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Cuando emprendas tu viaje a Itaca
pide que el camino sea largo,
lleno de aventuras, lleno de experiencias.
No temas a los lestrigones ni a los ciclopes
ni al colérico Poseidon,
seres tales jamds hallards en tu camino,
si tu pensar es elevado, si selecta
es la emocion que toca tu espiritu y tu cuerpo.
Ni a los lestrigones ni a los ciclopes
ni al salvaje Poseidon encontrards,
st no los llevas dentro de tu alma,
si no los yergue tu alma ante ti.
Pide que el camino sea largo,
que muchas sean las mafianas de verano
en que llegues -jcon qué placer y alegria!-
a puertos nunca vistos antes.
Detente en los emporios de Fenicia
y hazte con hermosas mercancias,
ndcar y coral, dmbar y ébano
y toda suerte de perfumes sensuales,
cuantos mds abundantes perfumes sensuales puedas.
Ve a muchas ciudades egipcias
a aprender, a aprender de sus sabios.
Ten siempre a Itaca en tu mente.
Llegar allf es tu destino.
Mas no apresures nunca el viaje.
Mejor que dure muchos afios
y atracar, viejo ya, en la isla,
enriquecido de cuanto ganaste en el camino
sin aguardar a que Itaca te enriquezca.
[taca te brindé tan hermoso viaje.

Sin ella no habrias emprendido el camino.
Pero no tiene ya nada que darte.
Aunque la halles pobre, Itaca no te ha engaiiado.
Ast, sabio como te has vuelto, con tanta experiencia,

entenderds ya qué significan las Itacas.

Konstantinos Kavafis



A todlos los seres que hacen
el mundo un hogar.

To all.
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Abstract

:;%

Glioblastoma is the most aggressive and frequent form of primary brain tumor and, despite continuous
effort to find an effective treatment, is considered as one of the deadliest types of cancer, with a median
survival of only 16 months. Glioblastomas are characterized by fast and aggressive growth, high infiltrative
capacity, and resistance to current treatments. These tumors are composed of a heterogeneous population
of cells, including some with stem cell properties (glioblastoma stem cells, GSCs), which are highly
tumorigenic and have high oncogenic Src activity. The presence of tumor cells in the brain triggers the
activation of the astrocytes in the tumor microenvironment, which ultimately cooperate with glioblastoma
cells to promote tumor progression. Previous results from our laboratory show that a cell-penetrating
peptide that mimics the inhibitory effect of connexin43 on Src (Tat-Cx43,66-233) exerts potent anti-tumoral
effects in glioblastoma cells in vitro and in vivo, without deleterious effects in healthy brain cells.

In this PhD thesis, we explore the mechanisms of astrocyte activation in the context of glioblastoma
and analyze the effect of Tat-Cx432¢6.283 in the crosstalk between tumor cells and astrocytes.

First, we use ex vivo and in vitro co-culture models to study astrocyte activation. We show that the
presence of glioblastoma cells promotes a change in the phenotype of astrocytes that is characterized by an
increase in the phosphorylation and nuclear translocation of the transcription factor STAT3. We find that
laminin activates astrocytes, increasing the activity of STAT3 and the expression of its target genes N-
cadherin and B-catenin. Importantly, we find that the treatment with Tat-Cx43,66-233 reverts these effects.

Second, we set up an in vivo model consisting in the intracranial injection of GL261 GSCs in
immunocompetent syngeneic mice. We show that the treatment of GSCs derived from GL261 with Tat-
Cx43,66.283 reduces Src levels and activity, diminishes proliferation, and promotes differentiation towards
an oligodendrocyte-like state that favors temozolomide (TMZ) anti-tumor effect. We generate drug-
resistant GL261 GSCs and characterize their response to Tat-Cx4326s.283 and TMZ treatments.

Third, we use the in vivo model to confirm the effect of Tat-Cx43266.283 On astrocyte activation. We find
that tumor progression induces a vast response of astrocytes, including STAT3 activation, and that Tat-
Cx4 3566283 reverts this effect.

Finally, we take advantage of high-throughput single-cell technologies to confirm the main findings of
this PhD Thesis and obtain a global picture that helps understanding glioblastoma biology and, ultimately,

provide a cure for this deadly malignancy.
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In summary, the results presented in this PhD Thesis confirm the anti-tumor effect of Tat-Cx43266.283 in
glioblastoma cells and uncover a new role for this peptide in the modulation of astrocyte activation. The
combination of these effects disrupts the cross-communication between glioblastoma cells and astrocytes,

contributing to the reduction of tumor growth and invasion.
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Resumen
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Los glioblastomas constituyen la forma mds frecuente y agresiva de tumor cerebral. A pesar de
continuos esfuerzos por encontrar una cura, el glioblastoma es considerado uno de los canceres mas
mortales, con una supervivencia media de apenas 16 meses. Estos tumores se caracterizan por seguir un
patrén de crecimiento rapido y agresivo, tener gran capacidad infiltrativa y ser resistentes a los tratamientos
actuales. Una de las principales caracteristicas de los glioblastomas es su gran heterogeneidad, conteniendo
una poblacién de células con caracteristicas de célula madre (células madre de glioma o GSCs, por sus
siglas en inglés), las cuales son altamente tumorigénicas y presentan alta actividad de la oncoproteina Src.
La presencia de células tumorales en el cerebro desencadena la activacion de los astrocitos presentes en su
microambiente, condiciondndolos para que contribuyan a la progresién tumoral. Previos estudios realizados
en nuestro laboratorio demostraron que un péptido penetrante basado en la conexina 43 (Tat-Cx4326s-283) €S
capaz de recrear la inhibicién de Src promovida por esta proteina, ejerciendo de esta manera un potente
efecto antitumoral sobre las células de glioblastoma in vitro e in vivo. Notablemente, este péptido no tiene
efectos deletéreos sobre las células sanas del cerebro.

En esta Tesis Doctoral, exploramos los mecanismos por los que se produce la activaciéon de los
astrocitos en el contexto del glioblastoma y analizamos el efecto de Tat-Cx43266.283 €n la comunicacion entre
las células tumorales y los astrocitos.

Primero, empleamos modelos de co-cultivo para estudiar la activacién de los astrocitos in vitro y ex
vivo. De esta manera, observamos que la presencia de células de glioblastoma promueve un cambio en el
fenotipo de los astrocitos, caracterizado por un aumento en la fosforilacién del factor de transcripcion
STATS3 y su traslocacion al nicleo. Ademds, observamos que la laminina activa los astrocitos, aumentando
la actividad de STAT3 y la expresion de sus genes diana N-cadherina y f-catenina. Cabe destacar que el
tratamiento con Tat-Cx432¢6.283 revierte esta activacion.

Segundo, ponemos a punto un modelo de glioblastoma in vivo, en el cual inyectamos de manera
singénica células madre obtenidas a partir de la linea de glioma de ratén GL261 en ratones
inmunocompetentes. El tratamiento de estas células con Tat-Cx43x¢6.283 reduce la fosforilacion de Src 'y sus
niveles totales, disminuye la proliferacion y promueve la diferenciaciéon hacia un linaje de tipo
oligodendrocitico, favoreciendo el efecto anti-tumoral del quimioterapéutico empleado actualmente, la
temozolomida (TMZ). Ademas, generamos células resistentes a Tat-Cx432¢6.283 y TMZ y caracterizamos su

respuesta ante estos tratamientos.
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Tercero, nos servimos de este modelo de ratén para confirmar el efecto de Tat-Cx43x66.233 sSobre la
activacion de los astrocitos. Observamos que la progresion tumoral induce una fuerte respuesta en los
astrocitos, con activacion de STAT3, y que el tratamiento con Tat-Cx432¢6.283 revierte este efecto.

Por tltimo, realizamos estudios de célula unica de alto rendimiento con el objetivo de confirmar los
principales resultados de esta Tesis y obtener una visién global que nos permita una mejor comprension de
la biologia del glioblastoma y dirija los pasos hacia la obtencién de un tratamiento efectivo frente a estos
tumores.

En resumen, los resultados presentados en esta Tesis Doctoral confirman el efecto antitumoral de Tat-
Cx43566283 sobre las células de glioblastoma y descubren una nueva funcién de este péptido en la
modulacion de la activacion de los astrocitos. Estos efectos tienen un notable efecto combinatorio, dando
lugar a la pérdida de comunicacién entre las células de glioblastoma y los astrocitos en su microambiente

y comprometiendo asi la progresion tumoral.
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Introduction

Gliomas and glioma stem cells

The most frequent primary tumors of the
central nervous system (CNS) are those of glial
origin, called gliomas, and are considered to
originate from glial progenitor cells

Verhaak, and Canoll 2014). Gliomas have been

(Zong,

traditionally classified according to histologic
features

Wesseling  2016).

and malignancy grade (Perry and

Grade 1 gliomas are
circumscribed, whereas grades 2, 3 and 4 show
extensive infiltration in the CNS parenchyma and
are thus called diffuse gliomas. The latest World
Health Organization (WHO) classification, WHO
CNS5, takes into consideration molecular
diagnostics and assigns common adult-type diffuse
gliomas to three groups: astrocytoma, IDH-mutant
(grades 2-4); oligodendroglioma, IDH-mutant and
1p/19g-codeleted (grades 2-3); and glioblastoma,
IDH-wildtype (grade 4) (Louis, et al. 2021).
Traditionally, grade 4 was given attending to
histological features such as necrosis and/or
microvascular proliferation. However, since the last
classification, molecular alterations are enough to
classify a tumor as grade 4. Glioblastoma, formerly
termed glioblastoma multiforme because of its
complex phenotype, is the most common and the
most aggressive form of glioma. Histologically,
glioblastoma is characterized by high cellularity,

pleomorphic cells with nuclear atypia and high
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mitotic activity, and microvascular proliferation
and/or necrosis. In the absence of such histological
characteristics, TERT promoter mutation, EGFR
amplification, or concomitant gain of chromosome
7 and loss of chromosome 10 are enough to classify
a glioma as glioblastoma (Louis, et al. 2021). Main

altered pathways are summarized in Scheme 1.

A- RTK/RAS/PI3K signaling pathways

EGFR PDGFR VEGFR  cMET
(44%) (13%) (~0%) (4%)

L 1 I I
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Survival mTOR | HIF1
A osis
B- RB signaling C- P53 signaling

L

G1-S progression
Proliferation

——

MDM2 (8%)
MDM4 (9%)

[ SENESCENCE | [_APopTOSIS ]

Scheme 1. Major key altered pathways in
glioblastoma. Taken from (De Vleeschouwer 2017).

Glioblastomas are infiltrative but non-
metastatic, and present poor immunogenicity.
Prognosis has slightly improved over the years, and
current median survival for glioblastoma patients is
only 16 months (Miller, et al. 2021). The standard
of care for these tumors follows the Stupp protocol:
maximal safe surgical resection followed by
ionizing radiation and adjuvant chemotherapy
(Stupp, et al. 2005). To date, the most effective drug

to treat glioblastoma is the alkylating agent



temozolomide (TMZ). However, 50% of the
patients treated with temozolomide do not respond
to the treatment, and the increase in survival for
those who do is just a few months (Aldape, et al.
2019). Glioblastoma diffuse migration pattern
makes a complete surgical resection virtually
impossible, and radiotherapy protocols only cover
2 cm beyond the visible tumor margin (Young, et
al. 2015; Sherriff, et al. 2013). However, cells
infiltrate further than this and the infiltrating edge
is, in fact, enriched in the so-called glioma stem
cells (GSCs), a population of cells with stem cell
properties. These cells present self-renewal ability
and the potential to recapitulate the heterogeneous
phenotypes of glioblastoma cells, and are resistant
to current chemotherapy, giving rise to tumor
recurrence (Sherriff, et al. 2013; Eyler and Rich
2008). GSCs are thought to be generated by
asymmetric division of neural stem cells (NSCs) or
oligodendrocyte progenitor cells (OPCs), with
whom they share markers (Lee, et al. 2018; Wang,
et al. 2021). Chemotherapeutic drugs that induce
DNA damage can kill fast proliferating cells, but
not GSCs, thus, targeting GSCs may help

chemotherapy and radiotherapy.

