1/2 and PI3K/AKT pathways,
these pathways are predominantly engaged uponstirilation to support cell survival
and proliferation, whereas during G-CSF stimulatibay play a more secondary role,
mainly supporting cell survival throughout the mephil differentiation process-(gure
17) (Parket al, 2022; Podolska et al, 2024).

To analyze signaling pathway activation in 32D gedultures were stimulated with either
IL-3 (as steady-state control) or G-CSF. Brief@3cells were starved for 5 hours in IL-3-
free RPMI medium supplemented with 0.5% FBS, 1%aghine, and 1% penicillin-
streptomycin. Subsequently, 3*¥1dklls were either treated with 10% IL-3 for 30 otis
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(control) or stimulated with 50 ng/mL of murine GGE (Thermo Fischer Scientific, #250-
05) for 0, 5, 15, or 30 minutes. Cells were theacet on ice and rapidly lysed for protein
analysis, as describedlifethods section 12.1Activation of STAT3, STAT5, ERK1/2 and
AKT1/2/3 under the different experimental condisomas evaluated by Western blot.

IL-3 G-CSF

O o

IL-3R

. G —

PISK/AKT
STATS® STAT3{®
/ - \
~ ] _ R ; & SN

m ... Survival & m ... Neutrophil
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Figure 17. Schematic representation of the main sigling pathways activated by interleukin-3
(IL-3) and granulocyte colony-stimulating factor (G-CSF) in 32D cells Stimulation of 32D cells
with IL-3 maintains their proliferative state andpports cell growth. Upon binding to the IL-3
receptor (IL-3R), JAK2 is activated and subseqyemthosphorylates STAT5, leading to the
transcription of target genes involved in cell suavand proliferation. In parallel, IL-3 activatédse
ERK1/2 and PI3K/AKT pathways, further reinforcingpet pro-survival and pro-proliferative
phenotype. In contrast, G-CSF stimulation promateseutrophilic differentiation program in 32D
cells. Binding of G-CSF to its receptor (G-CSF-Rjivates JAK1 and JAK2, which preferentially
signals through STAT3 rather than STAT5, inducimg texpression of genes associated with
neutrophil differentiation. G-CSF also activates ERK1/2 and PI3K/AKT pathways, although to a
lesser extent than IL-3, thereby supporting gracytlo maturation.

14. Statistical analysis

Unless otherwise specified, all results are preskas the mean + standard error of the mean
(SEM) from at least three independent biologicalicates. Data normality was assessed
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using the Shapiro-Wilk test. Comparisons betweemdvoups were performed using two-
tailed unpaired t-tests. Comparisons among threeooe conditions involving two factors
(e.g., genotype and time point) were performedgisivo-way ANOVA, followed by the
appropriate post hoc test for multiple comparisdfaplan-Meier survival curves were
analyzed using the log-rank test. In all casgsyalue< 0.05 was considered statistically
significant. All statistical analyses were perfoimesing GraphPad Prism version 8.0.1.

15. Ethical considerations

All animal procedures were conducted in accordawnid European guidelines (EU
Directive 2010/63/EU) and the 3Rs principles (Reptaent, Reduction, and Refinement)
to ensure the ethical and humane use of laboranmals. Measures were taken to
minimize animal suffering, following established¢oenmendations (Langfoet al, 2010).
All experimental protocols were approved by the @Gutiee on the Ethics of Animal
Experimentation of the University of Salamanca jggbno. 1097) and by the Council of
Agriculture, Livestock and Rural Development of Regional Government of Castilla y
Ledn, Spain.
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RESULTS
1. Effect of C3G deficiency in the development of aticomyeloid leukemia

1.1. Generation of a BCR::ABL1 p210 transgenic mouseehadth C3G deletion
on HSPCs

Despite studies in cellular models indicating atdbation of C3G to CML (Gutiérrez-
Berzalet al, 2006; Maia et al, 2009, 2013), a comprehensive analysis of C3Gmalesease
development requires an vivo model that closely mimics the human disease dowsl
modulation of C3G status. To this end, we generatatl used a triple-genotype mouse
model that (1) expresses the p210 isoforrBOR::ABL1transgene in HSPCs, (2) carries a
TAM-inducible CreER recombinase in the same hematopoietic compartnaeat, (3)
contains theRapgefl gene floxed, enabling its excision upon TAM-inddic€re
recombination. Therefore, four different mice grsupiere used in the following
experiments: C3&CSCLKO and C3ESCSelwt as controlswithout p210 expression; and
p210/C3QSCSCLKO and p210/C3&3¢Slwt as CML mice, with p210 expression. More
details of the mouse strains used are detailédeitmods section 1

The floxedRapgeflallele is inactivated upon Cre-mediated recomimnathrough excision
of exons 17—-21Higure 18A), generating a knockout (KO) allele that encodégfactive
C3G protein, resulting in impaired C3G activity, @gviously described in other mouse
models (Shatet al, 2016; Gutiérrez-Herreroet al, 2020; Hernandez-Canoet al, 2022;
Fernandez-Infantet al, 2024; Herranz et al, 2025). Seven days after TAM administration,
Rapgefldeletion was detectable by PCR in genomic DNA fRMhcells. In contrast, TAM
administration in mice lacking CreERlid not produce thRapgefl-KCallele. The presence
or absence of the p210 transgene did not inteviétethis processKigure 18B).
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Figure 18. Deletion of Rapgefl gene in tamoxifen (TAM)-treated mice. (A) Schematic
representation of the induction of tRapgefl-knockoutKO) allele. Exons 17-21 of thRapgefl
gene are flanked by loxP sites (floxed) and ardsedcupon Cre-mediated recombination. The
resulting KO allele can be detected by PCR usiegpecific primers Lox-F and Int21-R)(Agarose
gel electrophoresis of PCR products amplified fidMA extracted from bone marrow (BM) cells.
The Rapgefl-KCallele is detected in HSSelCreER mice seven days after TAM administration,
confirming successful deletion of tRapgeflgene.
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To assess the loss of C3G protein levels, wetfiest to isolate protein from low-committed
HSPCs. Several attempts were made to detect C3@irprexpression in FACS-purified
LKS cells by WB. However, C3G could not be detedtethese populations, likely due to
its low expression in poorly committed hematopaigtiogenitors. Consequently, we turned
to evaluate reduction in C3G levels in more math@matopoietic cells, where its expression
is higher and, hence, detection can be easiethisquurpose, mature splenocytes were used,
as they ultimately originate from HSCs in the BMegtet al, 2017). To accelerate the
turnover of these cells and better assess C3G tiedua mild myeloablation was induced
by treating C3ESCSclwt and C3ESCSCLKO mice with 150 mg/kg 5-FU seven days after
TAM administration. Seven days after the myeloabtatreatment, spleens were harvested
and splenocyte protein lysates were collected.

A moderate reduction in C3G levels was detectesplenocyte lysates-{gure 19A, B),
confirming efficient inactivation of the floxeRapgeflallele and persistence of reduced
C3G expression in mature cells. The incompleteadess in C3G levels is consistent with a
mosaic Cre activation, indicating tHRapgeflexcision occurred in only a subset of HSPCs.
Similar patterns of partial recombination have begrorted in other TAM-inducible models
(Guoet al, 2002; Ilchuk et al, 2022), which likely explains the residual C3G egsion
observed here.
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Figure 19. Reduction of C3G protein levels in matu hematopoietic cells(A) Western blot
analysis of C3G protein in splenocyte lysates framoxifen-injected and 5-fluorouracil-treated
mice.p-actin levels were used as loading control. Theagwdbr weights of the protein marker ladder
are indicated in kDaB) Bar plots indicate the mean + SEM of the densétrim quantification of
C3G levels normalized tp-actin. Statistical analysis was performed usingiapaired two-tailed t-
test. *p< 0.05. Sample sizes: C8&ScLlwt, n=3; C3GHSCSCLKO, n=3. a.u., arbitrary units.

1.2. C3G deficiency attenuates neutrophil expansiorenipperal blood

Transgenic p2l@nice develop a CP-CML-like myeloproliferative diseaafter a long
latency period of approximately 6-8 months. Thisditon is characterized by a gradual
expansion of mature neutrophils in PB, accompalyettirombocytosis, splenomegaly, and
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myeloid hyperplasia in hematopoietic tissuedltimately, p210 mice succumb to
complications of the myeloproliferative diseaseepftvithin 2-3 months after the disease
onset (Hond&t al, 1998).

To explore the role of C3G in disease developmeatfirst analyzed possible alterations in
disease kinetics by analyzing the myeloprolifepthenotype in C3G-deficient p210 mice.
One-month-old animals were treated with TAM to ioéRapgefldeletion during the early
stages, before the disease was established. Bath qo&d non-p210 control mice were
monitored for one year. PB samples were subseguesitected monthly and analyzed by
flow cytometry to determine the levels of matureutnephils (GrXMacl"), platelets
(CD41"), T cells (CD3), and B cells (B229.

In p210 mice, C3G deficiency did not induce immésgliahanges in PB, since both
p210/C3Q'SCSelwt  and p210/C383CSCLKO  mice showed normal levels of all
hematopoietic populations during the first montbiéofving TAM treatment fFigure 20).
However, after CML onset, which occurs between 8 @nmonths of age, differences
became apparent, particularly within the myeloidnpartment. At months 9 and 10,
corresponding to full CML development and advardisdase stages, p210/C8GS¢-KO
mice displayed significantly reduced PB neutropikls compared with p210/C8&sScL

wt mice Figure 20A).

During advanced stages, p210 mice typically devéHopmbocytosis (Hondet al, 1998).
However, platelet counts were not significantlyeateéd by C3G deficiency at any disease
stage Figure 20B), despite C3G involvement in platelet producti@rtiz-Riveroet al,
2018; Herranz et al, 2025). The myeloid expansion in p210 mice wa®apanied by a
reduction in lymphocytes, mainly T celia p210/C3ESCSCLKO mice, T-cell levels tended
to be slightly higher than in p210/CB8&Sclwt animals, although the differences did not
reach statistical significanc&igure 20C). These modest T-cell changes likely reflect the
altered neutrophil population, as lower myeloid t®tels are often associated with higher
lymphocyte numbers to maintain hematopoietic baafidedaet al, 2005). The B-cell
compartment remained largely unaffected and showedifferences related to either C3G
status or p210 expressidriure 20D).
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Figure 20. p210 mice deficient in C3G display loweneutrophil levels in peripheral blood (PB)
after chronic myeloid leukemia (CML) onset. XY plots show the mean value + SEM of the
percentage of total PB leukocytes correspondindgAtp neutrophils (GriMacl), (B) platelets
(CD41), (C) T cells (CD3), and D) B cells (B220) over a 1-year monitoring period in both p210
and non-p210 groups. The PB sample collected atthm@&nwas obtained prior to tamoxifen
administration. Statistical analysis was performsihg two-way ANOVA followed by a multiple-
comparison test. * p210/C3&Sclwt vs p210/C3ESCSCLKO, # p210 group vs nop2 10 group; three
symbols indicate g 0.001, one symbol indicatesg0.05. Sample sizes: p210/CEESwt, n=15;
p210/C3GSCSELK O, n=19; C3GMSCSelwt, n=4; C3GMSCSLKO, n=7.

At the latest monitoring time points, when the disis fully established, data variability
increased in both p210/C8&Sclwt and p210/C3&°CSCLKO cohorts. This reflects the
progressive mortality of p210 mice from around 16nths of age due to CML, which
reduces sample size at later stages and inflatad@gpersion. Beyond month 12, data are
not shown because only a small number of mice remlaie, and these survivors tend to

be the healthier individuals. This survivorship sbianderlies the decision to limit the
analysis to the first 12 months of age.

In this experiment, non-p210 mice were used asralsnto assess baseline hematopoietic
kinetics in the absence of BCR::ABL1. Across thendénth follow-up, PB populations
remained largely stable, with no major fluctuatiobsletion of C3G in non-p210 mice did
not produce significant changes in PB neutrophjylsjphocytes, or platelets over the
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analyzed periodHigure 20A-D), consistent with previous studies in our grouipgighis
model (Herranz Varea, 2024). These results inditize the alterations observed in the
p210/C3G/ISCSELKO cohort likely depend on the BCR:ABL1 backgrduand are not
caused by C3G loss alone.

1.3. CML onset is delayed in p210/C88°.KO mice

Notably, the reduced PB neutrophil levels after Cbiiset in p210/C3ECSLKO mice
suggest a delay in disease initiation. The p210eniacking C3G still develop the
myeloproliferative disease, characterized by a gmhihcrease in PB neutrophil counts.
However, compared with the typical disease courssewed in p210/C3t5CSclwt,
p210/C3&SCSCLKO mice exhibit an attenuated myeloproliferativeepotype.

To compare disease onset among p210 mice, chrbagepCML was diagnosed applying
the following criterion: a proportion gf 40% neutrophils (GfMacl") in PB over two
consecutive months. Based on this criterion, mieeevelassified as either healthy or CML-
positive to generate a leukemia-free survival curve

Both p210/C3HESCSelwt and p210/C3E5CSLKO mice developed CMLindicating that
C3G at the HSPC level is dispensable for neoplesi@lopment. However, and consistent
with the alterations in the PB neutrophil level8GEdeficient mice exhibited a delayed
onset of the myeloproliferative disease, with aerage delay of approximately one month
(Figure 21A). Notably, when comparing post-onset survival,rdef as the period from
disease onset to death, no significant differemom® observedHigure 21B), indicating
that C3G deficiency does not affect disease duratio
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<« Figure 21. C3G-deficient p210 mice take longer tdevelop chronic myeloid leukemia (CML),
while post-onset survival remains unchangedA) Kaplan-Meyer plot represents the leukemia-free
survival during 1 year of monitoring, shown as fleecentage of disease-free mice according to the
established criterion. Statistical analysis wadqguared using the log-rank tesB) Comparison of
p210 survival time from disease onset, indicatingrall disease duration. Statistical analysis was
performed using an unpaired t-test. ns: non-sigaifi. Sample sizes: p210/CE&Slwt, n=19
p210/C3QSCSeLKO, n=18.

The data indicate that the absence of hematopd&®EG may act as a brake on the
development of the myeloproliferative disease in LGledisposed mice, attenuating
disease severity and delaying its onset. Sinceuvarll disease duration is unaffected, C3G
appears to act primarily during the initial stagésSCML. The fact that nearly all mice
eventually develop the disease, though at diffetenes, further supports this idea,
indicating that C3G role is restricted to a tempaiadow near disease establishment rather
than during later progression.

1.4. Overall survival is improved in C3G-deficient ferasl

The delayed CML onset observed in p210/83&°.KO mice together with unchanged
post-onset survival, suggests that C3G deficien@y rmrovide partial protection by
postponing disease development. However, a delagset does not necessarily translate
into improved overall survival. Indeed, in the p2h@del death typically results from the
progressive myeloproliferative disorder rather thansingle acute event, with mice
ultimately succumbing to disease-related compliceti during the CP-CML-like stage
(Hondaet al, 1998). By contrast, human CML patients can pregfeom the CP-CML to
AP-CML or BP-CML stages, often driven by additionautations that confer more
aggressive leukemic behavior (Oehial, 2018). p210 mice generally do not acquire these
secondary mutations and therefore do not progoeBR{CML, highlighting a key limitation

of this model for studying late-stage disease @megjon. Nonetheless, assessing survival in
these mice provides a useful measure of the sgvamitl kinetics of myeloproliferative
disease development, even if it does not direefigct CML-related death.

To evaluate this, overall survival was monitoreg®10 mice, which typically succumb to
the disease at an average age of around one yEarvire sacrificed upon exhibiting at
least two signs of distress, which include weigisss| labored breathing, hunched posture,
or reduced mobility, as described in establisheddadimes (Langfordet al, 2010). The
presence of these signs is indicative of advandét Qrogression.

Comparison of the overall survival between p210/888&°lwt and p210/C3&3CSLKO
mice revealed no significant differencésgure 22A). Interestingly, when the data were
stratified by sex, survival differences became ewntdonly in females. Thus, female
p210/C3G'SCSELKO mice survived significantly longer than femal@10/C3aSCSclwt
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mice with an approximate survival advantage of manths Figure 22B). In contrast, no
significant differences were observed among mal®pgice Figure 22C).
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Figure 22. Female C3G-deficient p210 mice show ireased survival. Kaplan-Meyer plots
represent the overall survival of the analyzed m{i&¢ Overall survival of all monitored p210 mice
over the 14-month duration of the experimeB). Qverall survival of female p210 mice, showing the
notable increase in survival of C3G-deficient migg). Overall survival of male p210 mice, showing
no differences between groups. Statistical analysis performed using the log-rank test. Sample
sizes: p210/C3ECSclwt, n=3Q p210/C3GHSCSCLKO, n=34.