Tumor progression in the brain

microenvironment

The dynamic cross-communication between tumor
cells and the cells in the surrounding tumor
microenvironment (TME) plays a crucial role in
promoting tumor progression and is thus being

explored as a therapeutic target (Quail and Joyce
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2017). Cellular components of the glioblastoma
TME include brain-resident cell types (microglia,
astrocytes, oligodendrocytes, endothelial cells,
pericytes, and neurons) and peripherally derived
immune cells (macrophages, lymphocytes,
dendritic cells, and neutrophils) (Scheme 2).
Although the microenvironment of the normal
brain is usually immunosuppressive, glioblastoma
cells interact with the TME, especially with tumor-
associated microglia/macrophages (TAMs), the
main immune population in the TME, to suppress
an anti-tumor immune response (Wei, et al. 2019;
Poon, et al. 2017; Hambardzumyan, Gutmann, and

Other cell

Kettenmann 2016). populations,
including astrocytes, neurons, and endothelial cells
secrete factors that stimulate stemness, survival,
proliferation, tumor cells
(Infanger, et al. 2013; Brandao, et al. 2019;

Venkatesh, et al. 2015; Venkatesh, et al. 2017).

and migration of

The brain TME presents unique features that
challenge glioblastoma treatment, including the
presence of a blood brain barrier (BBB) and a
distinct composition of the extracellular matrix
(ECM), which is particularly soft compared to other
solid tissues (Bellail, et al. 2004; van Tellingen, et
al. 2015; Budday, et al. 2015). Anatomical tracts
such as myelinated axons and the vasculature
provide haptotactic cues for the migration of
glioblastoma cells (Gritsenko, Ilina, and Friedl
2012; Gritsenko, Leenders, and Friedl 2017; Giese
and Westphal 1996), which invade the perivascular
space, disrupting astrocytic endfeet contacts with
the endothelial cells and damaging the BBB
(Watkins, et al. 2014). In the actively invading



regions of the tumor, however, the BBB is usually
intact and impenetrable for most chemotherapeutics
(de Vries, et al. 2006; van Tellingen, et al. 2015).
The high cellular density reached at the tumor
core leads to the appearance of hypoxic regions and
necrosis. Tumor cells migrate away from the
necrotic core forming a characteristic pattern
known as pseudopalisades, with very high
cellularity (Brat, et al. 2004). The hypoxic niche
contributes to the maintenance of GSCs through the
activation of alternative transcriptional programs
that promote survival and angiogenesis (Colwell, et

al. 2017, 2009). Although
high

Soeda, et al.

glioblastoma is characterized by its

vascularity, tumor vessels differ from healthy

vessels in that they are disorganized and highly
permeable, leading to infiltration of immune cells

from the peripheral circulation (Weiss, et al. 2009).

Reactive astrocytes

Astrocytes constitute approximately the 30% of
the cells in the CNS and perform many functions
critical for its physiology (Sofroniew and Vinters
2010). In the healthy brain, astrocytes contribute to
neuronal development and function, playing an
active role in synaptic activity and plasticity
(Chung, Allen, and Eroglu 2015). The endfeet of
astrocytes closely associate with endothelial cells

and pericytes to form the BBB (Zhao, et al. 2015).
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Scheme 2. Cellular components of the brain tumor microenvironment. Taken from (Quail and Joyce 2017).
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Under pathological situations, astrocytes lose
homeostatic functions and may gain protective
and/or detrimental roles. These astrocytes that
undergo morphological, molecular, and functional
remodeling in response to CNS injury are
collectively known as reactive astrocytes (Escartin,
et al. 2021). The main component of astrocyte
intermediate filaments, glial fibrillary acidic
protein (GFAP), is usually upregulated in reactive
astrocytes and often GFAP labeling shows reactive
astrocytes forming a border around CNS lesions
(Voskuhl, et al. 2009). Reactive astrocytes may
upregulate other cytoskeleton proteins (i.e., Nestin,
Vimentin), growth factors and cytokines (i.e., brain
derived neurotrophic factor, BDNF; interleukin 6,
IL-6; C-C motif chemokine ligand 2, CCL2), cell
adhesion proteins (i.e., CD44) and extracellular
versican)

matrix components (i.e.,

(Escartin, et al. 2021)

collagen,

Reactive astrocytes have been observed and
characterized over the years in the context of
different pathological conditions, including
traumatic brain or spinal cord injury (Bush, et al.
1999; Ren, et al. 2013; Bundesen, et al. 2003;
Bloom 2014; Anderson, et al. 2016), stroke
(Cekanaviciute, et al. 2014; Zamanian, et al. 2012;
Gao, Li, and Chopp 2005),

(Zamanian, et al. 2012; Hasel, et al. 2021), and

inflammation

neurodegenerative diseases (Liedtke, et al. 1998;
Lepore, et al. 2008; Kraft, et al. 2013; Ben Haim, et
al. 2015; Liddelow, et 2017; Heppner,
Ransohoff, and Becher 2015; Galea, et al. 2022). In

al.

the context of brain tumors, invasion of the brain

parenchyma promotes reactive astrogliosis, in an

26

initial attempt to repair the damaged tissue.
However, signaling from glioma cells turns the
activation of astrocytes into tumor-associated
astrocytes (TAAs), which ultimately tumor growth
(O'Brien, Howarth, and Sibson 2013; Lee, et al.
2011; J. K. Kim, et al. 2014; Placone, Quifiones-
Hinojosa, and Searson 2016; Brandao, et al. 2019).
Activation of astrocytes upon tumor growth has
been associated to NF-«kB triggering by RANKL (J.
K. Kim, et al. 2014) and, more recently, to STAT3
signaling (Priego, et al. 2018; Henrik Heiland, et al.
2019). Activated TAAs release factors that enhance
proliferation and invasion of tumor cells, including
tumor growth factor-f (TGF-B) (J. K. Kim, et al.
2014), tumor necrosis factor-o. (TNF-a), 1L-1B
(Seike, et al. 2011), insulin growth factor-1 (IGF-
1), glial-cell derived neurotrophic factor (GDNF)
(Shabtay-Orbach, et al. 2015), osteopontin, IL-6,
and IL-8 (Nagashima, et al. 2002; Rath, et al. 2013).
Astrocytes in the TME promote migration of tumor
cells by mediating the activation of matrix
metalloproteinases (MMPs), such as MMP-2 (Le,
et al. 2003), and help to the adaptation of
glioblastoma cells to hypoxia (Jin, et al. 2018). In
addition, several studies pinpoint to a role for TAAs
in chemoprotection (Chen, et al. 2015; Chen, et al.
2016) and immunoprotection (Huang, et al. 2010; J.
E.Kim, et al. 2014).

STAT?3 and related pathways

Signal  transduction and activator  of

transcription (STAT) proteins are important

mediators of the extracellular signals that promote



survival, proliferation, or differentiation (Darnell,
Kerr, and Stark 1994; Darnell 1997). STAT3 is
activated by cytokines and growth factors and is
involved in the regulation of immune responses and
other cellular events such as proliferation, survival,
or differentiation in healthy and tumor cells
(Hirano, Ishihara, and Hibi 2000; Yu, Pardoll, and
Jove 2009).

Upon stimulation, STAT3 is phosphorylated by
Janus kinases (JAKs) or other intracellular or
receptor tyrosine kinases. STAT3 is primarily

phosphorylated at tyrosine 705 (Y705), which

stabilizes the dimerization through reciprocal
phosphotyrosine-SH2 domain interactions and is
critical for the activation of target genes
(Yoshimura, Naka, and Kubo 2007; Hirano,
Ishihara, and Hibi 2000) (Scheme 3). STAT3 is also
phosphorylated at serine 727 (S727) by multiple
Ser/Thr kinases. S727 phosphorylation increases
STAT3 transcriptional activity (Wen, Zhong, and
Darnell 1995; Abe, et al. 2001), but has also been
shown to enhance Y705 dephosphorylation and
inactivation (Wakahara, et al. 2012; Yang, et al.

2020).
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Scheme 3. Major key pathways involved in the activation of STAT3 and target genes in the context of cancer.

Taken from (Garg, et al. 2020).
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Among the various genes regulated by STAT3,
one of the main groups includes proteins related to
cell adhesion and invasion. Cadherins (named for
“calcium-dependent adhesion”) are Ca®*-dependent
transmembrane proteins. Cadherins mediate cell-
cell adhesion through their extracellular domain,
and associate through their intracytoplasmic tail
with adaptors and signaling proteins, forming a
complex that includes a-, B-, and p120-catenins. N-
cadherin is involved in many activities in the CNS,
such as differentiation, migration, and cell
polarization (Takeichi 2007), and regulates cell-cell
adhesion and cellular morphology in astrocytes

(Kanemaru et al. 2013).

Mouse models of glioblastoma

Preclinical models are essential to advance our
understanding of tumor biology and treatment.
Although there is a variety of animal models of
glioblastoma, the wide majority utilize mice.
Mouse models can be grouped into three categories:
genetically engineered mouse modes (GEMMs),
syngeneic models and xenograft models, all of them
featuring different advantages and disadvantages
(Scheme 4). In syngeneic models, tumor cells of
murine origin are implanted into mice of the same
can be obtained from

1971) or,

strain. These cells

spontaneous tumors (Fraser more
frequently, from tumors originated from exposure
to mutagenic chemicals (Ausman, Shapiro, and Rall
1970). The main advantage of these models is an
intact immune system, which makes them suitable

for immunotherapy studies (Genoud, et al. 2018).
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General discussion

The GL261 model is the most widely used
syngeneic model and is easily available. It has been
used in studies of gene therapy, immune cell
transfer, monoclonal antibodies, and cytokine
therapies, checkpoint inhibitors, and dendritic
vaccines (Maes and Van Gool 2011; Xu, et al.
2014; Wainwright, et al. 2014; Pellegatta, et al.
2006; Ciesielski, et al. 2006; A, et al. 2008). The
GL261 model was generated by intracranial
injection of 3-methylcholantrene into C57BL/6
mice and maintained by serial intracranial and
subcutaneous transplantations of tumor pieces on
the syngeneic strain (Ausman, Shapiro, and Rall
1970). Several in vitro cultures were stablished

from the GL261 tumor in parallel during the 1990s.

Syngeneic mouse models
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Scheme 4. Mouse models available to glioblastoma
researchers. Taken from (Haddad, et al. 2021).



Although GL261 cells are widely used, they are
poorly characterized. Szatmari and colleagues
characterized the carcinogenic alterations of GL261
cells and found elevated expression of the myc
oncogene and p53 tumor suppressor gene compared
to normal brain, although p53 presented a
homozygous point mutation at codon 153 of exon
5. This mutation is located at a non-conserved
region, suggesting a low functional importance for
it (Friend 1994). p53 gene mutations are a very
commonly found in human brain tumors and
indicate bad prognosis (Ishii, et al. 1999; Sidransky,
et al. 1992). Interestingly, other studies also
reported high p53 expression but did not find p53
mutations (Blaszczyk-Thurin, Ertl, and Ertl 2002).
Although c-myc alterations are rare in humans,
gene amplification and rearrangement and
prolonged protein life have been described (Shindo,
et al. 1993). GL261 cells present decreased H-ras
expression and a mutation of K-ras in codon 12 of
exon 1, one of its most frequently mutated sites. Ras
mutations are a signature of chemical
carcinogenesis but are not considered a driver
mutation of glioblastoma, being probably a reflect
of the chemical-carcinogen induced nature of the
GL261 tumor (Verhaak, et al. 2010; Brennan, et al.
2013). Although they are more frequent in other
tumor types, K-ras mutations have been reported in
human brain tumors (Bos 1989).

Intracranially implanted GL261 cells grow
rapidly and form tumors with 100% penetrance,
with a median survival of 25 days (10° cells), 27
days (10* cells), 36 days (10° cells), and 55 days

(10% cells) (Szatmari et al., 2006). Thus, these
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tumors can be considered aggressive and the
GL261 model is, in fact, classified as glioblastoma.
GL261 form both subcutaneous and intracranial
tumors but are not metastatic. Intracranial tumors
show rapid growth rate with slightly invasive
growth pattern and low lymphocyte infiltration
(Szatmari, et al. 2006). GL261 cells are moderately
immunogenic, probably due to a slightly elevated
MHCI expression, but MHCII levels are barely
detectable. GL261 cells also express unique tumor
antigens, which makes the GL261 model a
preferent election for glioma immunotherapy
studies (Maes and Van Gool 2011). Although
GL261 growing in vitro are rather radio-sensitive,
irradiation of tumor-bearing mouse did not show a
curative effect (Szatmari, et al. 2006; Mathios, et al.

2016).

of

Temozolomide and mechanisms
drug resistance

TMZ (3-methyl-4-oxoimidazo[5,1-d][1,2,3,5]
tetrazine-8-carboxamide) is a non-cell cycle
specific alkylating prodrug. At physiological pH,
TMZ is rapidly hydrolyzed to the active
intermediate, 5-(3-methyltriazen-1-yl) imidazole-
4-carboxamide (MTIC), a short-lived compound
which is further hydrolyzed to 5-amino-imidazole-
4-carboxamide (AIC) and methyl diazonium
(Moody and Wheelhouse 2014; Reid, et al. 1997).
The electrophilic methyl diazonium ion transfers its
methyl group to negatively charged DNA, creating
DNA adducts, preferentially at N7 and O° sites on

guanines (N’-MeG, >70%; O5-MeG, ~9%) and N3
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Scheme 5. TMZ mechanism of action. Taken from
(Singh, et al. 2021).

site on adenines (N3*-MeA, ~10%) on genomic
DNA. The cytotoxicity of TMZ is mainly derived
from O%MeG lesions, which lead to the insertion of
a thymine during subsequent DNA replication,
causing either double-strand breaks (DSBs) in the
DNA or GC to AT transition (Lee 2016). TMZ-
induced DSBs can be repaired by homologous
recombination (HR), whereas methylated DNA can
be repaired by base excision repair (BER) or DNA
mismatch repair (MMR) (Fujii, Sobol, and Fuchs
2022) (Scheme 5). The lack of such DNA repair

pathways, which are necessary for the cytotoxicity
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of TMZ,
methyltransferase (MGMT),

and/or overexpression of 0O°-MeG
the enzyme that
reverses the methylation of guanine at O°, are the
main causes of TMZ resistance (Hickman and

Samson 2004; Hunter, et al. 2006).

Connexin43, Src, and Tat-Cx43166.253

Connexins are tetraspan membrane proteins
with two extracellular loops and three intracellular
regions, including the N- and C-terminal domains
(Kumar and Gilula 1996). Connexins assemble in
hexamers to form channels named connexons or
hemichannels, that may form functional channels
per se, connecting the cytoplasm and the
extracellular milieu, or couple with a connexon in
the adjacent cell to form gap junctions, which allow
the intercellular exchange of small molecules.
(Cx43), the

Connexin43 encoded by

GJAI/Gjal gene (human/mouse), is the most
abundant connexin in mammals and is widely
expressed in many tissues, including the CNS,
where it is highly expressed in astrocytes (Giaume,
1991; Giaume, et al. 2021). Beyond its

Cx43

et al.
channel-related functions, regulates a
multitude of channel-independent processes. Cx43
possesses a large intracytoplasmic C-terminal
domain (Cx43-CT, amino acids 232 to 382), which
is mostly an intrinsically disordered region (IDR),
and provides a large surface area and a high
conformational flexibility, acting as a scaffolding

hub for the interaction of different partners (Sorgen,

et al. 2004; Grosely, et al. 2013) (Scheme 6).
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Scheme 6. Structure and interactions of
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In gliomas, Cx43 expression levels inversely
correlate with the degree of malignancy, being
almost inexistent in glioblastoma (Shinoura, et al.
1996; Huang, et al. 1999; Soroceanu, Manning, and
Sontheimer 2001; Pu, et al. 2004). Ectopic
expression of Cx43 in glioma cells reduces their
stem cell potential and proliferation (Zhu, et al.
1991; Naus, et al. 1992; Yu, et al. 2012), making it
to be considered as a tumor suppressor. However,
Cx43 can also play pro-tumorigenic roles (Sin,
Crespin, and Mesnil 2012), such as promoting
invasion (Lin, et al. 2002; Oliveira, et al. 2005) and
drug resistance (Murphy, et al. 2016; Grek, et al.
2018; Gielen, et al. 2013). Thus, it is important to
carefully mimic the desired Cx43 effects when
designing anti-tumoral tools based in this protein.

Among others, Cx43-CT contains the sequence
required for Src binding (Src homology (SH)2- and

SH3-binding domains). Src is a non-receptor
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tyrosine kinase that participates in different
signaling pathways that control biological events
such as proliferation, differentiation, survival,
migration, and invasion (Courtneidge 2002; Caner,
Asik, and Ozpolat 2021) (Scheme 7). Src activity is
upregulated in several types of tumors, where it
contributes to tumor progression by regulating the
abovementioned processes and is, therefore,
considered a proto-oncoprotein (Frame 2004;
Frame 2002; Irby and Yeatman 2000; Kim, Song,
and Haura 2009; Summy and Gallick 2003). In
glioblastoma, c-Src itself and other Src family
kinases (SFKs) highly and

are expressed

overactivated, representing a target for the
inhibition of proliferation and migration in GSCs
(Han, et al. 2014; Weissenberger, et al. 1997; Du,

et al. 2009).
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Scheme 7. Src signaling network. Taken from (Caner,
Asik, and Ozpolat 2021). TAMs: tumor-associated
microglia/macrophages, CAFs: cancer associated
fibroblasts, ECM: extracellular matrix, TAA: tumor-
associated astrocyte.

Importantly, Cx43 inhibits the oncogenic

activity of Src in glioma cells and reverses the stem



cell phenotype (Herrero-Gonzdlez, et al. 2010;
Gangoso, et al. 2014). As a tentative to benefit from
the anti-tumor Src-inhibiting capacity of Cx43
without its pro-tumor functions, Tabernero and
colleagues designed a cell-penetrating peptide
(CPP) containing the sequence of Cx43 that
interacts with Src (amino acids 266-283), including
the SH3-binding motif, fused to the Tat sequence
for its autonomous internalization into the cells
(Vives, Brodin, and Lebleu 1997). This peptide,
termed Tat-Cx4326s.283, recruits Src together with its
inhibitors Csk and PTEN and, in fact, inhibits Src
in GSCs (Gangoso, et al. 2014; Gonzélez-Sanchez,
et al. 2016) (Scheme 8). Tat-Cx43266.253 mimics the

important transcriptional regulators, Sox-2 and Id1,
and promotes N- to E-cadherin switch, reversing
the epithelial-mesenchymal transition (Gangoso, et
al. 2014). In addition, Tat-Cx4366.283 impairs
metabolic plasticity and autophagy in GSCs in a
nutrient-context-independent way (Pelaz, et al.
2020; Pelaz, et al. 2021) and reduces migration and
invasion through inhibition of the Src-FAK axis
(Jaraiz-Rodriguez, et al. 2017b). Importantly, these
anti-tumor effects have been confirmed in vivo and
have been shown to be specific of GSCs, with no
effects in healthy brain cells (Jaraiz-Rodriguez, et

al. 2020; Pelaz, et al. 2020). Taking together all

these considerations, Tat-Cx43,66.283 appears as a

Src inhibitory function of Cx43 and reverses the promising therapeutic strategy against
stem cell phenotype through downregulation of two glioblastoma.
a b
c-Src
I COOH w
abh Y52
Y416
Active Inactive
Tumor suppression
Survival
Proliferation
Migration
Invasion

Scheme 8. Mechanism of action of Tat-Cx4346.23. Mechanism of Src inhibition by (a) Cx43 and (b) Tat-Cx43246.2s3.
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Objectives
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One of the hallmarks of glioblastoma is the presence in the tumor microenvironment of reactive
astrocytes that promote tumor growth. Glioblastoma cells secrete factors that activate astrocytes, turning
them into tumor-supportive and ultimately facilitating glioblastoma cell proliferation, migration, and
invasion. Our group has previously shown that, through Src inhibition, Tat-Cx43x.283 exerts an anti-

tumorigenic effect and reduces proliferation, migration, and invasion of glioblastoma cells.

Given that Src is involved in the regulation of astrogliosis, and that
Tat-Cx43266-283 alters the phenotype of glioblastoma cells, we aimed to understand the impact of Tat-Cx43 6.

283 On astrocyte activation and their crosstalk with glioblastoma cells.
The specific objectives of this Thesis were:

1. To explore the effect of Tat-Cx4326.283 On reactive astrocytes.

2. To setup an in vivo model to study the glioblastoma tumor microenvironment.

3. To study the impact of Tat-Cx4326s-283 on the communication between glioblastoma cells and tumor-
associated astrocytes in a physiological context.

4. To deepen our understanding of an immunocompetent syngeneic glioblastoma model through

single-cell genomics.
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Materials and methods
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Materials
Reagent or resource Source Identifier
ANTIBODIES
Alpha actinin Millipore 1682
Alpha tubulin Sigma-Aldrich #T9026
BDNF Icosagen 327-100
Beta actin Sigma-Aldrich A5441
Beta catetin BD 610153
Beta III tubulin Covance MMS-435P
Cx43 BD 610062
Cx43 Invitrogen 71-0700
ERK p42-p44 Cell signaling #9102S
ERK phospho-T202-Y204 Cell signaling #9106S
GAPDH Applied Biosciences AMA4300
GFAP Sigma-Aldrich G3893
GFAP Sigma-Aldrich G9269
GFAP-AlexaFluor 488 ThermoFisher Scientific 53-9892-82
Goat anti-Mouse IgG (H+L) ThermoFisher Scientific A-21235
Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 647
Goat anti-Mouse IgG (H+L) ThermoFisher Scientific A-11029

Highly Cross-Adsorbed
Secondary Antibody, Alexa
Fluor™ 488
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Goat anti-Mouse IgG (H+L)
Highly Cross-Adsorbed
Secondary Antibody, Alexa
Fluor™ 594

Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary

Antibody, Alexa Fluor™ 750

Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary

Antibody, Alexa Fluor™ 647

Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary

Antibody, Alexa Fluor™ 594

Goat anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed
Secondary Antibody, Alexa
Fluor™ 488

Id1

ITGA7
Laminin
Map?2
MBP
MMP2
N-cadherin
Nestin
NeuN
NG2

P21

PCNA
PD-L1/CD274

Peroxidase-conjugated Goat
Anti-Mouse IgG (H+L)

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Santa Cruz Biotechnology
ThermoFisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Millipore

Millipore

BD

GeneTex

Proteintech

Jackson ImmunoResearch
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A-11032

A-21039

A21244

A-11012

A-11034

sc-488
15947434
L939
#M1406
271524
13595
sc-7939
sc-377-380
MAB377
AB5320
556431
GTX20029
66248-1-1g

115-035-003



Peroxidase-conjugated Goat Jackson ImmunoResearch 111-035-003
Anti-Rabbit IgG (H+L)

RPL19 Santa Cruz Biotechnology sc-100830
Sox2 Abcam Ab97597
Src Cell Signaling #2110

Src phospho-Y 416 Cell Signaling #2101
STATS3 alpha Cell Signaling #8768
STATS3 phospho-S 727 Santa Cruz Biotechnology 136193
STATS3 phospho-Y 705 Cell Signaling #9145