The presence of these notable sex-biased diffesgroenpted a reanalysis of the previous
monitoring and leukemic survival data, separatihg tlata by sex. Consistently, more
pronounced differences were observed when focusketusively on female p210 mice,
both in neutrophil levels in PB and, consequeiml{;ML onset (se€&igure 50, Annexesy.
Interestingly, this behavior has been reportediptsly in other C3G conditional knockout
models, with more evident differences found alséemales (Herranet al, 2025). Sex-
specific effects in the normal development of thesloproliferative disease were ruled out,
as overall survival of female and male p210/E&3&°Lwt mice remained comparable (see
Figure 51, Annexes.

1.5. Leukemic infiltration is attenuated in C3G knockp@tLO mice

The development of the myeloproliferative diseasg210 is typically accompanied of
leukemic cell infiltration into various hematopagedrgans (Hondat al, 1998). Extensive
myeloid infiltration in extramedullary tissues, peuwlarly the spleen, is a hallmark of full-
blown CML and leads to splenomegaly in affectedenifschemionekt al, 2010). For this
reason, analysis of tissue leukemic infiltratio€BG-deficient mice is of particular interest,
as these mice experience an attenuated CML course.

At the terminal endpoint, when leukemic p210 miceravsacrificed due to advanced
disease, BM, spleen, thymus, and liver were cabkébr analysis. This included evaluation
of typical leukemic hallmarks to assess diseaserggyvincluding leukemic infiltration in
medullary and extramedullary tissues, as well gatwsplenomegaly, defined as increased
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spleen and liver size and weight. Cell suspendions hematopoietic organs were analyzed
by flow cytometry to determine the proportion dilinating mature neutrophils. Since these
organs normally contain mature hematopoietic cbéslthy non-p210 mice (~ 6-8 months
old) were used as controls. Additionally, both epleand liver were analyzed
macroscopically and weighed to assess diseasdtgever

In the BM, p210 mice exhibited altered proportiofisnature hematopoietic cells compared
with non-p210 controlsHigure 23A-C), reflecting disrupted hematopoietic balance and
early signs of BM failure in advanced CML. Spediflg, neutrophil levels were elevated in
p210 mice, indicative of pronounced myeloprolifemat However, p210/C3¢CSLKO
mice showed reduced neutrophil levels compared2ttQfC3G!SCSclwt (Figure 23A),
approaching the physiological proportions obselivedon-p210 mice. This suggests that
the absence of C3G may restore the hematopoietimds disrupted by CML. T-cell
proportions were similar across all groups, withsigmificant differences between p210 and
non-p210 mice groups or between p210/€XEcwt and p210/C3E&5CSLKO mice
(Figure 23B). Mature B-cell proportions, which were markediguced in p210 mice, were
partially restored in p210/C38°SLKO mice Figure 23A-C), again resembling non-p210
controls and supporting a more normalized BM contjoos

In the spleen, p210 mice showed marked alterattmmspared with non-p210 controls
(Figure 23D-F), including pronounced neutrophil infiltratioRigure 23D) and reduced B-
cell levels Figure 23F), while T-cell proportions remained unchangédg(re 23E).
Comparison of p210/C36CSLKO and p210/C3&3¢Sclwt mice revealed no significant
differences in neutrophil infiltration in spleeRigure 23D), and the T-cell compartment
remained largely unaffected by C3G deletibiy(re 23E). Interestingly, p210/C3¢scScL
KO mice exhibited increased mature B-cell levélg)(re 23F), partially restoring spleen
composition toward physiological proportions, samilo the effect observed in the BM.

Finally, p210 mice exhibited aberrant hematopoietimposition in the thymus-igure
23G-I). The thymus is a primary lymphoid organ that cdstproper T-cell maturation, a
process essential for adaptive immunity, and umdigrsiological conditions it is mainly
composed of developing T cells, particularly COB8* double-positive thymocytes
(Thapa and Farber, 2019). In leukemic p210 miceyewver, the thymic composition was
disrupted, showing abnormal hematological propogi@d mild neutrophil infiltration was
detected Kigure 23G), despite the fact that the thymus normally lackeeloid cells. In
addition, T-cell populations were altered, withabnormal expansion of CDGBD4CD8"
cells Figure 23H), likely reflecting collateral effects of BCR::ABLexpression in this
model, as previously reported (Horetaal, 1998). B cells were also unexpectedly detected
in the thymus of p210 micéigure 23I), further supporting the presence of hematopoietic
imbalance in this tissue. Interestingly, differeneeere detected between p210/E3EL
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wt and p210/C3&3CSCLKO mice. Myeloid infiltration was reduced in p2@0BGISCSCLKO
animals compared with its p210 contréiqure 23G), whereas both T and B lymphoid
compartments were not significantly affecteleigre 23H-I). This decrease in the
abnormal presence of neutrophils in the thymus2dOpC3G'SCSCLKO mice is consistent
with previous observations and suggests a padsbration toward a more physiological
hematopoietic balance in this extramedullary organ.
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<« Figure 23. Leukemic infiltration in hematopoietic tissues is reduced in C3G-deficient p210
mice at the endpoint diseaseBar plots indicate the mean + SEM of the percentafjehe
corresponding hematopoietic cells of the non-p2id@E210 mice. Non-p210 mice aged 6—8 months
were used as controlshA{C) Analysis of the presence of hematopoietic cellbane marrow (BM),
including () neutrophils, B) T cells, and€) mature B2209" B cells. O-F) Analysis of the presence
of hematopoietic cells in spleen, includitig) heutrophils, ) T cells, andk) B cells. G-1) Analysis

of the presence of hematopoietic cells in thymusluiding G) neutrophils, il) CD3* T cells, and()

B cells. Statistical analysis was performed usingiapaired t-test. *g 0.05, **p < 0.01, ***p <
0.001. Sample sizes: p210/CE&Swt, n=1042; p210/C3G"SCSLKO, n=6-8 C3G"SCScLwt, n=6;
C3G™SCSeKO, n=5.

In addition to leukemic infiltration, hepatosplenegaly provides an independent readout
of disease severity at the CML endpoint. Therefgpéeen and liver weights were measured
to assess organ enlargement, using healthy non4p2¥)(~ 6-8 months old) as controls.
Organ weights were normalized to total body wetghdccount for age and sex differences
in control and leukemic mice to minimize bias. Agected, p210 mice exhibited clear
hepatosplenomegaly, with significantly increasedatnee spleen and liver weights
compared with non-p210 control$-iure 24A, B). However, comparison between
p210/C3&SCSelwt and p210/C3E3CSCLKO mice revealed only a mild, non-significant
trend toward reduced spleen weighitglure 24A) and no appreciable differences in liver
weight Figure 24B), indicating that C3G deficiency does not markedlier organ
enlargement at terminal disease stages.
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Figure 24. p210 mice show increased spleen and liwgeight, with no effect of C3G deficiency.

Bar plots indicate the mean + SEM of the percentddiee () spleen andg) liver weight normalized

to total body weight of the non-p210 and p210 miken-p210 mice aged 6—8 months were used as
controls. Statistical analysis was performed usangunpaired t-test. **p< 0.01. Sample sizes:
p210/C3QSCSelwt, n=12; p210/C3GMSCSLK O, n=7; C3GHSCSelwt, n=14 C3GHSCSCLKO, n=8.

Overall, terminal-stage p210 mice displayed theeetgd features of advanced CML,
including myeloid expansion, disruption of hemategio balance, leukemic infiltration of
multiple organs, and marked hepatosplenomegaloftih C3G deficiency did not block
disease development, it consistently attenuated stheerity of the phenotype. C3G
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deficiency partially normalized hematopoietic cetimposition across organs, reducing
neutrophils and restoring B cells, but had minimmgdact on organ enlargement at endpoint.
These findings indicate that hematopoietic C3G naids the intensity and tissue
imbalance of the p210-driven myeloproliferativesdise without fully determining terminal
disease outcome.

1.6. p210 mice show no response to 1-month imatinildrreat

The attenuated CML observed in p210/ESELKO mice prompted us to further
investigate the characteristics of this altereckake kinetics. One aspect of particular
interest was the efficacy of imatinib, the firgidi TKI used in CML therapy, which exerts
its therapeutic effect by inhibiting BCR::ABL1 kisa activity (Puttiniet al, 2006), as
described inintroduction section 1.4.1 Therefore, it would be of interest to explore
whether combining a TKI, which effectively targediL, with C3G deficiency, which
appears to attenuate the myeloproliferative phgregtyould be a useful strategy to improve
disease control.

To this end, TAM-treated p210 mice with approxinhatd months of age, coinciding with
fully established disease, were selected for #mtrinent regimen. At this stage, these mice
exhibit elevated neutrophil levels in PB, reflegtithe full course of the chronic phase of
CML in patients, which corresponds to the typidadical window for initiating TKI therapy
(Konget al, 2020). Imatinib was administered orally at a dofsE00 mg/kg by oral gavage
using a 5-days-on/2-days-off regimen for one moaihd PB was analyzed weekly to
monitor hematological changes.

Imatinib treatment of leukemic p210 mice failedhtat or slow disease progression under
our experimental conditions. Weekly analysis of gipulations revealed that neutrophil
counts continued to rise during and after treatnfieigiure 25A), while other populations,
such as T cells{igure 25B) and B cellskigure 25C), remained largely unchanged between
genotypes. These results indicate that imatinibimidimation in this p210 mouse model was
ineffective, as the mice still developed the typs&gns of myeloproliferative disease.
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Figure 25. Imatinib treatment did not ameliorate the myeloproliferative disease course in p210
mice. The 1-month imatinib treatment window is indicaiadthe plots. Only mice older than 10
months were included in the study. XY plots show thean value £+ SEM of the change in the
percentage of total peripheral blood leukocytesesponding toA) neutrophils (GriMacl), B) T
cells (CD3), and C) B cells (B220) over the two-month monitoring period. Sample size
p210/C3QSCSwt, n = 9; p210/C3GHSCSLKO, n = 9.

No differences in overall CML survival were detetteetween p210/C368CSclwt and
p210/C3Q'SCSCLKO mice Figure 26). Moreover, comparison of survival between
imatinib-treated and untreated p210 mice reveabesignificant differences (séegure 52

Annexeg, suggesting that imatinib treatment was ineffecitin our experimental conditions
in this mouse model.
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Figure 26. Overall survival of p210/C3&S¢S-wt and p210/C3G'S¢-KO mice did not show
differences upon treatment with imatinib. The 1-month imatinib treatment window is indicabed
the plots. Only mice older than 10 months werelidet in the study. Kaplan-Meyer plot represents
the overall survival of treated p210 mice from ©014 months. Statistical analysis was performed
using the log-rank test. Sample sizes: p210ASS&-wt, n = 9; p210/C3GHSCSCLKO, n = 9.

The lack of attenuation of CML progression in pMi@e following imatinib treatment was
unexpected, given the extensive evidence in thelitire supporting tha vivo efficacy of
TKIls targeting BCR::ABL1 (Deiningeet al, 2005; Baran and Saydam, 2012). However,
the negative outcome of this set of experimentsenis drawing conclusions about the
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impact of TKI treatment in a C3G-deficient CML cert, regardless of the underlying
cause, such as limited model sensitivity, subogtiptearmacokinetics, or insufficient
treatment duration.

1.7. Late deletion of C3G moderately reduces diseaserisgv

The experiments conducted so far indicate thattidgleC3G in HSCs before CML is
established (corresponding to 1 month of age ipfite) leads to a delayed disease onset
accompanied by milder symptoms. These results sugjgat C3G plays an important role
during the early phases of leukemogenesis, likgimbdulating myeloid cell expansion and
helping maintain hematopoietic balance. Based a@sehobservations, we aimed to
determine whether deleting C3G at a later stagee dime disease is already established,
would produce a similar effect. This approach wolbdtter mimic a potential clinical
scenario in which C3G inhibition is initiated afteML diagnosis, providing insight into
whether targeting C3G could still influence disepsmgression or reduce leukemic burden
in an established pathological context.

To investigate the effect of C3G deletion at diseasset, p210 mice were treated with TAM
at approximately 6 months of age, which correspotoighe average onset of the
myeloproliferative disease. Following TAM admingion, PB was collected monthly to
monitor leukemic progression through hematologoizabhmeters, and mice were observed
for signs of distress indicative of advanced diseas

No immediate changes in PB populations were obdaaiter TAM treatmentigure 27A-

C). Additionally, compared with C3G deletion perfadhat an earlier stage, the effects of
late deletion were more moderate. PB neutrophilitoong revealed slight reductions at
specific time points, most notably at month 9 (no8tpost-TAM) Figure 27A), while
other time points showed no major changes. T-eséls remained largely unchanged
between both genotypesigure 27B). Interestingly, B-cell levels were increased in
p210/C3&SCSELKO mice at month 9Rigure 27C), coinciding with the transient decrease
in neutrophils and likely reflecting a partial r@sttion of hematopoietic balance in the PB.
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Figure 27. C3G deletion at 6 months of age, correspding to disease onset in p210 mice,
modestly attenuates the myeloproliferative phenotyg. XY plots show the mean value + SEM of
the percentage of total peripheral blood leukocgmsesponding toA) neutrophils (GriMacl),
(B) T cells (CD3), and ) B cells (B220) from 6 months onwards monitoring period in bo#1p
and non-p210 groups. The peripheral blood samplieated at month 6 was obtained prior to
tamoxifen administration. Statistical analysis wwasformed using two-way ANOVA followed by a
multiple-comparison test. *$0.05. Sample sizes: p210/CE&Swt, n = 15; p210/C3G"SCSLKO,

n = 16. TAM: tamoxifen.

These results suggest that C3G deletion at CMLtgrseluces only modest and transient
effects on PB composition, in contrast to the npymounced impact observed when C3G
is deleted earlier. While late deletion can pdstiabstore hematopoietic balance, its
influence on leukemic progression appears limgedgesting that C3G role is more critical
during the initial phases of CML development.

We also compared disease onset between p210fESGwt and p210/C3E&CSCLKO
mice, in which C3G deletion was induced at montirsg the criteria describedfitesults
section 1.3Analysis of the leukemia-free survival curve rateel no statistically significant
differences between groups, although p210/¢S8&KO mice showed a trend toward
delayed disease onsétidure 28A). Consistent with previous results, post-onsetigat
was unchanged in p210/CB&SLKO mice compared with p210/C3&°Sclwt mice
(Figure 28B), indicating that disease duration was not affibie C3G deletion at this later
stage.
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Figure 28. Late C3G deletion in p210 mice displaysa moderate trend toward increased
leukemia-free survival, while post-onset survival @mains unchanged(A) Kaplan-Meyer plot
represents the leukemia-free survival of all maeidop210 mice from 6 to 12 months, based on the
established diagnostic criteria. Statistical arialywas performed using the log-rank ted®) (
Comparison of p210 survival time from disease qriedicating overall disease duration. Statistical
analysis was performed using an unpaired t-testamis-significant. Sample sizes: p210/C¢8eSc

wt, n = 15; p210/C3GHSCSCLKO, n = 13. TAM: tamoxifen.

Overall survival in p210 mice with late C3G deletialso remained unchangeeiqure
29A), although some trends were apparent. Because e3fBy deletion had previously
shown a clear survival benefit in females, the da&ae analyzed separately by sex.
Interestingly, as in the previous experimefftg/ire 22), female p210/C3&CSLKO mice
displayed a notable, although still non-significareénd toward extended survivaligure
29B) compared with male p210 micEigure 29C), suggesting a potential sex-specific
influence of C3G deletion on disease progression.
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Figure 29. Late C3G deletion in p210 mice shows lght trend toward increased overall chronic
myeloid leukemia (CML) survival, being more evidentin female mice.Kaplan-Meyer plots
represent the overall survival of analyzed micenfraonth 6 to month 14A) Overall survival of all
monitored p210 mice from 6 to 14 monthB) Overall survival of female p210 miceC) Overall
survival of male p210 mice. Statistical analysisywarformed using the log-rank test. Sample sizes:
p210/C3Q'SCSelwt, n = 15; p210/C3GHSCSCLKO, n = 16.
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In summary, deletion of C3G at the time of CML étisthment produced a phenotype

similar, though less pronounced, than that obsemtezh C3G was deleted prior to disease
onset. Mice with C3G deletion at disease initiasilwed modest reduction in neutrophil
levels and partial restoration of B-cell proporsdn peripheral blood. These effects were
smaller and less durable than those observed waiti deletion, indicating that the impact

of C3G loss on disease progression depends omtimgtof deletion.

1.8. Deficiency of C3G alters bone marrow hematopoiasiSML onset

So far, the results suggest that C3G deficiency acawas a brake on CML development, as
its absence in initial stages of leukemogenesassaciated with delayed disease onset and
milder symptoms at the terminal endpoint. To un@ed what was behind these
observations, we focused on studying the statuseofatopoiesis in the BM, where the
disease is first established.

In CML, BCR:ABL1 pushes HSPCs into a highly preiiitive and partially
dedifferentiated state, promoting myeloid lineagel a&onsequently reshaping all the
hematopoietic framework (Quintas-Cardama and Co2@39). HSPC composition shows
major alterations in CML relative to healthy henpaigsis, with modest expansions in
certain progenitor populations, reflecting earlgrdption of hematopoiesis (Haraetaal,
2021). These changes become more pronounced atddeteous as CP-CML progresses
to BP-CML, highlighting the dynamic remodeling diethematopoietic hierarchy during
disease evolution (Kinstriet al, 2016).

Our p210 transgenic mice, however, only develop3BR- without progressing to the acute
leukemic phase, at least in the absence of gessadiuts that drive progression to blast-phase
CML, such as p53 loss, as previously described @den al, 1998). Consequently, this
model limits our analysis to the early stages @& tlisease, allowing us to focus on
alterations in HSPCs proportions and dynamics dutfie initiation and establishment of
CP-CML, but excluding the study of mechanisms imed| in disease acceleration or
transformation to BP-CML.

To address whether C3G may influence HSPC compaositi our mouse models, we
analyzed the levels of lineage-committed and lessmitted HSPCsHigure 30A) at the
mean time of CML onset, specifically in six-montld-p210 mice, using age-matched non-
p210 mice as controls. For this purpose, BM cedpsmsions were isolated from mice that
had been treated with TAM during the first montHifef and analyzed by flow cytometry.
This approach allowed the simultaneous quantibcatf immature and lineage-restricted
progenitor populations within the same samplesyidiog a comprehensive overview of
HSPC composition during early leukemogenesis. Th@dchrome panel with the markers
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used for the identification of the different HSP@bpopulations are detailed Methods
section 6.2

Notably, when comparing HSPC subpopulation propogtion CML onset between
p210/C3&SCSelwt and p210/C3ECSCLKO, several differences emergefigure 30B).
Firstly, lineage negative (Lih cells, representing the immature BM compartmevras
expanded in p210/C38CSLKO mice, suggesting an accumulation of hematofmiet
progenitors in this tissue. Within this Lirpool, which encompasses all the HSPC
subpopulations, additional alterations were detedt&S (Lin~ c-Kit* Scal), the cells that
comprise the least-committed progenitors and ireclhe true HSC fraction, were reduced
in p210/C3GESCSLKO mice, pointing to a weakened stem-cell reserddbwever, the
composition of the LKS compartment itself remaitegely stable, as LT-HSC, ST-HSC,
and MPP proportions were comparable between bdtB g&notypes.

At the early lymphoid-myeloid bifurcation, CLPs wencreased while CMPs were reduced,
indicating a putative shift toward the lymphoid tech. Within the myeloid lineage, several
changes suggested that C3G deficiency alters naydifferentiation dynamics, which is of
particular interest in the context of a myeloid plasm. In addition to the reduction in
CMPs, which may reflect diminished production ofrlgamyeloid progenitors,
p210/C3@'SCSELKO mice displayed increased GMPs and reduced MEBsre 30B). The
accumulation of GMPs in the BM may be indicativeaoflefect in granulopoiesis, with
differentiation arrested at an intermediate stagd preventing full maturation into
circulating neutrophils, consistent with the phepetobserved in the PB of p210/C5&
ScLKO mice. Conversely, reduced MEPs could indicatebias away from the
erythroid/megakaryocytic program, a shift that ntigbexist with GMP expansion when
granulopoiesis is impaired downstream.

As controls, BM from C3&¢Sclwt and C3ESCSCLKO mice was analyzed at the same
time point to determine whether the differencesoled were driven by BCR::ABL1 rather
than by C3G loss alone. Interestingly, the non-p&ti€e showed much more moderate
alterations Figure 30C). No differences were detected in the Ldompartment or in the
overall LKS proportions. Notably, however, the prdjpn of MPPs within the LKS gate
was increased in C38CSLKO mice, suggesting subtle changes in early pribgen
dynamics. Among more committed progenitors, a trémdard increased CLPs was
observed in C3&SSCLKO mice, pointing to a mild bias toward the lymghtineage in the
absence of C3G. In contrast, CMP, GMP, and MEP latipas were unchanged, indicating
that the pronounced alterations previously obsewittdn the myeloid HSPC compartment
are specific to the BCR::ABL1 background and aré aa@eneral consequence of C3G
deficiency alone.
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<« Figure 30. C3G deficiency in p210 mice alters hert@poietic stem and progenitor cell (HSPC)
proportions in the bone marrow (BM) at disease onde(A) Schematic representation of HSPC
subpopulations within the hematopoietic hierartlyeage-negative (Lin cells lack mature lineage
markers. Within this population, Lio-Kit*Scal (LKS) cells represent the least-committed
compartment, including long- and short-term hemaigtic stem cells (LT/ST-HSC) and multipotent
progenitors (MPP). Also within the Liriraction, the lymphoid branch comprises commongioid
progenitors (CLP), gated as LbinKit'®Scal™” (LK'**S°¥), whereas the myeloid branch includes
common myeloid progenitors (CMP), which furtherfeliéntiate into megakaryocyte-erythroid
progenitors (MEP) and granulocyi@nocyte progenitors (GMP); these populations were gated
within the Lirmrc-Kit*Scal fraction (LKS). (B) Bar plots show the mean + SEM of the percentdge o
each p210/C3LFCSLKO HSPC subpopulation within the parental gatepadized to p210/C3L5C
Sclwt values (sedigure 53; Annexes. (C) Bar plots show the mean + SEM of the percentdge o
each C3B3CSLKO HSPC subpopulation within the parental gatenradized to C3HE5CSclwit values
(seeFigure 53, Annexeg. Parental gating markers are indicated belowy ®fhonth-old mice were
analyzed. Statistical analysis was performed uamgnpaired t-test. *g 0.05, **p< 0.01. Sample
sizes: p210/C3E&CSclwt, n = 7 p210/C3GMSCSLKO, n = 8, C3ESCStlwt, n = 6; C3GMSCSLKO, n

= 6. a.u., arbitrary units.

Collectively, these results suggest that the deietdf C3G in HSCs reshapes the
hematopoietic landscape under conditions of heno#tp stress, such as a
myeloproliferative disease. The previous observatiat p210/C3&¢SLKO mice display
lower neutrophil levels in PB during advanced digestages, together with these findings,
indicates a possible defect in myeloid maturatiothe BM or in the release of mature cells
into circulation. In summary, whereas BCR::ABL1véi$ massive neutrophil differentiation
and their subsequent release into the blood, C3@ielecy appears to slow down this
process.

1.9. p210/C3¢SCSLKO bone marrow neutrophils display impaired mignat
properties
The possible impaired neutrophil maturation obsgivethe p210/C383CSCLKO mice at
CML onset raised the question of their functioryalNeutrophil migration in response to a
chemotactic stimulus is one of the main responsesed out by these cells, critical in
inflammatory responses. In CML, neutrophil migratie typically altered, often displaying
abnormal speed, directionality, or responsivereshémoattractants (Radhigbal, 2000).

To address this, we performed a Transwell asSayie 31A) to assess the ability of BM
neutrophils to migrate in response to fMLP, a srhaliterial peptide recognized by innate
immune cells as a danger signal, acting therebn @g®tent chemoattractant. For this
experiment, BM from six-month-old p210 mice thatllieeen TAM-treated during the first
month of life was isolated and stained with neutibmarkers for identification by flow
cytometry. BM suspensions were then seeded intogber chamber of Transwell inserts,
with different concentrations of fMLP placed in th@wver chamber. After 1 hour of
incubation, BM neutrophils that migrated from thppar to the lower chamber were
guantified by flow cytometry and normalized to aatrol condition.
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Results obtained showed that crescent concentsabioiiviLP promoted a higher migration
of BM neutrophils to the lower chamber, as expechei@restingly, BM neutrophils from
p210/C3&SCSELKO mice displayed defective migration at highenoentrations of fMLP

(Figure 31B), suggesting an impaired mobilization capacity.
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Figure 31. C3G deficiency in p210 mice impairs bonearrow (BM) neutrophil migration at
disease onset(A) Schematic of the Transwell assay. Briefly, ®Gfacl-marked BM cells were
seeded in the top chamber and allowed to migratarth the bottom chamber containing fMLP, a
potent neutrophil chemoattractant. Migrated Gtac1 cells were then quantified by flow cytometry.
(B) Bar plots show the mean + SEM of the percentdguigrated GriMac1' cells relative to the
total GrI'Macl' BM population. Statistical analysis was perforrasihg two-way ANOVA followed
by multiple-comparison tests. ¥0.05. Sample sizes: p210/CEESwt, n = 56; p210/C3GHSCSL
KO, n = 5-6, depending on the condition.

Defective migration in response to chemotactic shim in p210/C3ESCSCLKO
neutrophils, may reflect an underlying impairmentheir maturation process. This finding,
together with the altered levels of myeloid-comedttHSPCs, raised the possibility that
C3G is required for proper neutropoiesis, and ftigtabsence hampers neutrophil
production, thereby attenuating the myeloprolifieeatphenotype characteristic of CP-
CML.
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2. Analysis of the role of C3G in a cellular model@¥IL

2.1. C3G expression is reduced in Ba/F3 cells expre3R::ABL p210

To further investigate the role of C3G in CML andygin insight into the underlying cellular
and molecular mechanisms, the results obtained flartransgenic mouse model were
complemented with experiments performed in a @llG@ML model. This approach allows
the performance of experiments that would be diffito carry outin vivo, while also
reducing the number of animals required for thest&or this purpose, the Ba/F3 cell line
was selected.

Ba/F3 is a hematopoietic cell line derived from s®BM progenitor cells of C3H mice
(Didion et al, 2014) and corresponds to an early-stage B-lyngppracursor, specifically
at the pro-B stage (Palacios and Steinmetz, 198Bjing to its poorly committed
hematopoietic cellular background, Ba/F3 represeststable model for this study, as CML
LSCs are thought to arise from weakly-committed &tpoietic progenitor cells, as
discussed imntroduction section 1.3.2

First, we asked whether exogenous expression &Gtie:ABL1 p21®ncogene alters C3G
expression under basal conditions. C3G expres&veld were assessed by comparing
parental Ba/F3 cells with Ba/F3 cells transformethvBCR::ABL1 p210(hereinafter
referred as Ba/F3-p210, also known as Boff-p2X@grestingly, expression of BCR::ABL1
p210 was associated with reduced full-length C3@aim levels Figure 32A, B). This
observation suggests that BCR::ABL1 regulates C8@&l¢ and, consequently, C3G
activity, pointing to a functional relationship taeten these two proteins and a potential role
for C3G in leukemogenic signaling. A BCR::ABL1-C3tBosstalk has been previously
described in human CML cell lines (Gutiérrez-Berdzdl, 2006; Maia et al, 2009, 2013),
but has not yet been explored in murine hematapo@et! lines engineered to express
exogenous BCR::ABL1 p210.

As described in thentroduction section 2.3.1, hematopoietic cells also express the shorter
p87C3G isoform; however, under our experimental conditions it was not d{edetectable
(seeFigure 54; Annexeg.

93



A B *
Ba/F3 Ba/F3-p210 1.5+ Ba/F3
—_ | o mm Ba/F3-p210
250+ W N W | <BCR:ABL1p210 3
©
< 4ol E
< ABL1 £
130 g |
J C3G & o
130 C 2 054
55 O i
. (a2}
-— Qe — B-actin ) -
0.0-

Figure 32. Transformation of Ba/F3 cells witrBCR::ABL1 p210 downregulates C3G expression.
(A) Analysis of three independent protein lysates Baf/F3 and Ba/F3-p210 cells showing
BCR::ABL1 p210 and ABL1, alongside full-length C3@actin levels were used as loading control.
The molecular weights of the protein marker ladaterindicated in kDaB( Bar plots show the mean
+ SEM of the densitometric quantification of C3Qeession of all replicates normalizedpt@actin,
with values expressed relative to Ba/F3 controlscétatistical analysis was performed using an
unpaired t-test. *pg< 0.05. a.u., arbitrary units.

This inverse correlation between BCR::ABL1 and G3@ression prompted us to further
explore the role of C3G in Ba/F3-p210 cells. Speally, we asked whether the leukemic
properties of Ba/F3-p210 cells could be altereéxygenous modulation of C3G levels, in
a manner comparable to the transgenic p210 moudelrmowhich C3G is inactivated.

2.2. Generation of Ba/F3-p210 cell lines with C3G ov@ression and knockdown

Continuing along this line, Ba/F3-p210 cell linesthweither C3G overexpression or
knockdown were generated. By experimentally mothda€ 3G levels, this approach aims
to clarify how C3G influences signaling and celiuteehavior in BCR::ABL1-expressing
cells. Ideally, protein function is assessed udingckout lines with complete loss of
expression; however, previous attempts to generate C3G-knockout BafA®ells were
unsuccessful, possibly due to the critical rol&C8f5 in B-cell progenitor growth (Moran-
Vaqueroet al, 2026). Therefore, in this work an alternativatggy was adopted to modify
C3G expression levels using viral transduction,hoétthat is much more efficient in cell
lines.

For overexpression, cells were transduced withiienses expressing either wild-type
(WT) C3G or a constitutively active form carryingetY554H mutation (Carabias al,
2020), to assess whether C3G activation, rathem thare overexpression, influences
leukemic behavior. For gene knockdown, a consencbding a ShRNA targetirigapgefl
MRNA (C3Gi) was used to reduce C3G expression{@iveroet al, 2018). Generated
Ba/F3-p210 cell lines were named according to énéviral transfer plasmid used (pLenti
or pLVTHM), the specific construct carried, and tieporter protein (GFP in all lines).
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Seventy-two to ninety-six hours after lentiviradnsduction of parental Ba/F3-p210 cells,
GFP cells were isolated by FACS and subsequently edgxdiin culture for experiments.
pLenti lines were additionally cultured with 8 pd/ilasticidin to enhance the selection of
positive cells. Successful isolation of Gkiells was confirmed by fluorescence microscopy
and by flow cytometric analysis of the FACS-puifipopulationsKigure 33).

A B pLenti C pLVTHM

Non-transduced GFP C3G"-GFP ~ C3G"™*"-GFP GFP C3Gi-GFP

GFP+
_ [0.01%

SSC-A

SSC-A

GFP

Figure 33. Generationof stable Ba/F3-p210 cell lines with C3G overexprs®n or knockdown

via lentiviral transduction. (A) Non-transduced Ba/F3-p210 cells, showing no GgRas by flow
cytometry or fluorescence microscopy) (Ba/F3-p210 cells transduced with pLenti conssuct
empty (GFP) or C3G overexpression (C3@nd C3G%4). Positively transduced cells were isolated
by FACS and expanded in 8 pg/mL blasticidin. GFpression was confirmed by both flow
cytometry and fluorescence microscopy) Ba/F3-p210 cells transduced with pLVTHM constsuct
empty (GFP) or C3G knockdown (C3Gi). Positivelyngduced cells were isolated by FACS. GFP
expression was confirmed by both flow cytometry 8ndrescence microscopy.

C3G expression under steady-state conditions weessad in the newly generated lines
(Figure 34). Ba/F3-p210 cell lines overexpressing C3G exaditn addition to endogenous
C3G, high levels of the C3G-GFP fusion proteinhbior the WT and the Y554H mutant
forms. In addition, the C3G-knockdown Ba/F3-p2itlshowed a moderate reduction in
C3G protein levels, confirming effective represspnthe C3Gi shRNA. GFP expression
was also verified, detecting both free GFP (in glempty and pLVTHM lines) and the
C3G-GFP fusion protein in the overexpressing lines.
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Figure 34. Assessment of C3G expression levels in the generht®a/F3-p210 cells.(A)
Representative experiment showing C3G expressiommunoblotting with anti-C3G detected
endogenous C3G (endo-C3G) and the C3G-GFP fusiphanti-C3G""-GFP and pLenti-C385-
GFP overexpression lines, as well as a reducticd@3G expression in pLVTHM-C3Gi-GFP cells.
Anti-GFP detected GFP alone or the C3G-GFP fuslepending on the cell linf-actin levels were
used as loading control. The molecular weighthefidrotein marker ladder are indicated in kBg. (
Bar plots show the mean + SEM of the densitomeuntification of C3G expression normalized to
B-actin for pLenti and pLVTHM lines, with values e®gsed relative to empty vector controls. At
least three independent experiments were donést8tak analysis was performed using an unpaired
t-test. *p< 0.05, ***p < 0.001. a.u., arbitrary units, WB: Western blot.