TrkB BD 610102
CHEMICALS

100 bp DNA Ladder ThermoFisher Scientific 15628019
2-Mercaptoethanol Gibco 31350-010
2-propanol, minimum 99% Sigma-Aldrich 19516

50 bp DNA Ladder ThermoFisher Scientific 11518626
Accutase ThermoFisher Scientific 00-4555-56
Amphotericin B Sigma-Aldrich A9528
Animal Free Recombinant PeproTech AF-100-15
Human EGF

B-27 supplement Invitrogen 17504-044
Bovine Albumin Fraction V Gibco 15260-037
Bradford Reagent Bio-Rad 500-006
Brain-derived neurotrophic Sigma-Aldrich B3795
factor

Cell culture inserts Millipore PICMO03050
Chloroform, minimum 99% Sigma-Aldrich C2432
Clodronate liposomes Liposoma SKU: C-005
Cy2-conjugated streptavidin Jackson Immunoresearch 016-220-084
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Cytosine-[3-arabinofuranoside
Dasatinib

dATP

dCTP

dGTP

Dimethyl sulfoxide for UV-
spectroscopy, 299.8%

DMEM

DMEM/Nutrient Mixture F-12
Ham

DNase I grade II
dTTP
Fetal calf serum

High Sensitivity D5000
Reagents

High Sensitivity D5000
ScreenTape

Horse serum
iBlot 2 NC Regular Stacks
IGEPAL® CA-630

Kapa Library Quantification
Kit

Laminin I
Lipofectamine 2000

MEM Non-Essential Amino
Acids

N-2 supplement
NuPAGE™ Antioxidant

NuPAGE™ MOPS SDS
Running Buffer

Sigma-Aldrich
Selleck Chemicals
Invitrogen
Invitrogen
Invitrogen

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Roche
Invitrogen
Gibco

Agilent

Agilent

Thermofisher Scientific
ThermoFisher Scientific
Sigma-Aldrich

Roche

R&D Systems
Invitrogen

ThermoFisher Scientific

Invitrogen
ThermoFisher Scientific

ThermoFisher Scientific
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C6645

S1021

55082

55083

55084

41641

D5523

D6421

10104159001

55085

N/A

5067-5593

5067-5592

26050088

1B23001

18896

07960140001

446-005-01

11668-019

11140050

17502-048

NP0005

NP0001



NuPAGE™ Novex Bis-Tris
(4-12%) midigels

NuPAGE™ Transfer Buffer

Opti-MEM™ [ Reduced
Serum Medium, no phenol red

PCR master mix
Penicillin G

Pierce™ BCA Protein Assay
Kit

PKH26 Red Fluorescent Cell
Linker

Poly-L-lysine hydrobromide
Ponceau solution

Precision Plus Protein Dual
Color Standards

Protease Inhibitor Cocktail Set
11

Random hexamer primers

Recombinant Human FGF-
basic

RNAsin® Ribonuclease
Inhibitor

Ruxolitinib

Silencer™ Negative Control
No. 1 siRNA

SlowFade® Gold antifade
reagent

Sodium orthovanadate

Stat3 siRNA

Streptomycin

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Promega
Sigma-Aldrich

ThermoFisher Scientific

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Bio-Rad

Calbiochem

Invitrogen

PeproTech

Promega

MedChemExpress

ThermoFisher Scientific

Invitrogen

Merck Milipore
Santa Cruz Biotechnology

Sigma-Aldrich
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WG1402BOX

NP00061

11058021

M750B

P3032

23227

MINI26-1KT

P1524-25MG

P7170

161-0374

539134

48190011

100-18B

N2511

HY-50856

AMA4635

S36936

567540

sc-270027

S9137



SuperScriptll Reverse Invitrogen 18064014

Transcriptase

Syber Safe DNA gel stain Invitrogen S33102

Tat peptide GenScript N/A

Tat-Cx43266-283 peptide GenScript Patent ID: WO2014191608A1

Trizol reagent Invitrogen 15596-026

Trypsin/EDTA Invitrogen 25300-062

Turbo DNA-Free Kit Invitrogen AM1907

Tween 20 Fisher BP337-500

Western blotting luminol Santa Cruz Biotechnology sc-2048

reagent

X-Gal Eppendorf 0032006.400

COMMERCIAL ASSAYS

Chromium Single Cell 10x Genomics https://www.10xgenomics.com/product
Multiome ATAC + Gene s/single-cell-multiome-atac-plus-gene-
Expression expression

GemCode Single-Cell 5° Bead
and Library kit

10x Genomics

https://www.10xgenomics.com/support

/single-cell-immune-profiling

ANIMALS

C57BL/6 Charles River N/A

NOD-SCID Charles River N/A

WISTAR SEA-USAL N/A

CELL LINES

G166 BioRep RRID: CVCL_DG66
GL261 DSMZ RRID: CVCL_Y003
RECOMBINANT DNA

pcDNA mCherry C. Naus Addgene_128744
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OLIGONUCLEOTIDES

Primers for RT-PCR

Sigma-Aldrich

See Table 5

EQUIPMENT

4150 TapeStation System

AATI Fragment Analyzer

C1000 Touch Thermal

Chromium controller

Countess Automatic Cell
Counter

MicroChemi imaging system

Nanodrop 2000
Spectrophotometer

NextSeq 2000 Sequencing
System

NovaSeq 6000 Sequencing
system

SHS800S cell sorter

Stellaris 8 Confocal
Microscope

Agilent

Agilent

Biorad

10x Genomics

ThermoFisher Scientific

Bioimaging Stystems

ThermoFisher Scientific

Illumina

Illumina

Sony

Leica Microsystems
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https://www.agilent.com/en/product/aut

omated-electrophoresis/tapestation-
systems

https://www.agilent.com/en/product/aut

omated-electrophoresis/fragment-
analyzer-systems

https://www .bio-rad.com/es-

es/product/c1000-touch-thermal-
cyclerID=L.GTW9415

https://www.10xgenomics.com/instrum
ents/chromium-controller

https://www .thermofisher.com/es/es/ho

me/life-science/cell-analysis/cell-

analysis-instruments/automated-cell-
counters.html

https://dnr-
is.com/products/microchemi/

https://www .thermofisher.com/order/ca
talog/product/ND-2000

https://www illumina.com/systems/seq
uencing-platforms/nextseq-1000-

2000.html

https://www illumina.com/systems/seq
uencing-platforms/novaseq.html

https://www.sonybiotechnology.com/us
/instruments/sh800s-cell-sorter/

https://www leica-

microsystems.com/c/em/lIsr-c/confocal-
microscopy-reimagined/




Zeiss Axio Observer Z1 Carl Zeiss Microscopy
microscope for Live-Cell

https://www.zeiss.com/microscopy/en/

products/light-microscopes/widefield-

Imaging microscopes/axio-observer-for-life-
science-research.html

SOFTWARE AND

ALGORITHMS

Leica Application Suite X Leica Microsystems CMS https://www leica-

GmbH microsystems.com/de/produkte/mikros

kop-software/p/leica-las-x-Is/

Enrichr (Chen, et al. 2013) https://maayanlab.cloud/Enrichr/

GSEApy Z.Fang https://gseapy.readthedocs.io/en/latest/

ImageJ2 v2.3.0 ImageJ2 Team, 2017 https://imagej.net/

bcl2fastq v2.19.0.316 [lumina https://emea.support.illumina.com/sequ
encing/sequencing software/bcl2fastg-
conversion-software/downloads.html

Scanpy Python package (Wolf, Angerer, and Theis  https://scanpy.readthedocs.io/en/stable/

v.142 2018)

STAR v2.5.2b (Dobin, et al. 2013) https://github.com/alexdobin/STAR

HTSEQ v0,6,1p1 (Putri, et al. 2022) https://htseq.readthedocs.io/en/master/

CellRanger v2.0.1 10x Genomics https://support.10xgenomics.com/single
-cell-gene-
expression/software/overview/welcome

Zen Blue 3.5 Zeiss https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

GraphPad Prism v9.0.1 GraphPad Software https://graphpad.com/

Wound-healing tool for Fiji MRI
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https://github.com/MontpellierRessourc

eslmagerie/imagej macros and scripts
/wiki/Wound-Healing-Tool




Experimental methods

Animals

Albino Wistar rats were obtained from the
animal facility of the University of Salamanca
(Servicio de Experimentacion Animal, SEA).
NOD/SCID mice and C57BL/6 mice were shipped
from Charles River to the animal facility of the
University of Salamanca at INCYL (SEA-
INCYL). At all locations, animals were housed on
a 12h/12h light/dark cycle and provided with food
and water ad libitum. Mice were maintained singly
from the start of the experiments, and were
monitored for signs of humane endpoints daily,
including changes in behavior and weight. All
animal procedures were approved by the ethics
committee of the University of Salamanca and the
Junta de Castilla y Le6én and were carried out in
accordance with European Community Council
directives (2010/63/UE), and Spanish law (RD
53/2013 BOE 34/11370-420, 2013) for the use

and care of laboratory animals.

Cells

G166 human GSCs were obtained from
BioRep (Okawa, et al. 2017). GL261 mouse
glioma cells were obtained from DSMZ.

Human GSCs were cultured in adherent
conditions (Pollard, et al. 2009; Jaraiz-Rodriguez,
et al. 2017b), in stem cell medium containing
medium

Dulbecco’s modified

(DMEM)/Nutrient

Eagle’s

Mixture F-12 Ham

supplemented with 1% Minimum Essential
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Medium-Non-Essential Amino Acids (MEM-
NEAA), 39 mM glucose, 1 mM L-glutamine,
0.07% [-mercaptoethanol, 121.8 ug/mL bovine
serum albumin (BSA), 1% B-27 supplement, 0.5%
N-2 supplement, 10 ng/ml epidermal growth factor
(EGF) , and 10 ng/ml basic fibroblast growth
factor (b-FGF). 4 pg/ml laminin was added to the
culture medium to promote cell adherence to the
culture surface. Cells were grown to confluence,
dissociated using Accutase, and then split to
convenience. Cells were counted using a Countess
Automatic Cell Counter, using specific protocols
for cell shape and size. Cells were observed using
an inverted microscope and we routinely used
cultures expanded for no more than 15 passages.
GL261 cells were grown adherently (GL261-
AC) in differentiation medium containing DMEM
supplemented with 10% fetal calf serum (FCS),
dissociated using trypsin/EDTA, and split to
convenience. Neurospheres (GL261-NS) were
obtained from GL261 adherent cultures as
previously described (Yi, et al. 2013) and cultured
in stem cell medium. Neurospheres were
dissociated using Accutase and subcultured at a
density of 10* cells/ml every 8-10 days. For
differentiation studies, neurospheres were cultured
in differentiation medium for the indicated times.
All culture media were supplemented with 50
U/ml penicillin G, 37.5 U/ml Streptomycin and
0.23 pg/ml Amphotericin B to avoid bacterial and

fungal contamination. Cells were maintained at



37°C in an atmosphere of 95% air/5% CO? and
with 90-95% humidity.

GL261 cells and G166 GSCs were stably
transfected with pcDNA3.1-mCherry plasmid (a
kind gift from C. Naus) using Lipofectamine 2000
Transfection Reagent according to manufacturer’s
instructions. Cells were plated at low density and
mCherry* colonies were selected and amplified.

For the indicated experiments, G166 cells
were labeled with 2 pL/ml PKH26 (Red
Fluorescent Cell kit) following manufacturer

instructions.

Astrocyte cultures

Primary astrocyte cultures were prepared from
the forebrains of 1-2-day-old Wistar rats or
C57BL/6 described
(Tabernero, Orfao, and Medina 1996). Briefly,

mice as previously

animals were decapitated, and their brains

immediately excised. After removing the
meninges and blood vessels, the forebrains were
placed in Earle’s balanced solution (EBS)
containing 20 pg/ml DNase I, and 0.3% (w/v)
BSA. The tissue was minced, washed, centrifuged,
and incubated in 0.025% trypsin and 60 pg/ml
DNase I for 15 minutes at 37 °C. Trypsinization
was terminated by the addition of DMEM
containing 10% FCS. The tissue was then
dissociated by passing it through a cell strainer and
the resulting cell suspension was centrifuged. The
cells were then resuspended in DMEM containing

10% FCS and plated on Petri dishes coated with
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10 mg/ml poly-L-lysine hydrobromide at a density
of 10° cells/cm?.