C3G, as a Rapl GEF, can activate the small GTPagt fchibaet al, 1999). Therefore,
alterations in C3G expression are likely to affRepl activation. Assessing changes in
Rapl activation is particularly relevant in thimtext, given the established link between
Rapl and myeloproliferative diseases (Ishetlal, 2003; Minato and Hattori, 2009), as
described irintroduction section 2.3.1

Rapl activation was assessed in the different BpZA® cell lines by pull-down assay
(Figure 35). This approach allows quantification of Rap1-GWRjch can be normalized to
total Rapl to determine activation status. C3G-exaressing lines displayed a marked
increase in Rapl activation, with the Y554H mutrawing slightly higher levels than the
WT protein, consistent with observations in othel &ines (Carabia®t al, 2020). In
contrast, the C3G-knockdown line exhibited only edest reduction in Rapl activation,
suggesting that additional Rapl GEFs may remaiveaend maintain Rap1-GTP levels
(Stork and Dillon, 2005).
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Figure 35. Assessment of Rapl activation in the gerated Ba/F3-p210 cellfA) Rap1-GTP levels
were determined by pull-down (PD) assay using G8IGRS-RBD as bait (shown). Total Rapl
levels were analyzed from protein lysates of theesaamplesB-actin and Ral-GDS are shown as
qualitative loading controls. The molecular weigbitshe protein marker ladder are indicated in kDa.
(B) Bar plots show the values of the densitometriangification of the Rap1-GTP/total Rapl ratio
for pLenti and pLVTHM lines, with values expressethtive to empty vector controls. a.u., arbitrary
units.

Overall, these results indicate that the Ba/F3-p&Dlines generated exhibit the expected
alterations in C3G expression and Rapl activatimhaxe therefore suitable experimental
models for examining the effect of C3G levels i@ML cellular context.

2.3. C3G status does not affect cell proliferation lsvel

Cell proliferation was first evaluated in the neengrated lines. C3G can influence key
pathways that regulate proliferation, such as R&KH2 pathway through the C3G—Rapl-
B-Raf signaling axis (Ishimaret al, 1999). Moreover, the presence of BCR::ABL1
upstream in this pathway may further modify thisqass.

Proliferation was monitored over a 4-day perio@4&thour intervals by flow-cytometry-
based cell counting. However, no significant défeces in cell proliferation ratios were
detected between Ba/F3-p210 cells overexpressirtg ERjure 36A) or carrying C3G-
knockdown Figure 36B) and their respective controls at any time point.
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Figure 36. Altered C3G expression does not affectgiferation of Ba/F3-p210 cells.XY plots
show the mean + SEM of the cell counts at 24, 48 & hours, normalized to hour 0, in the) (
pLenti and B) pLVTHM lines. Three independent experiments weggormed. a.u., arbitrary units.

These results indicate that C3G does not contritautee proliferative pathways triggered
by BCR::ABL1 in Ba/F3-p210 cells. Consequently, amgnotypic differences observed in
these C3G-modified cells in subsequent assays rikeely to originate from intrinsic
alterations in cell growth.

2.4. Altered C3G expression levels modulate respongedtnib

As C3G did not alter basal proliferation, we exaadimvhether stress stimuli uncovers C3G-
dependent effects by inhibiting BCR::ABL1 with irirdb. Moreover, the apparent lack of
response to imatinib observed in p210 mice undeegperimental conditions prompted us
to evaluate the effects of this drug in our C3G-iied Ba/F3-p210 cell models, in order
to assess whether C3G expression levels could miedimatinib response, as previously
reported in other systems (Maga al, 2009).For this purpose, we assessed both cell
viability and apoptotic responses to imatinib ia 8a/F3-p210 cell lines generated.

2.4.1Effects of imatinib on Ba/F3-p210 cell viability

Viability of Ba/F3-p210 cells upon imatinib treatmevas assessed by an MTT assay. Cells
were exposed to imatinib at concentrations randiom O to 2.0puM, and viability was
measured at 24, 48, and 72 hours post-treatmeigt.approach allowed us to estimate an
approximate half-maximal inhibitory concentratié@+p), defined as the drug concentration
that reduced cell viability to 50%, which was suhsently used as the dose for apoptosis
assays.

2.4.1.1C3G overexpression reduces cell viability upon imlatexposure

Notably, both Ba/F3-p210 lines overexpressing &3@r C3G>%*" generally exhibited
increased sensitivity to imatinib compared to thetol line Figure 37). The effects varied
with drug concentration, ranging from near insevigit of Ba/F3-p210 cells at low
concentrationsHigure 37A) to markedly reduced viability at higher concetitias igure
37D-F). At intermediate concentrations, differences betwliees became apparent, most
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clearly at 0.6uM (Figure 37B) and less pronounced at 110 (Figure 37C) and 1.3uM
(Figure 37D). C3G">>*H-overexpressing cells showed only slightly higimen-significant,
sensitivity than C3®T-overexpressing cells, suggesting that additionatalgtic
dysregulation of C3G moderately influence the stavof C3G-overexpressing CML cells
upon imatinib treatment.
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Figure 37. C3G overexpression reduces viability da/F3-p210 cells upon imatinib treatment.

XY plots show the mean + SEM of the cell viabiliggpressed as a percentage relative to an untreated
sample. Viability was measured by MTT assay at484,and 72 hours after treatment with imatinib
at (A) 0.3 uM, 8) 0.6 uM, C) 1.0 uM, Q) 1.3 uM, E) 1.6 uM, andk) 2.0 uM. Three independent
experiments were performed. Statistical analysis peaformed using two-way ANOVA followed by

a multiple-comparison test. * pLenti-GFP vs pLeB8G"5*"-GFP, # pLenti-GFP vs pLenti-C3G-

GFP; three symbols indicate p < 0.001, two symbols indicate p <0.01, one symbol indicates$0.05.

2.4.1.2C3G knockdown leads to decreased cell viabilityesponse to
imatinib

Interestingly, a similar effect was observed in @&G-knockdown line. Ba/F3-p210 cells
expressing the C3Gi shRNA showed an overall ine@agnsitivity to imatinib compared
with the empty control cell line={gure 38). As in the pLenti lines, the response was dose-
dependent, ranging from minimal effects at low imbatconcentrations<igure 38A—-C) to
more pronounced reductions in viability at higheses Figure 38D—-F). Divergence in
response between the cell lines became apparbigtetr imatinib doses-(gure 38D—-F).
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Figure 38. C3G knockdown reduces viability of Ba/F$210 cells upon imatinib treatment.XY

plots show the mean + SEM of the cell viabilitypesssed as a percentage relative to an untreated
sample. Viability was measured by MTT assay at484,and 72 hours after treatment with imatinib
at (A) 0.3 uM, 8) 0.6 uM, C) 1.0 uM, P) 1.3 uM, E) 1.6 uM, andk) 2.0 uM. Three independent
experiments were performed. Statistical analysis peaformed using two-way ANOVA followed by

a multiple-comparison test. %0.05, ***p < 0.001.

Notably, the pLenti-GFP cell lines displayed higrsansitivity to imatinib than the
pLVTHM-GFP cell lines. This difference suggeststttiee lentiviral backbone itself may
influence cellular physiology and modulate drugpmssiveness, potentially through vector-
specific effects on gene expression, metabolie staitstress-response pathways, as reported
in other studies (Ranjbagt al, 2016). This observation highlights the importarde
considering vector-related effects when comparingg desponses across independently

generated cell lines.

Interestingly, in both experiments using pLentid @bV THM-transduced Ba/F3-p210 cells,
low concentrations of imatinib resulted in apparmzit viabilities exceeding 100% relative
to untreated controls={gure 37A andFigure 38A-B). This seemingly paradoxical effect
is consistent with a hormetic response, in whiclhr lioses of a cytotoxic agent may
stimulate proliferation or metabolic activity bedohaving inhibitory effects at higher
concentrations (Baet al, 2015). Since the MTT assay estimates cell vigbbased on

metabolic activity, cells exposed to low drug dotbed are metabolically more active may
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appear to have “higher viability” than untreatedls;ea phenomenon also reported in
previous studies (Zhareg al, 2015).

In summary, these experiments indicate a non-lingationship between C3G expression
levels and TKI resistance in BCR:ABL1-expressingllsc Both upregulation and
downregulation of C3G enhanced sensitivity to imihti suggesting that C3G abundance
must be tightly regulated to sustain pro-survivghaling and preserve drug tolerance in
leukemic cells, as suggested in previous studiesgbt al, 2009).

2.4.2Effects of C3G on imatinib-induced apoptosis infEap210 cells

To confirm that imatinib exerts a stronger effeat Ba/F3-p210 lines with either C3G
overexpression or knockdown, we evaluated the apioptesponse to the drug. Imatinib
induces apoptosis in CML cells primarily by inhibg BCR::ABL1, thereby suppressing
pro-survival signaling. Specifically, inhibition dCR::ABL1 activity shuts down key
pathways, including PI3K/AKT, JAK/STAT (particulsrl STATS), and Ras-ERK1/2,
ultimately triggering mitochondrial, caspase-deparictell death (Belloet al, 2007).

Cells were treated with imatinib for 72 hours ah@entrations close to the 72-hoursdC
determined by the MTT assdypLenti: 0.6 uM; pLVTHM: 1.6 uM), providing optimal
conditions for apoptosis assessment. Apoptosisevakiated by flow cytometry through
detection of phosphatidylserine exposure on therdaier of the plasma membrane, an
early hallmark of apoptotic cells.péptotic cells were therefore defined as Annexin V*/7-
AAD- events, representing cells with intact plasma meamds that expose
phosphatidylserine.

2.4.2.1C3G overexpression enhances imatinib-induced ap@pto

Consistent with the viability assay results, apsgtavas increased following 72 hours of
imatinib treatment in both Ba/F3-p210 cells linaem@xpressing C3@ and C3G5%4H,
compared to empty vector contrbigure 39). C3G">**"induced a slightly higher apoptotic
response than C3@, mirroring the viability results and suggestingttHifferences in C3G
catalytic activity modestly contribute to TKI-indext apoptosis.

No appreciable differences in apoptotic responsesevwobserved under steady-state
conditions, with the proportion of apoptotic caltsmparable between C3G-overexpressing
and control cell lines.
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Figure 39. C3G overexpression enhances the apopwtesponse of Ba/F3-p210 cells to imatinib.
(A) Representative flow cytometry plots showing aptiptcell levels in pLenti cell lines under
control and imatinib-treated condition&)(Bar plots show the mean + SEM of the percentdge o
apoptotic cells (Annexin V7-AAD") measured by flow cytometry 72 hours after druditamh. At
least three independent experiments were perfor@distical analysis was performed using an
unpaired t-test. *g 0.05, *p< 0.01.

2.4.2.2C3G knockdown increases apoptosis in responseatinin

Consistent with the previous assays, a slight iguificant increase in apoptotic cells was
observed in the C3G-knockdown cell line after 78rsaf imatinib treatmenf{gure 40).
Under basal conditions, no differences in the priigo of apoptotic cells were detected,
similar to the pattern observed in C3G-overexpregsells.
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<« Figure 40. C3G knockdown enhances the apoptotic sponse of Ba/F3-p210 cells to imatinib.
(A) Representative flow cytometry plots showing aptptcell levels in pLVTHM cell lines under
control and imatinib-treated condition&)(Bar plots show the mean + SEM of the percentdge o
apoptotic cells (Annexin V7-AAD") measured by flow cytometry 72 hours after druditiah. At
least three independent experiments were perfori@tdistical analysis was performed using an
unpaired t-test. *p< 0.05, **p< 0.01.

These results confirm the enhanced responsivendssatinib of CML cells with altered
C3G expression, as reflected by both reduced wialaihd increased apoptotic responses.
This dual phenomenon, also observed in other C3@ifiad leukemic cell lines (Maiat

al., 2009, 2013), suggests that dysregulated C3G ssipre compromises CML cell
survival under stress, prompting further investaatinto the molecular mechanisms
underlying this increased TKI sensitivity.

2.5. Altered C3G expression modulates major leukemogsgitaling pathways

C3G participates as a modulatory factor in multipignaling pathways downstream of
BCR::ABL1, as described imtroduction section 2.3.1 In K562 cells, for instance, C3G
can exert dual roles in proliferation signalingcén activate ERK1/2 via Rapl, but it can
also inhibit both ERK1/2 and PI3K/AKT pathways thgh Rapl-independent mechanisms
(Maiaet al, 2009). This signaling complexity in BCR::ABL1-a®ssing cells prompted us
to examine how C3G modulation affects steady-stat®genic signaling in Ba/F3-p210
cells.

2.5.1Changes in C3G expression tend to attenuate BCR1Af8tivation

BCR::ABL1 is a constitutively active tyrosine kimathat drives oncogenic signaling by
phosphorylating multiple downstream substrateyagisig all cellular signaling network.
Accordingly, evaluating its activation status isuaal for assessing the intensity of
leukemogenic signaling. The phosphorylation stath@ABL1 kinase domain serves as a
functional readout of BCR::ABL1 activity; in particular, phosphorylation at Y412 reflects
kinase activation. Mechanistically, the coiled-calbmain of the BCR moiety of
BCR::ABL1 promote its dimerization, allowing itatrsactivation through phosphorylation
of the ABL1 kinase domair=(gure 41A) (Hantschel, 2012).

Interestingly, analysis of BCR::ABL1 phosphorylaticn Ba/F3-p210 cells with altered
C3G expression revealed notable trends. Althougtesdifferences did not reach statistical
significance, both C3G overexpression and knockdsimawed a tendency toward reduced
p-BCR::ABL1 levels Figure 41B, O), suggesting that deviations from physiological3C3
expression may compromise oncogenic signaling.aralfel, p-ABL1 levels were also
markedly decreased under both conditiofsgire 41B, D), likely reflecting that
BCR::ABL1 and endogenous ABL1 share common regojfatoechanisms and respond
similarly to perturbations in the signaling network
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Interestingly, overexpression of C3&* led to a moderate lower reduction in both p-
BCR::ABL1 and p-ABL1 level ratio compared to ovepeassion of C38T, suggesting that
the Y554H form sustains phosphorylation, possiblptigh altered signaling or positive
feedback.
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Schematic representation of BCR::ABL1 activatiohrdugh the coiled-coil domain of the BCR
moiety, BCR::ABL1 dimerizes, enabling transactigativia phosphorylation of Y412 in the ABL1
kinase domain, thereby promoting downstream sigga(B) Representative experiment showing the
phosphorylation status of BCR::ABL1 and ABL1 underady-state conditions. Immunoblotting with
anti-ABL1 and anti-p-ABL1 antibodies detected bABL1 (~130 kDa) and the BCR::ABL1 fusion
protein (~250 kDa)p-actin is shown as a qualitative loading contrdle Tnolecular weights of the
protein marker ladder are indicated in kD&-D) Bar plots show the mean + SEM of the
densitometric quantification of th€) p-BCR::ABL1/BCR::ABL1 ratio and}) p-ABL1/ABL1 ratio
in the different Ba/F3-p210 lines, with values eegsed relative to empty vector controls. At least
three independent experiments were performed s8tatii analysis was performed using an unpaired
t-test. *p< 0.05, ***p < 0.001. a.u., arbitrary units.
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Beyond BCR::ABL1 itself, analysis of its downstreassubstrates provides additional
insight. As described imtroduction section 2.3.3, CrkL is a major BCR::ABL1 substrate
(Figure 42A), and p-CrkL levels are widely used as a readbBGiR::ABL 1 kinase activity.

Upon phosphorylation, CrkL links tyrosine kinasests as BCR::ABL1 to downstream
signaling pathways, thereby transmitting signats tiegulate proliferation, survival, and
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cytoskeletal dynamics (Oda al, 1994). In addition, CrkL is the main C3G adaptmmtein
in hematopoietic cells (Smiet al, 1996), further supporting a BCR::ABL1-C3G
relationship.

However, analysis of p-CrkL in the generated da#d revealed no significant differences
between conditions, with levels largely comparablboth C3G-overexpressing and C3G-
knockdown Ba/F3-p210 cell linesFigure 42B, Q. This suggests that, although
BCR::ABL1 signaling may be partially attenuated ng@3G modulation, residual kinase
activity is sufficient to sustain CrkL phosphorytat.
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Figure 42. Phosphorylation of CrkL is not affectedby altered C3G expression(A) Schematic
representation of CrkL activation via direct phospfiation by BCR::ABL1. B) Representative
experiment showing the phosphorylation status dfLGrnder steady-state conditiorfgactin is
shown as a qualitative loading control. The molacwleights of the protein marker ladder are
indicated in kDa. €) Bar plots show the mean + SEM of the densitoroetuantification of the p-
CrkL/CrkL ratio in the different Ba/F3-p210 linesjth values expressed relative to empty vector
controls. At least three independent experimentg\performed. Statistical analysis was performed
using an unpaired t-test. a.u., arbitrary units.