Except otherwise stated, cytosine-f3-
arabinofuranoside was added to the culture
medium of confluent astrocytes of at least 10 DIV
for 72 hours to avoid microglia proliferation.
Where indicated, 5 mg/ml clodronate liposomes
were added to the culture medium of astrocytes for
72 hours.

For astrocyte-GSC co-cultures, GSCs were
plated on confluent astrocytes of at least 21 DIV.
Co-cultures were maintained for the indicated
times in differentiation medium, stem cell medium
or a combination. Human G166-GSCs were plated
on top of rat astrocytes and GL261-GSCs were

plated on top of mouse astrocytes.

Organotypic Brain Slice Cultures

Organotypic brain slice cultures were
prepared as described (Polo-Hernéndez, et al.
2010). 350-um-thick brain slices were obtained
from 1-2-day-old Wistar rats and cultured onto cell
culture inserts for 19-20 days in organotypic
medium containing DMEM supplemented with
10% horse serum and glucose (33 mM final
concentration).

For GSC-organotypic brain slice co-cultures,
2,500 PKH26-labeled G166-GSCs were placed
onto each brain slice and allowed to engraft for 2
days prior to the experiment. GSC-organotypic
were maintained in

brain slice co-cultures

organotypic or stem cell medium, as indicated.



Intracranial implantation of glioma
cells

mCherry-GL261-GSCs were injected into 8-
week-old C57BL/6 mice. An equal number of
males and females was used.

Mice were anesthetized by isoflurane
inhalation, placed on a stereotaxic frame, and
window-trephined in the parietal bone. A
unilateral intracerebral injection to the right cortex
was performed with a Hamilton microsyringe. 1 ul
of physiological saline containing 5,000 cells was
injected at the following coordinates: 1 mm rostral
to lambda, 1 mm lateral, and 2 mm deep. To
minimize the inflammatory response from
damaged brain tissue due to the needle injection,
tumoral cells were slowly injected into the brain
and the needle was held in place for an additional
2 minutes before removal. Cellular suspensions
were kept on ice while the surgery was being
performed and allowed to temperate for five
minutes once loaded into the microsyringe.

At the indicated times, mice were anesthetized
with pentobarbital (120 mg/kg, 0.2 ml) and
transcardially  perfused with 15 ml of
physiological saline followed by 25 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). Brains were removed and cryoprotected by
immersion in a solution of 30% sucrose in

phosphate buffered saline (PBS) until they sank.
Then, 20-40 um-thick coronal sections were
obtained with a cryostat to be processed for
STAT3

immunostaining. For

immunofluorescence and single cell studies, mice
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were perfused with physiological saline only and
brains were snap-frozen in liquid nitrogen for 10
min and kept at -80 °C. Sections were obtained and
fixed with 4% paraformaldehyde for 25 minutes at

room temperature.

Tissue dissociation and sample

preparation for single-cell experiments

A tissue piece was collected from each brain
(see Results Fig. 20). Mice samples were kept
blinded during experimental handling and QC.

Each sample included tumor core and
peritumoral space. Nuclei suspensions from frozen
tissue were obtained using a density gradient
described

medium as

(https://www.protocols.io/view/nuclei-isolation-

prep-and-protocol-5gpvoneedi4o/vl). Tissue

pieces were mechanically digested in ice-cold
buffer containing protease and RNAse inhibitors
using a Dounce homogenizer and incubated in
0.35% IGEPAL® CA-630. Homogenized
solutions were filtered using a 40 pm-pore cell
strainer and carefully added to ultracentrifuge
tubes with layered 40% and 30% Iodixanol
solutions. Tubes were centrifuged at 10,000 g for
18 minutes and nuclei were collected from the
interface between 40% and 30% lodixanol
solutions.

Nuclei suspensions from fresh cells were
obtained following 10xGenomics protocol
(https://www.10xgenomics.com/products/nuclei-

Cells

isolation). and neurospheres were



dissociated using Accutase and lysed in lysis
buffer containing 0.3% IGEPAL® CA-630.
Nuclei were counted using a Countess
Automated Cell Counter and nuclei quality was
assessed in an inverted microscope. Cells and
nuclei were loaded with a target output of 6,000

nuclei per sample.

Treatments

Synthetic peptides (>85% pure) were obtained
from GenScript. YGRKKRRQRRR was used as
the Tat which enables the cell
penetration of peptides. The Tat-Cx43266-283
sequence was Tat-AYFNGCSSPTAPLSPMSP

(patent ID: WO2014191608A1). Tat-Cx4326.283-B

sequence,

has a biotin molecule fused at its C-terminus.

For in vitro and ex vivo studies, the peptides
were used at 50 or 100 uM as indicated, in culture
medium at 37°C for the indicated times. For in
vivo studies, 100 uM Tat or 100 uM Tat-Cx4 3.
283 was intracranially injected in 1 pl of
physiological saline together with the cells. For 28
day and survival experiments, 4 nmol/g Tat or Tat-
Cx43,66-283 Was intraperitonially injected twice per
week, starting on day 8 and until the end of the
experiment. An equivalent amount of saline was
injected to control mice.

1 uM of Src inhibitor dasatinib 1 uM of Jak
inhibitor ruxolitinib, or 0.1% (v/v) DMSO
(vehicle) were added to the culture media at 37°C
for the indicated times.

Laminin was added to the culture medium at

37°C for the indicated times at 4 pl/ml or the
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indicated concentration. Where indicated, 10

pg/ml anti-B1l-integrin was added to the culture

medium 30 minutes before.

Immunofluorescence

Cells and spheres were fixed in 4% (w/v)

paraformaldehyde for 15 minutes at room
temperature, rinsed in PBS and incubated for 1
hour in blocking/permeabilizing solution (PBS
containing 10% FCS, 0.1 M lysine, 0.02% sodium
azide, and 0.1% Triton X-100). Organotypic brain
slices were fixed in 4% (w/v) paraformaldehyde
for 25 minutes at room temperature, rinsed in PBS
and incubated in blocking/permeabilizing solution
for 24 hours at 4°C. For in vivo studies, sections
were rinsed in PBS and incubated for 2 hours in
(PBS
containing 1% BSA, 0.02% sodium azide, and

0.2% Triton X-100). For STAT3 staining, cells

BSA-blocking/permeabilizing  solution

and slices were incubated in 100% methanol for 20
minutes at -20°C to permeabilize cell membranes.

Samples were incubated overnight at 4°C with
the indicated primary antibody (Table 1), washed,
and incubated for 75 minutes (cells, spheres and
organotypic brain slices) or 2 hours (brain
sections) with the corresponding fluorophore-
conjugated secondary antibody (Table 2) at room
temperature. Antibodies were prepared in
blocking/permeabilizing solution. For STAT3
immunofluorescence, samples were incubated for
at least 48 hours at 4°C. Nuclear DNA was stained
with 1 pg/ml DAPI for 4 minutes or TO-PRO™ -3

Iodide for 10 minutes.



General discussion

Protein Host Concentration
[-catetin Mouse 1:400
GFAP Mouse 1:500
GFAP Mouse 1:500
Map?2 Mouse 1:500
N-cadherin Rabbit 1:200
Sox?2 Rabbit 1:500
Src

STATS3 alpha Rabbit 1:400
STATS3 phospho-Y705 Rabbit 1:100
o-tubulin Mouse 1:500

Table 1. Primary antibodies used for immunofluorescence.

Protein Host Fluorophore Concentration (cells/slices)
Rabbit IgG Goat Alexa Fluor 750  1:1000/1:500
Rabbit IgG Goat Alexa Fluor 647 1:1000/1:500
Rabbit IgG Goat Alexa Fluor 594  1:1000/1:500
Rabbit IgG Goat Alexa Fluor 488 1:1000/1:500
Mouse IgG Goat Alexa Fluor 647 1:1000/1:500
Mouse IgG Goat Alexa Fluor 594 1:1000/1:500
Mouse IgG Goat Alexa Fluor 488 1:1000/1:500

Table 2. Secondary antibodies used for immunofluorescence.

For Tat-Cx43266.283-B internalization
experiments, samples were incubated with 3.6
pg/ml Cy2-Streptavidin for 75 minutes (Jaraiz-
Rodriguez, et al. 2017a).

Samples were mounted using SlowFade™
Gold Antifade Mountant and imaged on an

inverted Zeiss Axio Observer Z1 microscope for
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Live-Cell Imaging coupled to an Axio-Cam MRm
camera and Zeiss Apotome (optical sectioning
illumination

structured microscopy;

https://www.zeiss.com/microscopy/int/solutions/r

eference/all-tutorials/optical-sec-

tioning/apotome-operation.html), or a Stellaris 8




Confocal Microscope with a pinhole aperture of 1

Airy Unit.

MTT Assay

Cells and neurospheres were incubated in
culture medium containing 0.5 mg/ml MTT for 75
minutes. Medium was removed and DMSO was
added and incubated for 10 minutes in the dark
with mild shaking. Neurospheres were spined-
down before removing the medium. The
absorbance at 570 nm was measured using a

microplate reader.

SA-B-Gal assay

Senescence-associated ~ (SA)-B-Gal  was

assayed as previously described (Debacq-
Chainiaux, et al. 2009). Briefly, cells were fixed in
4% (w/v) paraformaldehyde for 5 minutes at room
temperature, rinsed in PBS and incubated in
staining solution (40 mM citric acid/Na phosphate
buffer, 5 mM Ki[Fe(CN)¢]3H.O, 5 mM
K;5[Fe(CN)s], 150 mM sodium chloride, 2 mM
magnesium chloride and 1 mg/ml X-gal in distilled
water), for 24 hours at 37°C and no CO,, After the
staining, cells were washed with PBS and viewed

by bright microscopy, and the number of blue (SA-

B-Gal*) cells was counted.

Wound-healing assay

A scratch was inflicted to confluent astrocyte
monolayers using a 200 ul pipette tip. Then, the
added. Phase-

corresponding treatment was
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contrast photomicrographs were taken at 0, 2, 6,
20, 24, and 48 hours after the scratch was made on
a Leica inverted fluorescence microscope
connected to a digital video camera (Leica DC
100). Images were analyzed using the MRI
wound-healing tool for Fiji to detect the cell-free

gap area.

Protein extraction and quantification

Cells were washed with PBS and lysed in lysis
buffer (5 nM Tris-HCI, pH 6.8; 2% SDS (w/v); 2
mM EDTA; 2 mM EGTA; 1 mM PMSF; 0.1%
NaF; 0.1% sodium orthovanadate; 1 pl/ml (v/v)
Protease Inhibitor Cocktail Set III). Lysates were
heated for 5 minutes at 99°C, sonicated for 5
minutes, and centrifuged at 14,000 x g for 15
minutes. The amount of protein present in each
sample was quantified using Bradford Assay or
Pierce™ BCA Protein Assay Kit, following
manufacturer’s instructions.

Lysates were mixed with Laemli buffer (0.18
M Tris-HCI, pH 6,8; 5 M glycerol; 3.7% (w/v)
SDS; 0.6 M B-mercaptoethanol or 9 mM DTT;
0.04% (v/v) bromophenol blue) at a 3:1 ratio.
Lysates were kept at -80°C or at -20°C once mixed

with Laemli buffer.

Western blotting

Western blotting was performed as previously
described (Herrero-Gonzélez, et al. 2010). Briefly,
equivalent amounts of proteins were separated on
NuPAGE™ Novex Bis-Tris (4-12%) midigels
using NuPAGE™ MOPS SDS Running Buffer.