2.5.2ERK1/2 and PI3K/AKT pathways remain largely unaféetby C3G
expression modulation
The ERK1/2 pathway acts as a major downstreamteffeEBCR::ABL1-driven signaling.
Although it is not the most critical pathway in CNdathogenesis, BCR::ABL1 chronically
activates this signaling axis, thereby promotingtamed proliferative signaling-igure
43A). In a similar manner, the PI3K/AKT pathway playsupportive role in BCR::ABL1-
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mediated transformation by maintaining leukemid seirvival and metabolic activity,
which are required to sustain high proliferativiesaf-igure 43A) (McCubreyet al, 2008).

Analysis of the activation status of the effectootpin in these pathways in the generated
Ba/F3-p210 cell lines revealed no significant di#feces upon modulation of C3G
expression Kigure 43B-D). Notably, a slight tendency toward reduced ERK1/2
phosphorylationKigure 43B, O and increased AKT1/2/3 phosphorylaticrgure 43B,

D) was observed in the C3G-knockdown cell line, ptitdly reflecting a feedback
mechanism aimed at maintaining signaling homeast&insistent with the proliferation
assays presented Results section 2.3the lack of major alterations in ERK1/2 and
PI3K/AKT signaling may explain the absence of ditble changes in cell proliferation, as
these pathways are key regulators of this prodesek-Gajdat al, 2020).
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<« Figure 43. Alterations in C3G expression have mini@l impact on the activation of ERK1/2
and PI3K/AKT pathway. (A) Schematic representation of BCR::ABL1-mediatedvatiton of the
Ras-ERK1/2 and PI3K/AKT pathways. BCR::ABL1 condiiiely activates the Ras pathway,
ultimately leading to persistent ERK1/2 activatiand promoting cell proliferation. Similarly,
BCR::ABL1 activates PI3K, maintaining AKT and mTGRtivity and promoting cell survival and
metabolic activity. B) Representative experiment showing the phosphiioplatatus of ERK1/2 and
AKT1/2/3 under steady-state conditiorfsactin is shown as a qualitative loading contraheT
molecular weights of the protein marker ladderiadécated in kDa.C—D) Bar plots show the mean
+ SEM of the densitometric quantification of th&) p-ERK1/2 / ERK1/2 ratio and)) p-AKT1/2/3

/ AKT1/2/3 ratio in the different Ba/F3-p210 linesjth values expressed relative to empty vector
controls. At least three independent experiment® \werformed. Statistical analysis was performed
using an unpaired t-test. a.u., arbitrary units.

2.5.3Modulation of C3G expression markedly disrupts JBRAT signaling

In CML, the JAK/STAT pathway is considered a celfakemogenic signaling axis. Under
physiological conditions, different JAK/STAT sigiej pathways are activated upon
cytokine binding to its receptor, which triggerdratellular signal transduction through
receptor-associated JAK kinases (ldti al, 2021). In CML, however, BCR::ABL1
constitutively activates JAK kinases independeitiycytokine stimulation, particularly
JAKZ2, resulting in persistent phosphorylation aativation of STAT proteins, most notably
STATS (Figure 44A). Once activated, STAT5 promotes a transcriptigmalgram that
defines the LSC phenotype, including not only ciomste proliferative and pro-survival
signaling, but also the marked resistance to apgptthat is typical of BCR::ABL1-
expressing cells (Valent, 2014).

Analysis of the JAK/STAT pathway in our C3G-alterBd/F3-p210 cell lines revealed
notable differences between theRigure 44B—E). Phosphorylation levels of JAK2 were
significantly reduced in both C3G-overexpressind @3G-silenced cells-{gure 44B, O,
with no differences between C3GandC3G">>*! lines. Consistently, phosphorylation of
both STAT3 Figure 44B, D) and STAT5 Figure 44B, E) was also decreased compared to
the corresponding controls. In line with previoasuits, reduced BCR::ABL1 activity may
contribute to the partial decrease in downstreageta such as JAK2, leading to weaker
STAT activation. Functionally, these data indictitat modulation of C3G levels could
perturb the BCR::ABL1-JAK/STAT signaling axis.
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Figure 44. Alterations in C3G expression disrupt te JAK/STAT signaling pathway in Ba/F3-
p210 cells.(A) Schematic representation of BCR::ABL1-mediatedvation of the JAK/STAT
pathway. BCR:ABL1 constitutively activates JAK2ealling to persistent STAT activation,
particularly STAT5, which regulates the expressibrgenes essential for maintaining the leukemic
phenotype.B) Representative experiment showing the phosphiioplatatus of JAK2, STAT3, and
STAT5 under steady-state conditiofisactin is shown as a qualitative loading contréle Tholecular
weights of the protein marker ladder are indicétekDa. (C—E) Bar plots show the mean + SEM of
the densitometric quantification of theé)(p-JAK2/JAK2 ratio, D) p-STAT3/STAT3 ratio, andy) p-
STATS/STATS ratio in the different Ba/F3-p210 cdlilse, with values expressed relative to empty
vector controls. Three independent experiments werormed. Statistical analysis was performed
using an unpaired t-test. ¥0.05, **p< 0.01, ***p < 0.001. a.u., arbitrary units.

Interestingly, these findings align with the incged sensitivity of the C3G-altered cell lines
to imatinib, as high STAT activation is known to digge resistance of CML cells to TKIs

(Warschet al, 2011), providing a plausible explanation for fileenotype observed in

Results section 2.4
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The concordant reduction of p-JAK2, p-STAT3, anSTATS levels indicates that
modulation of C3G affects signaling upstream inXA&/STAT pathway, likely at the level
of JAK2 itself. Both C3G overexpression and knockd@ppear to impair JAK2 activation
in BCR::ABL1-expressing cells, suggesting that me€3G levels are required to maintain
optimal pathway activity. This bidirectional effestay reflect a non-linear relationship,
similar to the TKI-mediated effects on cell surdjsa which either excessive or insufficient
C3G disrupts the formation or stability of signglicomplexes necessary for efficient JAK2
phosphorylation and downstream STAT activation.

3. Study of C3G role in regulating neutrophil diffeti@tionin vitro

3.1. Generation of 32D cell lines with overexpressiod knockdown of C3G

Results obtained in the CML mouse model, which ldigd impaired granulopoiesis,
together with the disrupted JAK/STAT signaling atvseel in CML cell models, prompted
further investigation into the potential role of @& hematopoietic differentiation.

JAK/STAT signaling is a central regulator of henmatietic differentiation, transducing
cytokine-mediated signals that control proliferatigurvival, and lineage specification. In
particular, this pathway is essential for propewtraphil maturation, with STATs
orchestrating the differentiation of myeloid progers (Cofferet al, 2000; Zhang et al,
2010). Disruptions of JAK/STAT signaling impair 8ee processes, leading to defective
hematopoietic cell output (Fasouli and Katsant®@21), as evidenced by conditiodakl-
deficient mice, which exhibit impaired progenitootpntial (Kleppeet al, 2017). The
modulation of this signaling pathway by C3G, asaobed in our CML cell models, together
with the altered distribution of myeloid progengdn C3G-deficient mice, indicates that
C3G might contribute to the regulation of myeloidtaration and differentiation.

To explore this possibility in more detail, anvitro neutrophil differentiation model was
used, employing for that purpose the 32D cell liB2D is a murine IL-3-dependent
myeloblast-like cell line that can be stimulatedhagranulocyte colony-stimulating factor
(G-CSF), a cytokine that triggers the initiation afeutrophilic differentiation program
(Nakajima and lhle, 2001). Based on the resultsiobtl throughout this work, we
hypothesize that C3G plays a functional role iis fhriocess, such that alterations in C3G
expression in either direction may compromise thep@r execution of the myeloid
differentiation program through modulation of JAKA signaling.

To evaluate the contribution of C3G to this pro¢ced2D cell lines with modified C3G
expression were generated using the same strafggied to Ba/F3-p210 cells. As no
notable differences were observed betweenC3ghd C3G55*H overexpression lines in
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Ba/F3-p210 cells, only the C3G overexpression line was generated in 32D celigttuer
with the C3G knockdown line.

C3G-modified stable 32D cell lines were generatgdehtiviral transduction, followed by
isolation of GFP cells by FACS and subsequent expansion of tharedlttigure 45). The
pLenti-GFP 32D cell lines were cultured in the prese of 8 pg/mL blasticidin for at least
3 weeks to ensure stable selection. As with Ba/Fp generated 32D cell lines were
named according to the lentiviral transfer plasoseéd (pLenti or pLVTHM), the specific
construct carried, and the reporter protein (GFallifines).
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Figure 45. Generation of stable 32D cell lines witlC3G overexpression or knockdown via
lentiviral transduction. (A) Non-transduced 32D cells, showing no GFP siggdldw cytometry

or fluorescence microscopyB) 32D cells transduced with pLenti constructs: em(@FP) or C3G
overexpression (C3H). Positively transduced cells were expanded ing8ni blasticidin and
isolated by FACS. GFP expression was confirmed bth flow cytometry and fluorescence
microscopy. C) 32D cells transduced with pLVTHM constructs: emp&FP) or C3G silencing
(C3Gi). Positively transduced cells were isolatgdFBCS. GFP expression was confirmed by both
flow cytometry and fluorescence microscopy.

Basal C3G expression was assessed to confirm dilpeogein levels in the obtained 32D
cell lines. The C3%T-overexpressing 32D cell line exhibited high leveishe C3G-GFP
fusion protein in addition to the endogenous C3Gddition, the C3Gi shRNA-expressing
32D cell line showed a marked reduction in C3G girotevels compared with its empty
vector control Figure 46).
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Figure 46. Assessment of C3G expression levels fretgenerated 32D cell line{A) Experiment
showing C3G expression. Immunoblotting with anti@Cantibody detected endogenous C3G (endo-
C3G) and the C3G-GFP fusion in pLenti-C8&GFP overexpressing cell line, as well as a dedfine
C3G expression in pLVTHM-C3Gi-GFP cell-actin levels were used as loading control. The
molecular weights of the protein marker ladderiadécated in kDa.®) Bar plots show the values of
the densitometric quantification of C3G expressionmalized to-actin for pLenti and pLVTHM
lines, with values expressed relative to emptyaecontrols. a.u., arbitrary units, WB: Westerntblo

In general, 32D cells express low levels of C3Gthwendogenous C3G being barely
detectable even when high amounts of protein wasreédd (70 g per lane lifigure 46A).
Nevertheless, the generated 32D cell lines disglahe expected modulation of C3G
expression and are therefore suitable for studifiegmpact of altered C3G levels in this
myeloid differentiation model.

3.2. C3G modulates G-CSF-induced signaling in 32D cells

Myeloid cells arise in the BM from hematopoietiogenitors upon stimulation by cytokines
such as the aforementioned G-CSF, as well as greytalmacrophage colony stimulating
factor (GM-CSF) and macrophage colony-stimulatiagtér (M-CSF), each signaling
through distinct pathways (Ushach and Zlotnik, 2018-CSF engages JAK1 or JAK2
proteins to promote neutrophil maturation via STAT8ecting progenitors toward the
neutrophilic lineage. In contrast, GM-CSF prefeiahyt activates JAK2 and STAT5, which
antagonizes STAT3 by promoting monocyte developmantl limiting neutrophil

production, primarily through induction of suppressof cytokine signaling (SOCS), that
inhibits the JAK/STAT3 pathway. This antagonistiteirplay between STAT3 and STATS is
a key determinant of myeloid lineage commitmenii@et al, 2023). M-CSF, by contrast,
signals largely through JAK/STAT-independent med$ras, relying instead on ERK1/2
and PI3K/AKT pathways to regulate proliferationngual, and functional maturation of
monocytes/macrophages (Rolph and Das, 2020). Is6dhd GM-CSF signaling, ERK1/2
and PI3K/AKT exert complementary functions, supipgrt progenitor proliferation,
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survival, and metabolic competence (Sowtaal, 2013). Together, these pathways
orchestrate the balanced differentiation and expan®f myeloid lineages under
homeostatic conditions.

G-CSF drives neutropoiesis by activating its recefs-CSF-R (CD114), which triggers a
signaling cascade primarily mediated by the JAK/Bpathway Figure 17 in Methods
section 13.4. Within this network, individual STAT proteins plagistinct roles, being
specifically STAT3 critical for G-CSF-induced neaphilic differentiation, supporting both
proliferation and survival of specific myeloid pegtors (Parlet al, 2022).

In Ba/F3-p210 cells, alterations in C3G expressievel in any direction disrupted
JAK/STAT activation, suggesting that precise regiafaof C3G levels is critical for proper
signaling. Consequently, altered C3G levels may aimpG-CSF-induced signal
transduction, delaying the initiation of the diatiation program in myeloid-committed
hematopoietic progenitors. Based on the previosisli® we hypothesized that C3G may
modulate neutrophil differentiation by regulatingreling downstream of G-CSF-R.

To test this hypothesis, the generated 32D ceakliwere stimulated with IL-3 (as a control
for steady-state conditions) or G-CSF, and thevatitin status of key downstream effectors
in the JAK/STAT, ERK1/2, and PI3K/AKT pathways wasalyzed.

3.2.1C3G overexpression maintains STAT3 while reducifRKEactivation
upon G-CSF stimulation

Serum- and IL-3-starved C3G-overexpressing andrab®&2D cells were stimulated with
10% IL-3 for 30 min 050 ng/mL G-CSF for 5, 15 and 30 min, a common time window
observe robust STAT3 activation upon this stimilsgnget al, 2023). This high cytokine
concentration was used to strongly activate the /$AKT3 and associated signaling
pathways responsible for initiating neutrophiliffelientiation Figure 47A), allowing us to
detect potential differences between the two canmt

G-CSF stimulation induced a rapid increase in STBA@sphorylation, detectable 5 minutes
after cytokine addition, which gradually declinaegeotime Figure 47B, Q. This confirms
intact receptor-mediated signaling and proper nesipeness of 32D cells to G-CSF.
However, the magnitude of STAT3 activation at altubation times in the C3G-
overexpressing cells was comparable to that obdeirvecontrol cells, indicating that
elevated levels of C3G does not alter STAT3 pathawgput in a neutrophil-differentiating
context. As expected, STAT3 was not activated ulieB stimulation given that IL-3-
induced signaling is mainly mediated by the JAK/$%Aaxis (Podolskat al, 2024)
(Figure 47B, Q.
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Indeed, STAT5 was robustly activated upon IL-3 siation. In contrast, G-CSF induced
only modest STATS5 activation, consistent with tletion that G-CSF signaling is primarily
driven through JAK/STAT3 (Parlkt al, 2022). C3G overexpression caused a marked
reduction in STATS activation following IL-3 stimation, revealing a negative effect of
C3G on STATS activationHjgure 47B, D). Notably, C3G overexpression preferentially
attenuated STAT5 rather than STAT3 activation, FATS levels remained largely
unchanged after G-CSF stimulatidrigure 47B, Q. In line with observations in Ba/F3-
p210 cells, increased C3G expression correlatett wvatluced STAT signaling, here
predominantly affecting STAT5. This differentiahibitory pattern suggests that C3G does
not directly target STAT proteins but rather modesathe upstream signaling environment
that governs STAT activation, likely at the leveJAK kinase-cytokine receptor complexes.

ERK was strongly activated upon IL-3 stimulation 32D cells, consistent with the
proliferative role of this cytokine (Heart al, 1986). Overexpression of C3G attenuated
ERK phosphorylation in response to IL-3, and a lsimieduction was observed upon G-
CSF stimulation, despite the more moderate ERKvaibtin induced by this cytokine
(Figure 47B, B. Under IL-3, this effect occurred alongside desexl STAT5 activation
(Figure 47B, D), indicating that C3G-mediated modulation of rdoefssociated signaling
complexes can simultaneously inhibit both the JAKYE and ERK1/2 pathways. The
reduction of ERK phosphorylation under both IL-2&CSF suggests that elevated C3G
levels targets a shared downstream pathway rdthardytokine-specific signaling.

Regarding the AKT pathway, IL-3 induced a modeegatgvation, whereas G-CSF triggered
a stronger response, peaking later than STAT3 &Rid Bt approximately 15 minutes.
However, no significant differences in AKT actiati were detected upon C3G
overexpression, either under steady-state conditionthe IL-3 control, or following G-
CSF stimulationKigure 47B, F).

113



A B pLenti-GFP pLenti-C3G"T-GFP

3 + - - - - o+ -
GCSF(min) 0 0 5 15 30 0 0

5
4 GosF OJ el & ‘ p-STAT3
7

70]'7“““!! - : W STAT3

1ool - — p-STAT5

1 30

| — — . — — —— —— — — ‘STATS

100J
t: ERK1/2 g S o S ———— | - ERK1/2

3 —— L — a——

PI3K/AKT
...--
. e & cRK12
STAT3® — —— e —— e

354
70

R e, iy, T . B e B W s | p-AKT1/2/3

’—\. 7
//\ 0W.-----.----—. ‘AKT1/2/3
pEe =i (@

m —.»Neutrophil 5 i
K differentiatiy B-actin

m= plenti-GFP
w= plenti-C3GVT-GFP

(@]
w)

2.5 8 xxx
2.0+ 3
1.5+
1.0+

0.5

p-STAT3 / STAT3 (a.u.)
p-STAT5 / STAT5 (a.u.)
N
|
o

0.0- 0-
IL-3 0 5 15 30 IL-3 0 5 15 30
G-CSF (min) G-CSF (min)

m

p-ERK1/2 / ERK1/2 (a.u.)
p-AKT1/2/3 | AKT1/2/3 (a.u.)

IL-3 0 5 15 30 IL-3 0 5 15 30
G-CSF (min) G-CSF (min)

114



<« Figure 47. C3G overexpression reduces ERK activatiobut does not affect STAT3 activation

in 32D cells upon G-CSF stimulation.(A) Schematic representation of G-CSF-R downstream
signaling. Upon binding G-CSF, the receptor acégalAK, leading to STAT3 activation, the main
mediator of the neutrophil differentiation progra8iTAT3 then translocates into the nucleus and
regulates the expression of genes driving neuttdjifférentiation. ERK1/2 and PI3K/AKT pathways
are also activated upon G-CSF binding, supportgibproliferation and survival during neutrophil
maturation. B) Representative experiment showing the phosphioylastatus of STAT3, STATS5,
ERK1/2, and AKT1/2/3. Starved 32D cells were indebawith IL-3 as a control for 30 min, or with
G-CSF (50 ng/mL) for 0, 5, 15, and 30 mfhactin is shown as a qualitative loading contrdie T
molecular weights of the protein marker ladderiadécated in kDa.C—F) Bar plots show the mean

+ SEM of the densitometric quantification of th@) (p-STAT3/STAT3 ratio, D) p-STAT5/STATS
ratio, E) p-ERK1/2/3 / ERK1/2/3 ratio, andr) p-AKT 1/2/3 / AKT 1/2/3 ratio in the 32D pLenti
lines, with values expressed relative to empty arecontrol. Three independent experiments were
performed. Statistical analysis was performed ugimg-way ANOVA followed by a multiple-
comparison test. *g 0.05, ***p < 0.001. a.u., arbitrary units.

In summary, overexpression of C3G in a neutropifiéabntiating cellular context does not

appear to counteract this process, as it doeslteotSTAT3 activation, in contrast to what

was observed in Ba/F3-p210 cells. However, higlelewf C3G were associated with

attenuated ERK and STAT5 signaling under basal kef8ditions and/or upon G-CSF

stimulation, suggesting that in an active celldéate, C3G inhibits these pro-survival

pathways. This effect does not appear to be spdoifihe cytokine used and, therefore, is
likely independent of the neutrophil differentiatiprocess.

3.2.2C3G knockdown reduces STAT3 and ERK activation u@CSF
stimulation
As in the previous experimental setting, serum- #n8-starved C3G-knockdown and
control 32D cells were stimulated with 10% IL-3 ©rng/mL G-CSF for the same time
points to robustly activate the JAK/STAT3 signalipethway Figure 484).

In C3G knockdown 32D cells, G-CSF stimulation sglgrinduced STAT3 activation, with
timing similar to that observed in the C3G-overegsing cell line. However, STAT3
phosphorylation was significantly attenuated in @8ficient cells, as reflected by a
reduced p-STAT3/STAT3 ratio at both 5 and 15 miswtkstimulation compared to empty
vector control Figure 488, C). This reduction suggests that low C3G levels impiper
cytokine signal transduction, potentially hinderiSB§AT3 nuclear translocation and the
initiation of the neutrophilic differentiation progm. Consistently, IL-3 stimulation did not
activate STAT3 in knockdown cellsFigure 488, C), as observed previously in
overexpression lines{gure 478, C).

In line with previous observations, IL-3 robustigduced STATS5 activation in C3G
knockdown and control cellsFigure 488, D). However, in contrast to the C3G-
overexpressing 32D cell lines, IL-3-driven STATSiation in knockdown cells remained
largely unchanged. As observed, G-CSF did not aeivSTAT5, and no additional
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differences were detected in C3G-deficient cellgyfre 488, D). Together with the
previous results, these findings suggest thataditers in C3G expression modulate both
JAK/STAT3 and JAK/STATS5 signaling in a complex, ¢ext-dependent manner, likely
through effects on receptor-associated signalingiptexes rather than through direct
inhibition of individual pathways.

Both IL-3 and G-CSF stimulation induced ERK activatin C3G knockdown and control
cells. Interestingly, ERK phosphorylation was resthicunder both IL-3 and G-CSF
stimulation in C3G knockdown cell§igure 488, E), mirroring the attenuation observed
in C3G-overexpressing cellsifure 47B, E). This pattern suggests that ERK activation in
this cell type is regulated in a non-linear manashoth increased and decreased C3G levels
dampen the ERK1/2 pathway upon cytokine stimulatfosimilar non-linear regulation
was also observed in Ba/F3-p210 cells across stgealing contexts throughout this work.

AKT phosphorylation was induced by IL-3 and slighthore strongly by G-CSF, as
observed previously. While no major changes weteatied in the C3G knockdown 32D
cell lines, there was a general trend toward highi€T activation figure 483, F).
Although not statistically significant, this treiiglopposite to the effect observed on ERK
signaling Figure 488, F), with reduced p-ERK levels upon IL-3/G-CSF stiatidn
coinciding with higher p-AKT. This may reflect aef@gback mechanism aimed at
maintaining signaling homeostasis.
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<« Figure 48. C3G knockdown reduces STAT3 and ERK aoctation in 32D cells upon G-CSF
stimulation. (A) Schematic representation of G-CSF-R downstreanabign Upon binding G-CSF,
the receptor activates JAK, leading to STAT3 ad¢ibrg the main mediator of the neutrophil
differentiation program. STAT3 then translocate® ithe nucleus and regulates the expression of
genes driving neutrophil differentiation. ERK1/2aPI3K/AKT pathways are also activated upon G-
CSF binding, supporting cell proliferation and suay during neutrophil maturation.Bj
Representative experiment showing the phosphooylastatus of STAT3, STAT5, ERK1/2, and
AKT1/2/3. Starved 32D cells were incubated with3las a control for 30 min, or with G-CSF (50
ng/mL) for 0, 5, 15, and 30 mif-actin is shown as a qualitative loading contrdie Tmolecular
weights of the protein marker ladder are indicatekDa. (C—F) Bar plots show the mean + SEM of
the densitometric quantification of th€)(p-STAT3/STATS3 ratio, D) p-STAT5/STATS ratio, E) p-
ERK1/2/3 | ERK1/2/3 ratio, and-} p-AKT 1/2/3 / AKT 1/2/3 ratio in the 32D pLVTHMall lines,
with values expressed relative to empty vector mbnfThree independent experiments were
performed. Statistical analysis was performed ugimg-way ANOVA followed by a multiple-
comparison test. *g 0.05, *p< 0.01. a.u., arbitrary units.

Overall, upon G-CSF stimulation, low C3G levels egpto inhibit STAT3 activation, the
key signaling mediator required for neutrophil eiéntiation. Extrapolating these findings
to anin vivo context, C3G deficiency would likely act as areattating factor, impairing
the proper differentiation of G-CSF-stimulated nojgicommitted HSPCs into neutrophils,
provided that cellular processes occur within asgblggical context. Interestingly, altering
C3G expression in either direction paradoxicallypduces a similar outcome, here
manifested as attenuation of the ERK1/2 pathwatyhodigh this effect does not appear to
be cytokine-specific, results from both C3G-overesging and C3G-knockdown cells
suggest a common mechanism where proper downssggnaling, particularly ERK1/2,
depends on tightly regulated C3G levels in thistgeke.
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DISCUSSION

CML is often described as a genetically simple @ase defined by a specific chromosomal
translocation that gives rise to tB&€R::ABL1oncogene, which drives the initiation of
leukemic transformation. However, the behavioreafkemic cells reflects a considerably
more complex reality that cannot be explained estetly by this single oncogenic event.
Although BCR::ABL1 is essential for leukemic tramshation, it is insufficient to account
for the wide range of cellular behaviors observedGML, many of which remain
incompletely understood (Perratti al, 2017; Rinke et al, 2020).

A particularly important and unresolved area of CMkearch concerns LSCs, specifically
their pronounced resistance to TKls via mechanigrasremain only partially elucidated
(Houshmandet al, 2019). While bulk leukemic cells remain largelgpéndent on
BCR::ABL1-driven oncogenic signaling, LSCs appeabe less reliant on this pathway.
Instead, their survival is more closely associatgth alternative signaling cascades
modulated downstream of BCR::ABL1. Consequentlg promising path in CML research
focuses on eradicating LSCs by targeting componaiteese survival pathways, either
individually or in combination with TKIs, represémj a potential strategy to overcome their
intrinsic therapeutic resistance (Sincleiral, 2013).

Another unresolved aspect of CML biology relateth®sregulation of oncogenic signaling
rather than its mere activation. The presence & B&ABL 1 alone does not fully explain the
LSC phenotype, as it remains unclear how signalirtgnsity, timing, and feedback
mechanisms are regulated to induce leukemic tremsfiion and maintain leukemic fithess
(Titz et al, 2010). In addition, metabolic adaptation, intémats with the BM
microenvironment, and the maintenance of celluléescence as a protective state of LSCs
are further aspects of CML biology that remain mptetely understood (Shah and Bhatia,
2018; Naka, 2021), representing open and active fields of researthis neoplasm.

Throughout this work, we have focused on gainingwedge about the role of C3G in
CML biology, aiming to address some aspects ofdisease discussed above that remain
not fully elucidated. Overall, our data indicatatthalthough C3G is not an essential driver
of CML, it can modulate disease progression likslynfluencing BCR::ABL1 downstream
signaling and shaping the fate of HSPCs. Thesanysdsupport the concept that CML
progression is determined not only by BCR::ABL1f hlso by modulatory proteins that
fine-tune signaling intensity and stem cell behgvaes exemplified by C3G, thereby
highlighting novel potential targets for therapedititervention.
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1. C3G deficiency in HSCs reduces myeloproliferativeedse in a CML
mouse model

The specific role of C3G in CML developmentvivo has not been previously addressed.
However, the involvement of C3G-related proteins GML progression has been
investigated. For instance, deregulation of Ragfaling has been associated with a CML-
like phenotype, as observed in mice deficient i@ Rapl GAP SIPA1, which develop
features consistent with myeloproliferative disedshida et al, 2003), suggesting a
leukemogenic role for Rapl. In addition, other GHiewe been implicated in CML
progression. Notably, SOS1, a GEF for Ras, has lskemwn to be required for the
development of characteristic CML hallmarks. In Cigtedisposed mouse models, SOS1
deficiency suppresses typical disease manifesttimdicating a critical role for Ras
activation in CML pathogenesis (Gometzal, 2022). Together, these observations suggest
that deregulated activity of small GTPases, suclRagl and Ras, contributes to the
establishment and progression of leukemic featar&ML. In this context, C3G, as a key
regulator of Rapl activity, emerges as a compellragdidate for modulating CML
progression.

CML development during the chronic phase is prityamarked by a massive expansion of
the myeloid compartment, the hallmark feature ofatvs clinically recognized as a
myeloproliferative disease. At the cellular levB@GR::ABL1 acts as the main driver of this
process, pushing hematopoietic cells (particuléinyse of the myeloid lineage) toward
uncontrolled proliferation. Despite its relentlessivity, the signaling cascades downstream
of BCR::ABL1 are not entirely dysgulated; they can be fine-tuned, at least in part, by
intermediary proteins (Amarante-Mendgsl, 2022). It is at this regulatory point that C3G
appears to play a role, as evidenced by resuits éiar CML mouse model lacking C3G in
myeloid-committed BCR::ABL1-expressing HSPCs.

C3G-deficient CML-predisposed mice still develope timyeloproliferative disease,
indicating that hematopoietic C3G is not strictlgquired for leukemia initiation.
Nevertheless, the disease in these mice exhibhityalenotable differences compared to a
typical CML course:

(1) Circulating myeloid cell levels remain unalteredidg the first months of life in C3G-
deficient p210 mice. However, after CML onset, pZBIF*SCSCLKO mice exhibit
reduced levels of circulating neutrophils, acconaiby a non-significant increase in
lymphoid cells, specifically T cells. This phenotypuggests a partial impairment in
myeloproliferative disease progression. Thus, algihoC3G deficiency has little impact
under basal conditions, these differences becomdemwunder hematopoietic stress.
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(2) The reduced levels of myeloid cells in PB correlgith delayed disease onset, implying
that BCR::ABL1 expression alone is insufficientdidve rapid disease development in
the absence of C3G. However, once the diseastalslished, C3G deficiency does not
alter CML progression, as mice reach disease entpm the same timeframe as
controls. These results suggest that C3G playleawing disease initiation rather than
in disease progression.

(3) Overall survival in CML is unchanged but is increésn female C3G-KO p210 mice.
Throughout this study, differences were more proiged in females (sdeéigure 51;
Annexeg, suggesting the presence of sex-biased effed@3@activity. A recent study
reported a comparable phenotype: female mice opezeging C3G in MK/platelets
show increased survival after 5-FU-induced myelatidnh, whereas those with C3G
deletion in MK/platelets exhibit reduced survivilefranzet al, 2025). Interestingly,
in CML patients, the epidemiological male:femaldiarais approximately 1.7:1.
However, the underlying causes of this differenc reot fully understood and may
involve genetic, hormonal, and environmental fastamong others (Radivoyeviteh
al., 2014).

(4) Atthe time of death, p210/C36&°SLKO mice display milder CML-related symptoms,
as reflected by reduced myeloid hematopoietictmafilon in affected tissues such as the
BM and thymus. Interestingly, this reduction in noje cells was accompanied by an
increase in lymphoid populations, specifically Bl<en the BM and spleen, reflecting
a more physiological, and thus healthier, phenotyewvever, some typical CML
hallmarks, such as myeloid spleen infiltration amepatosplenomegaly, remained
unchanged, indicating that C3G-deficient mice stikvelop the characteristic
consequences of CML. Overall, these results suglgas€3G deficiency attenuates the
endpoint CML phenotype but does not completely gat® the full leukemic disease.

Collectively, these features support the idea@#4® functions as a modulatory factor rather
than as a critical driver of leukemogenesis. WIBIER::ABL1 initiates the oncogenic
program in hematopoietic stem cells, the absen@3@af appears to modify the progression
and phenotypic characteristics of the disease ieloim-committed progenitors.

In addition, our data indicate that the impact &Q3Cdeletion on CML development is
dependent on the timing of gene inactivation. W8&G was deleted early, that is, when
mice were one month old, the myeloproliferativeedise exhibited reduced circulating
myeloid cell counts, prolonged disease-free sutviead attenuated leukemic tissue
infiltration. In contrast, late deletion of C3Gs&t months of age, corresponding to the stage
at which the disease is beginning to establishiltextin only a moderate attenuation of the
myeloproliferative phenotype. This suggests thas @3not equally required throughout all
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phases of CML progression, making its role moréoadi during the earliest phases of
leukemogenesis. Timing of C3G loss seems to bg adékrminant of its impact on disease
progression: early deletion can more effectivellagldeukemic onset and reduce disease
severity, whereas deletion at the point of disessablishment can only partially modulate
the phenotype. These findings highlight the imparé&aof C3G in shaping the trajectory of
CML development and suggest that therapeutic gfiegetargeting C3G might be most
effective if applied before or during the initidhges of leukemogenesis rather than after the
disease is fully established.

A comparable time-dependent requirement has beserided for C/EBR in AML. This
transcription factor is essential for the initiatiof AML driven by MLL (Mixed-Lineage
Leukemia) fusion genes, due to its functions abtimeet of leukemic transformation, but is
dispensable for disease maintenance (Roe and Vakad). In a similar manner, early in
leukemogenesis, C3G might play a role in the eistafolent and expansion of pre-leukemic
cells, potentially by facilitating the remodelin§signaling networks, interactions with the
hematopoietic niche, and the amplification of myelprogenitor populations. These
hypothesis are further supported on the recentbgrifeed role of C3G in hematopoiesis
(Herranz Varea, 2024). By contrast, once the deséagstablished, the leukemic system
may become less dependent on C3G, such that C&Godeperturbs disease maintenance
only modestly.