Electrophoresis was performed at a constant
voltage between 90 and 120 V. Nitrocellulose
membranes were equilibrated in NuPAGE transfer
buffer with 10% (v/v) methanol and proteins were
transferred using an iBlot dry blotting system with
a constant voltage of 23 V for 6 minutes.
Membranes were blocked for 1 hour in 20 mM
Tris-buffered saline buffer (TBS, pH 7.5) with 1%
Tween, and 5% (w/v) nonfat dry milk and

incubated overnight at 4°C with the primary

were incubated with the corresponding
peroxidase-conjugated  secondary  antibodies
(Table 4) and developed with a chemiluminescent
substrate in a MicroChemi imaging system.
Densitometry analysis of the bands was performed
using Fiji software. Whole membranes were
incubated with 10% (v/v) Ponceau red was used to
determine the total amount of protein loaded.
Molecular weight was determined by comparison

with the Precision Plus Protein Dual Color

antibodies (Table 3) prepared in TBS with 1% Standards.
Tween. After extensive washing, the membranes

Protein Host Concentration
[-actin Mouse 1:5000
o-actinin Mouse 1:1000
Akt Rabbit 1:1000
Akt phospho-S473 Rabbit 1:2000
[-catetin Mouse 1:1000
Cx43 Mouse 1:200
Erk Rabbit 1:1000
Erk phospho-T202-Y204 Mouse 1:500
GAPDH Mouse 1:5000
GFAP Mouse 1:500
GFAP Rabbit 1:1000
Id1 Rabbit 1:500
IL-6 Mouse 1:100
Laminin Rabbit 1:1000
Map2 Mouse 1:1000
N-cadherin Rabbit 1:500
NG2 Rabbit 1:250
PD-L1/CD274 Mouse 1:5000
PCNA Mouse 1:200
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PTEN Mouse 1:500
Sox?2 Rabbit 1:500
Src Rabbit 1:500
Src phospho-Y416 Rabbit 1:250
STAT3 alpha Rabbit 1:2000
STATS3 phospho-Y705 Rabbit 1:2000
STATS3 phospho-S727 Mouse 1:200
a-tubulin Mouse 1:5000
BII-tubulin Mouse 1:1000
MMP2 Mouse 1:500
MBP Mouse 1:100
Nestin Mouse 1:100
NeuN Mouse 1:1000
MGMT Mouse 1:1000

Table 3. Primary antibodies used for western blotting.

Protein Host Concentration
Mouse 1gG Goat 1:2500
Rabbit IgG Goat 1:5000

Table 4. Secondary antibodies used for western blotting.

RNA extraction

RNA was extracted from cells or brains using
Trizol Reagent according to manufacturer’s
instructions. Briefly, 0.2 chloroform volume was
added to each Trizol volume and tubes were
vigorously agitated for 15 seconds and incubated
for 3 minutes. Samples were then centrifuged at
12,000 x g for 15 minutes. The upper aqueous
phase was collected and 0.5 volumes of isopropyl
were added to precipitate RNA. Supernatant was
removed and precipitated RNA was washed with

1 volume of 75% (v/v) ethanol. Samples were then

51

centrifuged for 5 minutes at 7,500 x g at 4°C.
Precipitated RNA was dissolved in DEPC H,O for
10 minutes at 55°C. 0.05 volumes of Rnasin®
Ribonuclease Inhibitor per final volume of
resuspended RNA was added. Genomic DNA was
removed using Turbo DNA-Free Kit, according to
manufacturer’s instructions. Samples were kept at

-80°C. RNA was quantified in a Nanodrop 2000.

RT-PCR

cDNA was obtained from mRNA using

SuperScriptll Reverse Transcriptase, following



manufacturer’s instructions. Briefly, 1 nug RNA
was mixed with 200 ng random hexamer primers
in a final volume of 11 ul DEPC-H,O and
incubated for 10 minutes at 70°C, followed by 2
minutes on ice. Then, a mix of 10 mM
deoxyribonucleotides (dNTPs), 1 pl RNAsin®
Ribonuclease Inhibitor, 2 pul DTT, and 0.66 pl
transcriptase was added. Volume was completed
to 20 pl with DEPC H,O. The cycling conditions
for RT-PCR were: 20°C for 10 minutes, 42°C for
45 minutes, 99°C for 5 minutes.

cDNA from mRNAs of interests was PCR-

amplified using specific oligonucleotides (Table

Transcript Sequences

5). 200 pg cDNA was mixed with the
corresponding oligonucleotides (1 uM final
concentration), 12.5 10 pl PCR master mix, and
DEPC H>O to a final volume of 25 ul. The cycling
conditions for amplification were: 94°C for 5 min;
94°C for 30 s, 59°C for 45 s, 72°C for 60 s for 40
cycles; 72 °C for 5 min. PCR products were
separated on a 2.5 % (w/v) agarose gel containing
Syber Safe DNA gel stain and visualized by UV-
illumination. Gels were made and run in Tris-
borate-EDTA (TBE) buffer. Molecular size was
determined by comparison with the 50 bp or the
100 bp DNA Ladder.

TrkB.FL (mouse)

Common forward: AGCAATCGGGAGCATCTCT

Reverse: CTGGCAGAGTCATCGTCGT

TrkB.T1 (mouse)

Common forward: AGCAATCGGGAGCATCTCT

Reverse: TACCCATCCAGTGGGATCTT

TrkB.T2 (mouse)

Common forward: AGCAATCGGGAGCATCTCT

Reverse: TCATGAGCCAAAAATGAGTCC

Bdnf (mouse)

Forward: CGACATCACTGGCTGACACT

Reverse: CAAAGGCACTTGACTGCTGA

Ntf5 (mouse)

Forward: TGGCTCATCAAAACGGACGA

Reverse: CAGATGAGTACCACCGTGCA

Gapdh

Forward: ATCCTGCACCACCAACTGCT

Reverse: GGGCCATCCACAGTCTTCTG

Table 5. Oligonucleotides used for PCR-amplification. FL: full-length, T1: truncated isoform 1, T2: truncated

isoform 2.

siRNA transfection

18-21 DIV astrocytes were transfected with 50

nM validated non-targeting siRNA or with a pool

of 3 STAT3-specific siRNA. siRNAs were diluted
in Opti-MEM™ | incubated for 5 minutes, and
mixed with 2.5 pl/ml Lipofectamine 2000
Transfection Reagent diluted in OptiMEM™



medium, according to the manufacturer’s
instructions. Mix was performed drop by drop
with gentle vortex agitation and incubated for an
additional 20 minutes. Culture medium was
replaced with antibiotic-free medium and 200
pul/ml mix was gently added drop by drop to
minimize breakage of the complexes. Medium
containing siRNAs was replaced with antibiotic-
containing fresh medium 8 hours after
transfection. The reduction in protein expression

was assessed by western blot.

FACS sorting

All protocols used in this study are described
in detail elsewhere (Consortium 2018), including
preparation of lysis plates, FACS sorting, cDNA
synthesis the
(Darmanis, et al. 2015; Picelli, et al. 2013), library

using Smart-Seq2  protocol
preparation using an in-house version of Tn5
(Hennig, et al. 2018; Picelli, et al. 2014), library
pooling and quality control, and sequencing. For
further refer to

details please

https://doi.org/10.17504/protocols.io.2uwgexe.

Single-cell suspensions were sorted by a
SONY SHS800 Cell Sorter. All events were gated
with forward scatter-area (FCS-A)/side scatter-
area (SSC-A) and FCS-height (FCS-H)/FCS-
width (FCS-W). Single cells were sorted in 96-
well plates containing 4 pL lysis buffer (4U
Recombinant RNase Inhibitor, 0.05% Triton X-
100, 2.5 mM dNTP mix, 2.5 uM Oligo-dT30VN
(5™
AAGCAGTGGTATCAACGCAGAGTACT30V

53

N-3'), spun down for 2 min at 1,000 x g, and snap
frozen. Plates containing sorted cells were stored
at —80°C until processing.

Reverse transcription and PCR amplification
were performed according to the Smart-seq2
protocol described previously (Picelli, et al. 2013).
In brief, 96-well plates containing single-cell
lysates were thawed on ice followed by incubation
at 72°C for 3 min and placed immediately on ice.
Reverse transcription was carried out after adding
6 pL of reverse transcription-mix (100 U
SMARTScribe Reverse Transcriptase (Takara
Bio), 10 U Recombinant RNase Inhibitor (Takara
Bio), 1x First-Strand Buffer (Takara Bio), 8.5 mM
DTT (Invitrogen), 0.4 mM betaine (Sigma), 10
mM MgCl, (Sigma), and 1.6 pM TSO (5'-
AAGCAGTGGTATCAACGCAGAGTACATIG
rG+G-3") for 90 min at 42°C, followed by 5 min at
70°C. Reverse transcription was followed by PCR
amplification. PCR was performed with 15 pL
PCR mix (1x KAPA HiFi HotStart ReadyMix),
0.16 uM ISPCR oligo (5'-
AAGCAGTGGTATCAACGCAGAGT-3'), and
0.56 U Lambda exonuclease according to the
following thermal-cycling protocol: (1) 37°C for
30 min; (2) 95°C for 3 min; (3) 21 cycles of 98°C
for 20 s, 67°C for 15 s, and 72°C for 4 min; and
(4) 72°C for 5 min. PCR was followed by bead
purification using 0.7x AMPure beads, capillary
electrophoresis, and smear analysis using a
Fragment Analyzer. Calculated smear

concentrations within the size range of 500 and

5,000 bp for each single cell were used to dilute



samples for Nextera library preparation as

described previously (Darmanis, et al. 2015).

Microfluidic droplet single-cell analysis

Single cells or nuclei were captured in droplet
emulsions using the Chromium instrument (10x
Genomics) and scRNA-seq libraries were
constructed as per the 10x Genomics protocol
using GemCode Single-Cell 5’ Bead and Library
kit. Single nuclei were processed using the 10x
Multiome ATAC + Gene Expression kit.

All reactions were performed in the Biorad
C1000 Touch Thermal cycler with 96-Deep Well
Reaction Module. The number of cycles used for
cDNA amplification and sample index PCR was
determined following 10x guidelines. Amplified
cDNA and final libraries were evaluated on a
TapeStation System using a High Sensitivity
D5000 ScreenTape. The average fragment length
of the libraries was quantitated on a TapeStation
System, and by qPCR with the Kapa Library
Quantification kit for [llumina. Each library was
diluted to 2 nM and equal volumes of up to 8
libraries were pooled for each sequencing run.
Pools were sequenced with X cycle run kits with
B bases for Read 1, X bases for Index 1, and 90
bases for Read 2. A PhiX control library was
spiked in at 1%. Libraries were sequenced on a
NovaSeq 6000 or a NextSeq 2000 Sequencing

System (Illumina).

Computational methods
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Image analysis

Images were analyzed using Fiji Software. For
in vitro and ex vivo experiments, details of the
image analysis are specified in the corresponding
figure legend. Were indicated, maximum 2z
projections were obtained from confocal stack

images.

Sequencing data extraction and pre-
processing

Sequences de-multiplexed  using

bel2fastq v2.19.0.316. Reads were aligned to the

were

mm10plus genome using STAR v2.5.2b with
parameters TK. Gene counts were produced using
HTSEQ v0,6,1p1 with default parameters, except
‘stranded’ was set to ‘false’, and ‘mode’ was set to
‘intersection-nonempty’.

Sequences from the microfluidic droplet
platform were de-multiplexed and aligned using
CellRanger v2.0.1, with default parameters.

Gene count tables were combined with the
metadata variables using the Scanpy Python
package v.1.4.2. We removed genes that were not
expressed in at least 3 cells and then cells that did
not have at least 250 detected genes. For FACS we
removed cells with fewer than 5,000 counts, and
for the droplet method we removed cells with
fewer than 2,500 unique molecular identifiers
(UMlIs). The data was then normalized using size
factor normalization such that every cell has
10,000 counts and log transformed. We computed
highly variable genes using default parameters and

then scaled the data to a maximum value of 10. We



then computed principal component analysis,
neighborhood graph and clustered the data using
the Leiden algorithm (Traag, Waltman, and van
Eck 2019). The data was visualized using UMAP
projection (Becht, et al. 2018). When performing
batch correction to remove the technical artifacts
introduced by the technologies, we replaced the
neighborhood graph computation with bbknn
(Polanski, et al. 2020).