Regarding the imatinib response in our mouse medefsrtunately, both p210/C3&°ScL

wt and p210/C3&CSCLKO mice did not respond to the treatment underexperimental
conditions. Supporting this result, the sensitiafyBCR::ABL1 transgenic mouse models
to imatinib has been debated in the literatureh widme models showing responsiveness
(Sanchez-Sanchet al, 2014; Schubert et al, 2017; Garcia-Navaset al, 2025) while others
do not (Pérefaro et al, 2009), reflecting the heterogeneity of leukemimtext and
properties across different transgenic models apdrémental setups. In our study, several
factors could explain the lack of effect observdd:suboptimal drug pharmacokinetics, in
terms of timing and/or dose (2) BCR::ABL1 expressibeing restricted to certain
hematopoietic progenitors, limiting the impact dre tleukemic source, with chronic
expression potentially reducing imatinib sensiiviaind (3) the disease being driven by
partially transformed progenitors that are lessedepnt on BCR::ABL1 signaling.
Whatever the underlying cause, no conclusions eatiréwn from this part of the work.

2. C3G loss alters bone marrow myelopoiesis in BCRLA®Xxpressing
mice
Hematopoietic C3G deficiency in CML mouse modeldaglethe progression of the
myeloproliferative disease, but understanding thdedying mechanisms is crucial to
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explain the observed phenotype. To address thesn#éixt phase of the work focused on
studying the BM, the primary site and source oké&nogenesis.

In CP-CML, the BCR::ABL1 translocation confers arl advantage, leading to the
expansion of a neoplastic HSC clone (later term&LC)L in the BM, which drives
myeloproliferation. These LSCs predominantly givgerto myeloid cells, reflecting a
lineage bias induced by BCR::ABL1 signaling. In tast to normal hematopoiesis, where
HSCs maintain a dynamic balance among lineagesCKZP-LSCs exhibit a restricted
differentiation pattern with excessive myeloid autfBrown, 2022). It is therefore plausible
that C3G exerts its function at this stage, cowadmg to HSC fate decisions, given its
known physiological roles in HSC differentiationdalineage choice at multiple levels of
the hematopoietic hierarchy (Imeti al, 2019; Herranz et al, 2025). Under 5-FU-induced
myeloablative stress, C3&FS°LKO mice display alterations in HSC/HSPC fate, as
described recently (Herranz Varea, 2024). Likewdseing strong myeloproliferative stress,
such as the presence of BCR::ABL1 in HSPCs, C3{adnte on HSC fate may also be
perturbed.

Consistent with this hypothesis, analysis of HSR@pspulations in the BM of
p210/C3G/SCSELKO mice at CML onset revealed notable differenc€ampared to
controls, p210/C3&CSCLKO mice displayed higher levels of immature BMIs€Lin~
cells), suggesting an accumulation of hematopopetigenitors, due to reduced numbers of
fully matured hematopoietic cells in this tissu@n@ersely, these mice exhibited reduced
levels of LKS cells, which represent the main HS®Ippossibly indicating a weakened
stem cell reservoir.

At the first lineage fate decision (correspondinghe bifurcation between myeloid and
lymphoid lineages) p210/C3E8°SLKO mice showed increased levels of CLPs at the
expense of CMPs, indicating a lymphoid bias atstage. Interestingly, a similar phenotype
was observed in 5-FU-treated mice with C3G-KO indvihich displayed elevated CLP
levels seven days after treatment (Herratbzal, 2025). More strikingly, significant
differences were observed among myeloid-committe8PEs, which differentiate
downstream of CMPs. While MEPs were reduced, GMBeevincreased. This pattern,
together with the elevated Lirpopulation, suggests an accumulation of granuéecyt
committed HSPCs at an intermediate stage, refigctmpaired granulopoiesis. This
interpretation is further supported by the obséovathat p210/C3&5°SLKO mice display
lower neutrophil levels in PB at later stages of ICMbotentially due to incomplete
maturation and retention of these cells withinBié.

Interestingly, compared to healthy individuals, Catients also display alterations in
myeloid progenitors in the BM, typically with in@sed levels of MEPs and decreased
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levels of GMPs, among other differences in progembpulations (Haradet al, 2021). In
contrast, the pattern of HSPC alterations in oi0pR3G'SCSCLKO mice (characterized by
increased GMPs and reduced MEPs) may reflect aapagturn toward physiological
progenitor proportions under myeloproliferativeess. In this sense, C3G deficiency could
act by partially “normalizing” progenitor distridoh relative to the leukemic skew,
counteracting the BCR::ABL1-driven bias observed imrmal CML course.

The impaired maturation of the granulocytic commenit in p210/C3&5CSLKO mice is
reflected in defective functional behavior. Neutridp are key effectors of the innate
immune response, rapidly sensing pathogens, nmgrati sites of infection, and initiating
early antimicrobial defense before adaptive immuist engaged. The ability to detect
chemotactic cues and migrate efficiently is themefa hallmark of full granulocytic
maturation (Leliefeldet al, 2016). Consistent with this, p210/C%®&S.KO neutrophils
display defective chemotactic migration, supporting notion that they fail to acquire a
fully mature functional phenotype. An interestingntrast is provided by p210 transgenic
mice lacking Cas-L, a focal adhesion adaptor pnateqguired for proper hematopoietic cell
adhesion. In this model, Cas-L deletion renderswgozytes hypermigratory and less
adhesive, promoting extramedullary infiltration eactelerating disease progression (Seo
et al, 2011), precisely the opposite phenotype to thatoved in the C3G-deficient p210
model. According to that, the behavior of our C38ident p210 model appears
contradictory, given the essential role of C3Gef adhesion, where C3G and Cas-L, or its
homolog p130Cas, are components of the focal aoihesimplexes (Radhet al, 2011;
Shagisultanovat al, 2015), highlighting the complex role of C3G in CMiology.

Overall, p210/C363C¢SCLKO mice show that normal levels of C3G are impatrfar proper
BCR::ABL1-driven myeloid expansion. Its absence taleiizes the stem/progenitor
compartment, modulates CMP/GMP expansion, and s peutrophil migration, leading
to lower granulocytosis and delayed CML progressibmis indicates that C3G is not
“intrinsically myeloid,” but facilitates BCR:ABLlin imposing its pathological
differentiation bias.

3. Changes in C3G levels affect leukemogenic pathwa@ML cell lines

Our results so far suggest that deletion of C3B3#®Cs expressing BCR::ABL1 attenuates
the myeloproliferative phenotype, possibly throyggrturbations in the differentiation of
hematopoietic progenitors that ultimately alter Ha€. It is therefore plausible that C3G
interferes with CML development by modulating kegukemogenic pathways in a
BCR::ABL1 context, attenuating the main featurethef LSC phenotype.
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To gain deeper insight into the molecular mechasignderlying these effects, we used the
Ba/F3-p210 CML cell line, in which we altered C3&peession to examine the
consequences of both overexpression and depletianBCR::ABL1-driven setting. The
generation of these C3G-altered models revealaablethanges in leukemic cell behavior,
helping explain the phenotype observed in the Cafg&ignt CML mouse model.

Firstly, transformation of Ba/F3 cells with tB€R::ABL1 p21®ncogene led to a decrease
in full-length C3G levels (p140C3G), although th&7@3G isoform, described in other
CML cells (Gutiérrez-Berzakt al, 2006), was not detectable under our experimental
conditions. As discussed Introduction section 2.3.1 in K562 cells p140C3G exerts a
regulatory influence, helping to maintain balaneethesion dynamics, whereas p87C3G
disrupts BCR::ABL1-focal adhesion interactions, mpating aberrant adhesion signaling
(Maiaet al, 2013). This could explain the observed reduciiofull-length C3G levels, as
pl40C3G may act to counterbalance full leukemit loethavior. Consistently, an inverse
relationship has been reported: repression of B&BRX:1 in Ba/F3-p210 cells leads to
upregulation of pl40C3G (Gutiérrez-Berzat al, 2006). In agreement with this,
preliminary interrogation of CML patient databagedicates thaRAPGEFlexpression is
downregulated in BM leukemic cells (segure 55 Annexes.

In our Ba/F3-p210 cell lines generated, alteration83G expression did not modulate the
proliferation rate of Ba/F3-p210 cells. Indeed, itmpact of C3G on cell proliferation has
been reported to be highly context-dependent iaratkllular systems. For instance, C3G-
null mouse embryonic stem cells (MESCs) displayuced proliferation (Vishnet al,
2021), and hyperactivation of C3GDhmosophilaresults in an hyperproliferative phenotype
(Ishimaruet al, 1999). In various tumorigenic contexts, C3G repi@n has been associated
with decreased proliferation and tumor growth (fuiet al, 2016; Sequera et al, 2020;
Manzancet al, 2021), whereas a constitutively active form of3J8 the B-cell lymphoma
line A20 reduces proliferation rates (Moran-Vaqueb al, 2026). Together, these
observations highlight the strong cell type-spetifiand functional heterogeneity of C3G
in the regulation of cell proliferation.

Interestingly, the sensitivity of Ba/F3-p210 cditsimatinib increased when C3G levels
were altered in either directipri.e., both overexpression and depletion of C3G in
BCR::ABL1-expressing cells reduced cell viabilitydaenhanced apoptotic responses upon
imatinib treatment. Although this scenario may s@anmadoxical, a similar dual role of C3G
has been observed in K562 cells, where both ovesszjmn and silencing sensitize cells to
imatinib via a BCR::ABL1-C3G signaling axis (Mag al, 2009), as described in
Introduction section 2.3.1 These observations confirm that C3G levels mastidghtly
regulated in leukemic cells to maintain their hostasis, likely because perturbations in
C3G disrupt BCR::ABL1-induced apoptotic resistarfagpring TKI actions.
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In summary, C3G likely helps maintaining a balanadvival-signaling state, and
deviations in either direction create a more feagllular condition. Particularly in Ba/F3-
p210 cells, this fragility may become apparent wB&R::ABL1 is inhibited by imatinib.

Oncogenic BCR::ABL1 downstream signaling was phytialtered in C3G-modified
Ba/F3-p210 cells under steady-state conditionsSi@s, BCR::ABL1 functions as a central
signaling hub by directly or indirectly activatinqwltiple pathways that control
proliferation, differentiation, migration, adhesi@nd apoptosis. Rather than operating
through a linear cascade, BCR::ABL1 signaling gamized as a modular, phosphorylation-
dependent network, providing a mechanistic framéwmar how diverse signals are
integrated to drive leukemic transformation. In gien terms, BCR::ABL1 supplies the
catalytic activity, whereas associated proteingmeine how this activity is interpreted by
the cell (Titzet al, 2010). Our results suggest that C3G may act e®bthese modulatory
adaptor proteins within the BCR::ABL1 signalingwetk. However, the lymphoid origin
of Ba/F3 cells may influence downstream signaliegresenting an important limitation of
this model. This issue has been highlighted inistudomparing the p210 and p190
BCR::ABL1 isoforms (Reckett al, 2017; Adnan-Awad et al, 2021), which are typically
associated with myeloid and lymphoid contexts, eetpely.

First, the status of BCR::ABL1 kinase activity,legting the state of the oncogenic kinase
(Hantschel, 2012), appeared attenuated when C3@ssipn was altered. Specifically, both
overexpression and silencing of C3G led to a rednéh phosphorylation of Y412 within
the kinase domain of the ABL1 moiety, suggestingt thon-physiological C3G levels
prevent BCR::ABL1 from reaching full kinase actwiHowever, when we examined the
phosphorylation of CrkL, a major downstream sulbstief BCR::ABL1, no significant
differences were detected. One possible explan&iiathis apparently contradictory result
is that, although BCR::ABL1 signaling is partiabytenuated upon C3G modulation, the
remaining kinase activity is still sufficient tostain CrkL phosphorylation. Alternatively,
CrkL phosphorylation could be influenced by othieralses, such as Src family members, as
suggested by previous studies (Erdreich-Epstai, 1999).

Next key downstream signaling pathways involvedeinkemogenesis were analyzed by
assessing the activation status of the main effgrtdeins of the ERK1/2, PI3K/AKT and
JAK/STAT signaling axes, under steady-state cooiolti

(1) The ERK1/2 pathway is critical in solid tumors asften serves as the main oncogenic
driver, frequently harboring activating mutationse{ and Guo, 2025). While
BCR:ABL1 can engage the ERK1/2 pathway, which gbuate to proliferation and
survival, it is not the principal driver of CML (Aanante-Mendest al, 2022). In our
models, altering C3G expression in leukemic celisrobt lead to notable changes in
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ERK1/2 activation, except for a slight reduction prRERK1/2 levels under C3G
silencing conditions. This maintenance of activatievels aligns with the absence of
differences in cell proliferation rates, consistevith the central role of ERK1/2
signaling in this process (Meloche and Pouysséfifi7). Interestingly, similar to the
context-dependent effects of C3G on cell proliferatERK1/2 regulation by C3G also
appears to be highly cell-dependent. In the liteegtC3G has been reported to both
inhibit this pathway (Guerreret al, 2004; Priego et al, 2016; Moran-Vaqueroet al,
2026) and to contribute to its activation (Waetcal, 2006; Maia et al, 2009; Vishnu

et al, 2021), likely reflecting cell-specific differene@ the B-Raf/Raf-1 ratio (Vossler
et al, 1997).

(2) A similar scenario occurs with the PI3K/AKT pathway can be activated by
BCR::ABL1, but it is not critical for the LSC pragm and instead plays a more
collaborative role in shaping its phenotype. In GMhis pathway can promote
proliferation, survival, and enhance metabolismstgport leukemic growth and
increase resistance to TKIs (Wiesteal, 2023). As observed with ERK1/2 activation,
in our CML cell model, alterations in C3G expressiid not significantly change p-
AKT1/2/3 levels, although there was a slight termjetoward an increase in C3G-
silenced cells. Interestingly, this trend is opp#d that seen for ERK1/2 activation in
these cells, suggesting the presence of feedbadkanisms between the two pathways,
a well-documented phenomenon (Carracedal, 2008; Turke et al, 2012). As with
ERK1/2, alterations in AKT1/2/3 activation by C3@& aighly context-dependent: in
some cases is induced (Kuneaal, 2015) or inhibited (Vosst al, 2006; Priego et al,
2016), reflecting the cell type-specific regulatmfrthis pathway.

(3) The JAK/STAT pathway is considered a critical sigmpaxis that defines the LSC
phenotype. As mentioned, BCR::ABL1 constitutivelstigates JAK2, which in turn
phosphorylates STAT proteins, primarily STATS, paiing typical LSC
characteristics, including survival, proliferaticand, importantly, resistance to TKIs
(Schafraneket al, 2015). Notably, our Ba/F3-p210 cells displayednsicant
alterations in this pathway, revealing a non-linesgulation of JAK/STAT activation
by C3G. Alterations in C3G expression levels iheitdirection disrupt the pathway, as
evidenced by the concomitant reduction in p-JAKBTAT3, and p-STATS levels
under steady-state conditions. The fact that bedrexpression and silencing of C3G
produce similar effects may seem paradoxical, baligns with our previous results
regarding imatinib sensitivity, since high level§ STAT activation are strongly
associated with TKI resistance (Warsthal, 2011). This non-linear regulation reflects
C3G role as an adaptor protein and central nodéirwimultiprotein signaling
complexes, meaning its activity may be more contiextendent rather than a simple
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on-off switch. Its effects on JAK/STAT signalingkdily depend on factors such as
protein abundance and interacting partners, witth lnwverexpression and depletion
capable of disrupting signal propagation. This sty that C3G shapes JAK/STAT
signaling through complex interactions, rather th@mply turning it on or off.

The classical inhibitors of JAK/STAT signaling dhe SOCS family of proteins. SOCS
act as negative-feedback regulators of this patheayable of directly or indirectly
inhibiting JAK kinases, thereby preventing excessetivation of hematopoietic cells
and maintaining controlled JAK/STAT signaling (Liatial, 2018). Interestingly, non-
physiological levels of C3G in a BCR::ABL1 contealso appear to inhibit the
JAK/STAT pathway at the level of JAK2, the samgédiof SOCS proteins. This raises
the possibility that C3G may exert its effects)eatst in part, by modulating SOCS
activity, a mechanism that calls for further invgation to elucidate the details of
JAK/STAT-C3G crosstalk.

Regulation of JAK/STAT by C3G has not been extesigiwstudied. However, the
limited evidence available also points toward tghe-specific effects: for example,
C3G-null mMESCs show increased p-STAT3 levels (Mishinal, 2021) and in the PV-
derived HEL cell line, C3G repression increaseé\k2"5"F levels (unpublished data
from our group). It is also important to note tirbur study, JAK/STAT is examined
in a BCR::ABL1-driven cellular model, where the lpaty is constitutively activated
and essential for leukemic survival and prolifemfiwhich may amplify cell-type-
specific differences.

In summary, non-physiological levels of C3G in aRB@BL1 cellular context lead to
deregulation of key leukemogenic pathways, like J&KAT signaling. Extrapolating these
findings to our C3G-deficient CML mouse modelsiplausible that loss of C3G attenuates
this pathway in HSPCs, thereby weakening leukemieebpment, consistent with the
established importance of JAK/STAT signaling in CkMojtahediet al, 2021). Disruption

of this pathway may also account for the defecteoked in neutrophilic maturation in the
BM of p210/C3G/SCSCLKO mice, as evidenced by imbalances in myeloid+nitted
progenitor populations and impaired neutrophil metian. This interpretation is consistent
with the pivotal role of JAK/STAT signaling, panlarly STAT3, in regulating normal
myeloid differentiation (Zhangt al, 2010).

Physiologically, JAK/STAT is a central mediator oftokine receptor signaling in
hematopoietic cells and plays a crucial role ingraitting differentiation cues, among other
processes (Hat al, 2021). This leads to the hypothesis that altnatin C3G expression
in a BCR::ABL1 setting may impair the proper di#fatiation program of hematopoietic
progenitors through disruption of JAK/STAT signaglirSuch a defect could underlie the
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blockade in myeloid maturation observed in our GBEeient mouse model and contribute
to the attenuated myeloproliferative phenotype.

4. C3G is required for proper initiation of cytokineduced neutrophilic
differentiation

Taking these last results into account, the negicl step was to investigate whether
alterations in C3G expression are linked to digamgt in the differentiation program of
potentially myeloid-committed cells. For this puspo we performed experiments in the
murine myeloblast-like 32D cell line, in which autephil differentiation program can be
induced by stimulation with G-CSF, a granulocyt®ng-stimulating cytokine. To directly

assess the impact of C3G, we generated 32D celb limith C3G overexpression or
knockdown, following the same experimental strateggd for the Ba/F3-p210 model.

As described irMethods section 13.4G-CSF induces neutrophil differentiation in 32D
cells primarily via the JAK/STAT pathway, where sffieally STAT3 is the key mediator of
this process (Zhanet al, 2023). Remarkably, modulation of C3G expressimels in G-
CSF-stimulated 32D cells significantly altered #utivation of several signaling pathways
downstream of G-CSF-R:

(1) STAT3 activation was reduced in C3G knockdown ceifpn G-CSF treatment,
implying an impairment of the JAK/STAT3 signalingi® the main transducer of G-
CSF stimulation. Consequently, weakened STAT3 attm in this context could
compromise proper initiation of the neutrophili¢felientiation progranand could be
associated with the reduced neutrophil counts @bdéan vivo in the p210 mouse
model.

(2) STAT5 was not activated by G-CSF. Interestingly3a®/erexpressing cells displayed
lower STATS activation in response to IL-3, highiiong a differential C3G-mediated
inhibitory pattern within the JAK/STAT signaling tweork.

(3) ERK1/2 and AKT1/2/3 were induced by both G-CSF &ne. Notably, ERK1/2
activation was attenuated in both C3G-overexprgsaimd knockdown cells, a process
that appeared largely independent of the cytokisedufor stimulation and likely
unrelated to neutrophilic differentiation.

The reduced activation of STAT3, even under highceatrations of G-CSF, suggests that
low C3G levels compromise the initiation of the mephilic differentiation program in 32D
cells. In contrast, elevated C3G did not inhibitCSF-induced STAT3 but selectively
reduced IL-3-driven STAT5 activation. These findinigighlight a preferential, context-
dependent inhibition of JAK/STAT3 and JAK/STATS sajing by either excessive or
insufficient C3G, indicating that the modulationtbfs pathway by C3G is more complex
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in cytokine-stimulated cells. This behavior contisasith observations in Ba/F3-p210 cells,
where both high and low C3G levels produced a smplitcome, characterized by general
JAK/STAT inhibition.

Notably, these results were consistent with ouriptes hypothesis that C3G modulates
JAK/STAT signaling not only under steady-state dtiads but also in response to myeloid
differentiation cues, thereby affecting proper nyetimaturation. Extrapolating to the C3G-
deficient p210 mouse model, itis plausible thegrations in JAK/STAT signaling in HSPCs

caused by C3G deletion impair neutrophil maturatioesulting in an attenuated

myeloproliferative phenotype.

The reduced response of C3G knockdown 32D cel3-@SF prompted us to investigate
whether neutrophil differentiation was also funotily impaired by assessing the
expression of canonical mature neutrophil marksrsh as Grl and Macl. Several attempts
were made, but 32D cells failed to undergo profg@rentiation. G-CSF induced only very
low percentages of Gtllacl' cells over several days (data not shown), and el
eventually died, likely due to the absence of IlwBijch is required for their survival and
proliferation. One possible explanation for thebsasvations is the existence of different
32D cell subclones, such as 32Dcl3 (Guchitdl, 2003), 32D.C10 (Dongt al, 1995),
32D G, or 32D GM (Shimadat al, 1993). These subclones may exhibit differential
expression of G-CSF-R, resulting in variable respamness to G-CSF stimulation. Since
the exact origin of our 32D cell line is unknownisi plausible that the subclone we used
displays only a low response to G-CSF, sufficiemtdetect signaling differences but
insufficient to induce full neutrophil differentiab without compromising cell survival.
Interestingly, engineered 32D lines expressinghiimaanCSF3Rgene, which encodes the
G-CSF receptor, respond strongly to G-CSF and godagroper neutrophil differentiation,
making them suitable for the functional differetiba assays we aim to perform
(Zjablovskajeet al, 2018).

5. C3G inhibition as a potential strategy for JAK/STATodulation in
clinics
Taken together, the results obtained in this wagpsrt a preliminary model explaining the
role of C3G in CML Figure 49). Our data indicate that C3G functions as a kegutaiory
factor in leukemogenesis, fine-tuning BCR::ABL1wam signaling rather than acting as a
simple on/off switch.

In CML with physiological C3G levels, BCR::ABL1 agty in HSCs drives
hyperproliferation and differentiation into matugganulocytes, primarily neutrophils,
resulting in the characteristic myeloid expansiorirculation Figure 49A). However, in
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the absence of C3G, HSCs display an altered fatgatihg from the BCR::ABL1-driven
myeloid bias toward decreased myeloid output. C&fizigncy under these conditions leads
to impaired hematopoietic maturation and the acdatiom of intermediate granulocytic
progenitors in the BM. As a result, fewer maturangiocytes are released into circulation,
attenuating the myeloproliferative phenotypey(ire 49B). At the cellular level, neutrophil-
committed progenitors with reduced levels of C3@regsion may be less responsive to
differentiation signals. Both excessive and insigiit C3G destabilize JAK/STAT3
signaling, a critical pathway for proper neutropifferentiation upon G-CSF stimulation,
leading to defective maturation of these progesi@igure 49C).
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Figure 49. Proposed model of C3G function in myelapliferative diseases like chronic myeloid
leukemia (CML). (A) Constitutive BCR::ABL1 signaling pushes hematepici stem cells (HSC)
toward excessive proliferation, resulting in massiweloid lineage expansion. This overproduction
of neutrophils underlies the characteristic myebifgrative phenotype of chronic-phase CMB) (
Loss of C3G in these HSCs attenuates this myelidpralive state, resulting in reduced myeloid
expansion due to impaired neutrophil differentiatand maturation, with accumulation of myeloid
progenitors in the bone marrovZ)(Neutrophil-committed progenitors with altered C8&pression
may display an impaired response to granulocytemyestimulating factor (G-CSF), due to defective

JAK/STAT3 pathway activation, resulting in reducexpression of genes required for neutrophil
differentiation. MPP: multipotent progenitor, CMEammon myeloid progenitor, GMP: granulocyte-

monocyte progenitor, G-CSF-R: G-CSF receptor.

Although the extensive neutrophil differentiatiobserved in CML is mainly driven by
BCR::ABL1 rather than by aberrant G-CSF signalihg,impaired neutrophil commitment
observed in a non-BCR::ABL1 physiological modellsas 32D cells helps to explain why
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C3G behaves as a brake in a myeloproliferativeesansuch as the chronic phase of CML.
Thus, C3G contributes to physiological neutroplhiffedentiation, and when oncogenic
pressure is imposed by BCR:ABL1, loss of this supplimits how far the
myeloproliferative program can progress.

In summary, C3G, through its role in modulating tingeloproliferative phenotype in CML,
emerges as a promising druggable target. Attermi&@B(G activity in chronic-phase CML
patients could potentially slow disease progresaimhhelp prevent transition to advanced
phases, in a manner analogous to how busulfan yanxyurea were historically used to
control the myeloproliferative stage of CML (Rughigt al, 1982). While C3G inhibition
may not fully prevent the acquisition of mutatidnsLSCs that drive progression to the
blastic phase, it could extend the chronic phaskntiting excessive leukocyte production
and alleviating key CML-associated symptoms.

Nevertheless, the most promising potential appboaif C3G inhibition lies in combination
therapies with TKIs, as a putative C3G inhibitoulcbsensitize LSCs to TKI treatment. This
sensitization is thought to occur through modufatibthe JAK/STAT pathway, which plays
a key role in resistance to TKI-induced apoptodlarschet al, 2011). Indeed, combination
therapies using a BCR::ABL1-targeting TKI togethéth a JAK/STAT pathway inhibitor
have been widely studied, with ruxolitinib being tmost extensively investigated in CML
(Gallipoli et al, 2014; Sweet et al, 2018). Although STATS is the main mediator of TKI
resistance in LSCs, directly targeting STATS5 isligmging because it is not a kinase and
lacks enzymatic domains suitable for conventionhlhitor design (Orlovat al, 2019).
Therefore, JAK2 inhibition represents an alterratapproach to interfere with STATS
function, and ruxolitinib is a good candidate daeits selective inhibition of JAK1 and
JAK2. Initially approved for the treatment of PVAVENd graft-versus-host disease (Mesa
et al, 2012), ruxolitinib specific JAK1/2 inhibition mak it an attractive candidate for use
in CML patients in combination with standard TKikd)ere it has been shown to target LSCs
effectively (Gallipoliet al, 2014). Furthermore, clinical trials are alreadwglaating this
strategy (Sweett al, 2018). In this context, a putative C3G inhibitamerges as a
promising JAK/STAT-modulating agent that could bged in a similar combinatorial
approach, sensitizing LSCs to TKIs and addressimg af the main challenges in CML
treatment.
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CONCLUSIONS

1. Hematopoietic C3G deficiency one month after battenuates the development of
BCR::ABL1 p210-induced myeloproliferative diseaskkely by reducing
circulating neutrophil levels and thereby incregsisurvival, particularly in
females. Leukemic infiltration in hematopoieticsties is also reduced in C3G-
knockout p210 mice, partially restoring a more pbiggical hematopoietic
balance.

2. At CML onset, occurring after 6 months of age, HSR®populations in the BM
are altered in C3G-deficient mice, with notable rdfes in myeloid-committed
progenitors, suggesting disrupted myelopoiesis.

3. Migration of BM neutrophils in response to chemtitastimuli is impaired in p210
C3G-knockout mice, reflecting defective cell fuociality.

4. Under the experimental conditions in this work, @2hice show little to no
response to imatinib treatment.

5. C3G deletion at CML onset produces a modest delagisease progression,
supporting a time-dependent role of C3G in leukeenegis.

6. BCR::ABL1 p210-transformed Ba/F3 cells show reduced-length C3G
expression levels, suggesting functional crosdiatkveen BCR::ABL1 and C3G
in these leukemic cells.

7. Alterations in C3G expression levels do not altesdd Ba/F3-p210 proliferation
but increases sensitivity to imatinib, reducingbility and enhancing apoptosis.
This is accompanied by decreased BCR::ABL1 actiaitg weakened JAK/STAT
signaling, without affecting CrkL, ERK, or AKT ae#tion.

8. Reduced C3G expression in 32D cells, but not C3&rexpression, leads to
decreased G-CSF-induced STAT3 activation, compiiagithe initiation of the
neutrophilic differentiation program.
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CONCLUSIONES

1. La deficiencia hematopoyética de C3G un mes despeié@sacimiento atenua el
desarrollo de la enfermedad mieloproliferativa itida por BCR::ABL1 p210,
probablemente al reducir los niveles de neutré@ilosulantes y, con ello, aumentar
la supervivencia, especialmente en hembras. Lératidon leucémica en tejidos
hematopoyéticos también se reduce en los ratont3 @@n delecion de C3G,
restaurando parcialmente un equilibrio hematopogétias fisioldgico.

2. En el inicio de la LMC, que ocurre a los 6 mesegdigd, las subpoblaciones de
HSPC en la médula 6sea se alteran en ratonesetdfisien C3G, con cambios
notables en progenitores mieloides, lo que sugieaemielopoyesis alterada.

3. Lamigracion de neutréfilos de médula ésea en estpua estimulos quimiotacticos
esta comprometida en ratones p210 con deficierei€3G, lo que refleja una
funcionalidad celular defectuosa.

4. Bajo las condiciones experimentales de este tralb@goratones p210 muestran
escasa 0 nula respuesta al tratamiento con imatinib

5. La delecion de C3G en el inicio de la LMC produceretraso moderado en la
progresion de la enfermedad, apoyando un papehdepee del tiempo de C3G
en la leucemogénesis.

6. Las células Ba/F3 transformadas con BCR::ABL1 palieéstran niveles reducidos
de C3G de longitud completa, lo que sugiere uneraotion funcional entre
BCR::ABL1 y C3G en estas células leucémicas.

7. Las alteraciones en los niveles de expresion de izB@odifican la proliferacion
basal de Ba/F3-p210, pero aumentan la sensibiled&uatinib, reduciendo la
viabilidad y potenciando la apoptosis. Esto se g@ga de una disminucion de la
actividad de BCR::ABL1 y de una sefializacion JAK¥E Hebilitada, sin afectar
la activacion de CrkL, ERK ni AKT.

8. La reduccion de C3G en células 32D, pero no suesapresion, conduce a una
menor activacion de STAT3 inducida por G-CSF, cammtiendo el inicio del
programa de diferenciacion neutrofilica.
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Figure 50. Sex-dependent differences in hematologic populations are more evident in
p210/C3GSC4-KO female mice.XY plots show the mean value + SEM of the perceataigtotal
PB leukocytes corresponding #, (D) neutrophils (GriMacl’), (B, E) T cells (CD3), and C, F) B
cells (B220) over a 1-year monitoring period in p21®-C) female and®—F) male mice. The PB
sample collected at month 1 was obtained prioatedtxifen administration. Statistical analysis was
performed using two-way ANOVA followed by a mul&stomparison test.
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Figure 51. Female and male p210/C3%*-wt mice display similar overall survival in chronic
myeloid leukemia (CML). Kaplan-Meyer plot represents the overall survivigh210/C3G'SCSclwt
mice over the 14-month duration of the experim8tutistical analysis was performed using the log-

rank test.
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Figure 52. Imatinib-treated p210/C3G'Sc**-wt mice display similar overall survival to that o
untreated mice.Kaplan-Meyer plot represents the overall surviiahonitored p210/C3CScwt
mice compared to imatinib-treated p210/¢S& - wt mice. Only mice older than 300 days old are
included in the plot. Statistical analysis was perfed using the log-rank test.
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Figure 53.Normalized values of hematopoietic stem and progetoir cell (HSPC) proportions in

the bone marrow (BM) of p210 and non-p210 micegA) Bar plots show the mean + SD of the
percentage of each p210/C8ES.KO HSPC subpopulation within the parental gatemadized to
p210/C3C'SCSclwt values. B) Bar plots show the mean * SD of the percentageaoh C3ECScL
KO HSPC subpopulation within the parental gatenrasized to C3@E5¢Sclwt values. Parental gating
markers are indicated below. Only 6-month-old migere analyzed. Statistical analysis was
performed using an unpaired t-test.<0.05, **p< 0.01.
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Annexes
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Figure 54. p87C3G is not clearly visible under ouexperimental conditions.Analysis of three
independent lysates from Ba/F3 and Ba/F3-p210.delimiunoblotting of C3G was performed using
the C19 antibody (C-terminal) and the G4 antibddytérminal). Since p87C3G lacks part of the N-
terminal domain, it is expected to be detected b9 But not by G4. A faint band pattern is observed
at ~80-90 kDa in the ClBcubated membrane; however, given previous reports indicating that the
p87 form is usually expressed at higher levels thah0C3G (Gutiérrez-Berzat al, 2006), we
cannot definitively assign this band to p87C3G. eépected, p140C3G is detectable with both
antibodiesp-actin was used as a loading control. Moleculaighs of the protein marker ladder are
indicated. WB: western blot.
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Figure 55.RAPGEF1 (C3G) expression is reduced in chronic myeloid l&emia (CML) patients
compared with healthy individuals. Violin plots show normalized leggene expression levels in
BM cells isolated from CML patients and healthy tols. Data were obtained from the BloodSpot
3.0 database (Gislasa@t al, 2024), using samples from the GSE13159 dataddici@array
Innovations in LEukemia (MILE) study: Stage 1”).aSstical analysis was performed using an
unpaired t-test. **p< 0.01.
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