Statistical Analyses

The number of technical replicates and
independent experiments is indicated for each
experiment in its corresponding figure or figure
legend and was determined according to the
previous experience of the research group.

For comparison between two groups, data
were analyzed by two-tailed Student’s t-test.
When more than two groups were compared, data
were analyzed by one-way ANOVA, and
confidence intervals and significance were
corrected for multiple comparisons with the Tukey

test.
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General discussion

Glioblastoma is an aggressive tumor with very
poor prognosis. The standard of care for patients
with this harmful malignancy has remained almost
invariable for the last 20 years, and the urgent need
to find new effective therapies is challenged by the
unique characteristics of glioblastoma, including
high intra and intertumoral heterogeneity and an
extraordinarily infiltrative potential, accompanied
by an immunosuppressive TME (Perrin, et al.
2019). Several strategies have been proposed to
advance knowledge towards curing glioblastoma:
the use of neuroscience research, understanding
the TME, development of accurate preclinical
models, and studies of potential drug targets for
precision medicine (Aldape, et al. 2019). In this
PhD Thesis, we aim to address some of the actual
challenges by focusing on the study of the
relationship of tumor cells with the astrocytes in
their TME, developing and characterizing a
syngeneic preclinical model of glioblastoma, and
gaining deeper understanding of the mechanism of
action of Tat-Cx43,¢6.253 as a Src-targeted therapy.
To achieve these goals and with the purpose of
obtaining comprehensive  information, we
combine classical cell and molecular biology
techniques with high-throughput state-of-the art
single-cell technologies.

Over the last years, immunotherapy has

gained importance in the treatment of different
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types of cancer, including brain tumors (Waldman,
Fritz, and Lenardo 2020; D'Errico, Machado, and
Sainz 2017; Sanders and Debinski 2020).
However, the efficacy of immunotherapeutic
strategies in glioblastoma is low and a better
knowledge of the neuroimmune system is needed
to improve its prospects (Bausart, Préat, and
Malfanti 2022). Glioblastomas hijack different
cell types in the brain TME to support tumor
progression, via secreted molecules and vesicles,
but also direct communication through gap
junctions and tunnelling nanotubes and microtubes
(Broekman, et al. 2018). Tumor cells thwart the
immune response, causing a state of reduced T cell
effector function commonly known as T cell
exhaustion (Woroniecka and Fecci 2018).
Understanding how immune cells enter the brain
and what mechanisms the tumor utilizes to
suppress the immune response lays the
groundwork for the application of new strategies
that mobilize an effective anti-tumoral immune
response. Unfortunately, human glioblastoma
cells cannot be used to achieve this goal, given that
fully immunocompetent animal models must be
used. To overcome this limitation of PDX
implantation, humanized mouse  models,
consistent in immunodeficient mice with a human
immune system, are gaining importance. These

models can be generated with peripheral blood



mononuclear cells (PBMCs) derived from the
same patient, recreating their immune system
(Buqué and Galluzzi 2018), however, the
interaction between cells from different genetic
backgrounds is still present. In this respect,
immunocompetent models such as the widely used
GL261 model present the advantage of permitting
implantation into completely immunocompetent
mice with an intact immune system that can be
interrogated. As every other, the GL261 model is
not perfect and poses some drawbacks worth
noting, primarily a high mutational load and
elevated immunogenicity compared to human
glioblastomas (Johanns, et al. 2016). This may
explain the failure in clinical trials of
immunotherapy studies that were successful in the
GL261 model (Genoud, et al. 2018; Maes and Van
Gool 2011; Filley, Henriquez, and Dey 2017). A
wise model selection is crucial when analyzing
tumor biology and testing therapeutic strategies.
The application of state-of-the-art sScRNA-Seq has
provided tremendous insights into glioblastoma
heterogeneity (Patel, et al. 2014; Caruso, et al.
2022; Neftel, et al. 2019; Darmanis, et al. 2017).
The in-depth characterization of the GL261-NS—
C57BL/6 model using scRNA-Seq and snRNA-
Seq carried out in this study contributes to
clarifying its biology and will provide researchers
with tools for the proper application of this model
in preclinical studies and the interpretation of the
results obtained from it. Notably, our results show
how this model recapitulates most of the hallmarks

of human glioblastoma.
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The use of targeted therapies is at the forefront
of cancer treatment. However, most clinical trials
of targeted therapies against glioblastoma have
failed due to the appearance of resistance after
long-term use, which leads to rapid disease
progression and tumor recurrence (Jain 2018).
This is likely to be a result of the number of
pathways altered and implied in the development
of glioblastoma. Thus, the field is moving towards
the application of combined therapies to
simultaneously attack multiple targets. In this
respect, Tat-Cx43y6283 treatment favors the
response to TMZ, arguing in favor of a beneficial
combination of both drugs. Oncogenic driver
mutations often create a dependency on the
signaling of the affected pathway (Weinstein
2002). With this basis, nearly all targeted cancer
therapies today relay on this phenomenon of
“oncogene addiction”, as it is the case for BRAF
inhibitors in BRAF"%E mutant melanoma, ABL
in BCR-ABL translocated chronic

HER?2

inhibitors
myeloid leukemia, trastuzumab in
amplified breast cancer, or EGFR inhibitors in
EGFR mutant lung cancer (Sun and Bernards
2014). Therapies directed against an oncogene,
however, bring the problematic of the appearance
of acquired resistance, and do not translate into a
meaningful overall survival. Noteworthy, it has
been observed in patients the so-known “drug
holiday effect”, by which patients that have
developed resistance to a treatment show a
stabilization of the tumor, or even a decline, when
the therapy is discontinued (Szakécs, et al. 2014;

Imamovic and Sommer 2013). This suggests that



resistant cells have developed a new vulnerability,
which can be exploited as a new target, making a
point for the characterization of the mechanisms of
acquired resistance. Tat-Cx4366.283- and TMZ-
resistant GSCs generated in this Thesis can serve
as a useful tool to design rational therapies
strategies of drug combination.

The data presented in this work, together with
previous observations (Jaraiz-Rodriguez, et al.
2020; Pelaz, et al. 2020), confirm that Tat-Cx4 346
283 does not have deleterious effects on healthy
cells, constituting an advantage over other Src
inhibitors. Because healthy astrocytes might play
an important role during brain tumor treatment, it
could be speculated that that deleterious effect of
dasatinib in healthy astrocytes might be involved
in the lack of positive results in clinical trials for
glioblastoma (Galanis, et al. 2019). Tat-Cx43266-283
does, however, affect malignant cells while it
modulates astrocyte activation, compromising the
communication between tumor cells and the TME.
STAT3 is a point of convergence for multiple
signaling pathways with oncogenic potential, and
is constitutively activated in tumor cells and
immune cells in the TME, constituting a key node
in the crosstalk between tumor cells and their
microenvironment (Yu, Pardoll, and Jove 2009;
Yu, Kortylewski, and Pardoll 2007). In fact,
STAT3 has emerged as a promising target and
multitude of studies have focused on its inhibition
as a therapeutic strategy against cancer, including
brain metastases (Priego, et al. 2018). In this study,
we show that astrocytes respond to glioblastoma

cells by activating STAT3. Interestingly, we found
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that laminin, through integrin receptors, promotes
areciprocal signaling activation of STAT3 and Src
in TAAs, triggering the subsequent signaling
Tat-Cx4326.283, by
efficiently inhibits STAT3 in TAAs, decreasing

cascade. inhibiting  Src,
expression of hallmark proteins of the reactive
astrocyte phenotype. This new role adds on value
to Tat-Cx4326.283, complementing that in
malignant cells, disrupting the communication
between tumor cells and TAAs and ultimately
leading to decreased tumor proliferation,
migration, and invasion (Jaraiz-Rodriguez, et al.
2020).

In summary, the research conducted in this
Thesis provides meaningful insights into the
biology of the C57BL/6—GL261 model, the
mechanisms of glioblastoma-TME
communication, and the value of Tat-Cx43y for

glioblastoma therapy.
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a b Tat-Cx4366.283

Glioblastoma cell Astrocyte

Survival
Proliferation
Migration
Invasion

Tumor progression

Scheme 9. Proposed mechanism for Tat-Cx43,¢6.253 the inhibition of glioblastoma-astrocyte communication.
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Different in vitro, ex vivo and in vivo models show that Tat-Cx43,66.283 is taken up by reactive

astrocytes affecting their phenotype and response to tumor cells or injury.

GSCs obtained from mouse GL261 cells present high Src activity, analogously to human GSCs.
Treatment with Tat-Cx43a66.283 inhibits Src activity, neurosphere-forming ability, MTT reduction

potential, and tumor-forming capacity of GL261 GSCs.

Differentiated GL261 cells exhibit high levels of the neurotrophin receptor TrkB, while GSCs
obtained from GL261 cells upregulate BDNF, which is compatible with the reported neurotrophin

feedback loop between the stem and differentiated tumor cell populations that favors tumor growth.

Tat-Cx43566.283 shifts the phenotype of GL261 GSCs towards an oligodendrocyte-like phenotype
with increased TMZ sensitivity, arguing in favor of a beneficial combination of both drugs for
glioblastoma therapy. Indeed, when GL261 GSCs acquire Tat-Cx4326s.283 or TMZ resistance after
the exposure to prolonged and increasing concentrations of these drugs, some of the resistant clones

become sensitive to the other drug.

The implantation of GL261 GSCs in the brain of syngeneic mice originates tumors that recapitulate
the hallmarks of human glioblastoma, including high cellularity, heterogenicity, development of a
necrotic core, presence of pseudopalisades in the infiltrating rims, and an extensive astrocytic

response.

In vitro and in vivo glioblastoma preclinical models show that astrocytes respond to glioblastoma
cells by activating the transcription factor STAT3, as judged by increased expression,

phosphorylation at tyrosine 705 and nuclear translocation.

Our study unveils a new role for laminin in the activation of STAT3 in tumor-associated astrocytes.
Indeed, laminin, through integrin receptor, promotes a reciprocal signaling activation of STAT3
and Src that results in increased levels of the hallmark astrocyte proteins GFAP, N-cadherin, -

catenin, o.-actinin, MMP-2, and Cx43.

Tat-Cx43266-283, through Src inhibition, impairs STAT3 activation triggered by glioblastoma cells

and laminin in astrocytes, which contributes to its antitumor effect. Importantly, most of these
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results were confirmed by immunohistochemistry, Western blot and sc-RNAseq in vitro, ex vivo

and in the in vivo syngeneic model of glioblastoma developed and characterized in this PhD thesis.

Final conclusion

The results presented in this PhD Thesis confirm the anti-tumoral effect of Tat-Cx43,66263 on the
inhibition of GSCs and uncover a new role for this peptide on targeting the reactive astrocytes in the tumor
microenvironment, disrupting the communication between glioblastoma cells and astrocytes, and favoring
a better outcome. These discoveries reinforce the idea that glioblastomas develop in a complex brain
environment where the different components should be considered when aiming to design an effective

therapy and supports the use of Tat-Cx43246.283 for the treatment of glioblastoma.

Conclusion final

Los resultados presentados en esta Tesis Doctoral confirman el efecto antitumoral de Tat-Cx43266.283 €n
la inhibicion de las células madre de glioblastoma y revelan un nuevo papel de este péptido sobre los
astrocitos del microambiente tumoral. El tratamiento con Tat-Cx4326s.283 compromete la comunicacion entre
las células tumorales y los astrocitos, favoreciendo un mejor desenlace. Estos descubrimientos refuerzan la
idea de que los glioblastomas se desarrollan en un ambiente complejo, cuyos diferentes components deben
ser tenidos en cuenta con el fin de desarrollar un tratamiento efectivo, y apoya el uso de Tat-Cx4 3266283 €n

el tratamiento de estos fatales tumores.
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Connexin43 peptide, TAT-Cx43

selectively targets
glioma cells, impairs malignant growth, and enhances
survival in mouse models in vivo
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Abstract

Background. Malignant gliomas are the most frequent primary brain tumors and remain among the most incur-
able cancers. Although the role of the gap junction protein, connexin43 (Cx43), has been deeply investigated in
malignant gliomas, no compounds have been reported with the ability to recapitulate the tumor suppressor prop-
erties of this protein in in vivo glioma models.

Methods. TAT-Cx43,, ,., a cell-penetrating peptide which mimics the effect of Cx43 on ¢-Src inhibition, was studied
in orthotopic immunocompetent and immunosuppressed models of glioma. The effects of this peptide in brain
cells were also analyzed.

Results. While glioma stem cell malignant features were strongly affected by TAT-Cx43,, ..., these properties were
not significantly modified in neurons and astrocytes. Intraperitoneally administered TAT-Cx43,, ,., decreased the
invasion of intracranial tumors generated by GL261 mouse glioma cells in immunocompetent mice. When human
glioma stem cells were intracranially injected with TAT-Cx43,,. ... into immunodeficient mice, there was reduced
expression of the stemness markers nestin and Sox2 in human glioma cells at 7 days post-implantation. Consistent
with the role of Sox2 as a transcription factor required for tumorigenicity, TAT-Cx43,, ,., reduced the number and
stemness of human glioma cells at 30 days post-implantation. Furthermore, TAT-Cx43,, ,., enhanced the survival
of immunocompetent mice bearing gliomas derived from murine glioma stem cells.

Conclusion. TAT-Cx43,,, ... reduces the growth, invasion, and progression of malignant gliomas and enhances the
survival of glioma-bearing mice without exerting toxicity in endogenous brain cells, which suggests that this pep-
tide could be considered as a new clinical therapy for high-grade gliomas.

Key Points

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
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Importance of the Study

Malignant gliomas are the most frequent and ag-
gressive primary brain tumors. Here, we reveal
that TAT-Cx43,s ..., an inhibitor of Src based on
connexin43, selectively targets glioma cells, impairs
the growth of these tumors in vivo, and enhances the
survival of glioma-bearing mice. While glioma cells
were strongly affected by TAT-Cx43, ..., the toxicity
in neurons and astrocytes was notably lower than that
found with dasatinib, another c-Src inhibitor currently
used in glioma clinical trials. Intraperitoneally ad-
ministered TAT-Cx43,.; ,.. decreased the invasion of

Malignant gliomas are among the most incurable cancers,
with a median survival rate of 1-2 years.' These tumors are
composed of a heterogeneous population of cells, including
many with stem cell-like properties, called glioma stem
cells (GSCs). GSCs are characterized by their self-renewal
capacity, high oncogenic potential, resistance to standard
therapies,?? and high invasive capacity.*®

Connexind3 (Cx43) is a protein that forms gap junction
channels and hemichannels playing important roles in cel-
lular communication.? Cx43 interacts with a plethora of
intracellular signaling partners,” such as ¢-Src,® which is
a proto-oncogene that regulates a wide range of cellular
events related to cancer.>"" Indeed, in astrocytes, ectopic
expression of v-Src, the active viral form of Src, promotes
the development of astrocytomas.'?

In the context of gliomas, Cx43 has been traditionally con-
sidered a tumor suppressor protein because itis downregulated
in malignant glioma cells,'® including GSCs,"”-"® compared
with astrocytes,? and because the ectopic expression of Cx43
in glioma cells reduces their rate of proliferation?’ and tumor
formation in vivo.?2 Among other mechanisms, Cx43 exerts
its antitumor effects through the recruitment of c-Src together
with its endogenous inhibitors, C-terminal Src kinase (CSK) and
phosphatase and tensin homolog (PTEN), which inhibit the ac-
tivity of c-Src.22* Because c-Src is overactivated in malignant
gliomas,?® the ectopic expression of Cx43 might have beneficial
effects on glioma therapy. However, connexins can also play
pro-tumorigenic roles in glioma.? Indeed, Cx46 is upregulated
in GSCs and required for their maintenance."” In addition, res-
toration of Cx43 in glioma cells can favor glioma invasion.?6?
These studies indicate that very specific Cx-related tools should
be used to target glioma.

Consequently, instead of the whole protein we used
the region of Cx43 responsible for Src inhibition' (amino
acids 266 to 283), fused to the transactivator of transcrip-
tion (TAT) cell-penetrating sequence (TAT-Cx43,., ,o.).
We found that TAT-Cx43,, ,., retained the ability to re-
cruit ¢-Src, CSK, and PTEN,?* leading to c¢-Src inhibition
in a broad spectrum of glioma cells. TAT-Cx43,, ,o., by
inhibiting c-Src, reduces the expression of markers of
stemness, such as Sox2, neurosphere formation, prolifer-
ation, migration, and invasion in GSCs, including primary
GSCs derived from patients and freshly removed surgical
specimens.'828

impairs glioma growth in vivo

intracranial tumors generated by murine glioma cells
in immunocompetent mice. When human glioma stem
cells were intracranially injected with TAT-Cx43,.; ...
into immunosuppressed mice, there was reduced
expression of stemness markers and reduced tu-
morigenicity of these glioma cells. Furthermore,
TAT-Cx43,¢, ., €nhanced the survival of immunocom-
petent mice bearing gliomas derived from murine
glioma stem cells. Our results highlight the impor-
tance of this compound for the design of new ther-
apies against gliomas.

However, TAT-Cx43,, ,o, toxicity in nontumor cells and
in vivo effects remain unknown, hampering potential clin-
ical applications. Therefore, in this study we explored the
effects of TAT-Cx43,, 5, in neurons and astrocytes and
compared them with those of other c-Src inhibitors cur-
rently being evaluated in clinical trials (https:/clinicaltrials.
gov/ct2/show/NCT00895960, https://clinicaltrials.gov/ct2/
show/NCT00423735, and https://clinicaltrials.gov/ct2/show/
study/NCT00892177). Once we confirmed the lack of toxic
effects of TAT-Cx43,4, .4, in healthy brain cells, we investi-
gated the antitumor effects of TAT-Cx43,, ,., in vivo in 3
mouse models of glioma using mouse glioma cells, mouse
GSCs, and human GSCs.

Methods

For details of media and protocols, see the Supplementary
Material.

Animals

Albino Wistar rats, nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mice, and C57BL/6 mice
were obtained from the animal facility of the University of
Salamanca and the University of British Columbia.The an-
imal procedures were approved by the ethics committee
of the University of Salamanca and the Junta de Castilla
y Ledn and were carried out in accordance with European
Community Council directives (2010/63/UE), Spanish
law (RD 53/2013 BOE 34/11370-420, 2013) for the use and
care of laboratory animals, and the University of British
Columbia Animal Care Committee (protocol number: A14-
0183) and performed in accordance with the guidelines es-
tablished by the Canadian Council on Animal Care.

Cell Culture

Primary astrocytes and neurons were cultured as de-
scribed.?® Human G166 GSCs were obtained from Dr Steven
Pollard (Medical Research Council Centre for Regenerative
Medicine, University of Edinburgh) or BioRep (Milan, Italy)
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and cultured in adherent conditions.?® For the indicated
experiments, cells were labeled with 2 pL/mL PKH26 (Red
Fluorescent Cell kit, Sigma-Aldrich) for 5 min. GL261-GSCs
were obtained from GL261 cells as previously described.3°

For GSC-astrocyte cocultures, 25000 GSCs/cm? were
cultured on top of confluent astrocytes and allowed to in-
tegrate for 72 h.

Mouse GL261 glioma cells (National Cancer Institute—
Frederick Division of Cancer Treatment and Diagnosis)
and GSCs were transfected with pcDNA-mCherry plasmid
using Lipofectamine 2000 (Invitrogen) as described.?®

Organotypic Brain Slice Cultures

Organotypic brain slice cultures were prepared as de-
scribed.3" 350-um-thick newborn rat brain slices were
cultured onto cell culture inserts for 19-20 days in vitro.
For GSC-organotypic brain slice cocultures, 2500 PKH26-
labeled GSCs were placed onto each brain slice and al-
lowed to engraft for 2 days prior to the experiment.

Intracranial Implantation of Glioma Cells

One microliter of saline containing 5000 cells was injected by
a unilateral stereotaxic intracerebral injection into the right
cortex with a Hamilton microsyringe. Murine mCherry-GL261
glioma cells or murine mCherry-GL261-GSCs were injected
into C57BL/6 while human GSCs labeled with PKH26 were
injected into NOD/SCID mice. At the indicated times, animals
were transcardially perfused and brains were processed to
obtain 20- to 40-pm-thick coronal sections.

Treatments

Peptides (>85% pure) were obtained from GenScript. For
ex vivo and in vitro studies, the peptides and the c-Src in-
hibitor dasatinib (Selleck Chemicals) were used at the spe-
cified concentrations in culture medium at 37°C for the
indicated times.

For in vivo studies, saline, TAT, or TAT-Cx43,,, ,.. Were
intraperitoneally injected or intracranially co-injected with
GSCs at the specified concentrations and times.

Immunofluorescence

Forin vitro and ex vivo studies, samples were subjected to im-
munocytochemistry for glial fibrillary acidic protein (GFAP),
microtubule-associated protein 2 (MAP-2), human nestin, and
4',6’-diamidino-2-phenylindole (DAPI) or TO-PRO-3 as previ-
ously described.'® For in vivo studies, tumor sections were
subjected to immunohistochemistry for human nestin, Sox2,
Stem121, PTEN, Src (Y416), and activated caspase-3.

MTT Assay

Cells were incubated with culture medium containing 0.5 mg/
mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (Sigma-Aldrich). After 10 min in dimethyl sulfoxide
(DMSO), the absorbance was measured at 570 nm.

266-283 iMPairs glioma growth in vivo

Matrigel Invasion Assay

750 000 cells were plated into the upper chamber and were
allowed to invade Matrigel for 15 h. Cells in the lower sur-
face were counted in 10 random fields per insert.

Quantification of the Invasiveness of
Intracranial Tumors

The invasiveness of mCherry-GL261 cells was deter-
mined using Fiji software by quantifying the fractal
dimension (D) of the tumor rims.323% We blindly deter-
mined the D by thresholding the mCherry fluorescence
images, establishing the tumor rims, and quantifying D
using FraclLac (Fiji) in at least 3 separate sections per
animal.

Statistical Analyses

Student’s t-test was used when 2 groups were com-
pared. For more than 2 groups, one-way ANOVA was
used, followed by a post hoc test (Tukey). The survival
of glioma-bearing mice was analyzed by Kaplan-Meier
curves and differences were compared by log-rank test
analysis.

Results

TAT-Cx43,,,_,4; Selectively Targets GSCs Without

Toxic Effects in Neurons and Astrocytes

To analyze TAT-Cx43,s, 4, internalization, GSCs, astro-
cytes, and neurons in culture were exposed to increasing
concentrations of TAT-Cx43,,. .., fused to biotin (TAT
Cx432667283-B) for 5 min. TAT-Cx43,, ,.,-B was internalized
by astrocytes and more efficiently by GSCs, but not signif-
icantly by neurons (Fig. TA-C and Supplementary Figure
1). To confirm these results, we used an ex vivo model of
brain tumors.3435 PKH26-labeled GSCs were placed into
brain slices (Fig. 1D), which were incubated with TAT
Cx43,54 ,55-B for 5 min. TAT-Cx43,,, ,..-B was internalized
by GSCs within the brain parenchyma and by brain cells
surrounding tumor cells (Fig. 1E; for complete Z-stack, see
Supplementary Movie 1).

In agreement with our previous results,??8
TAT-Cx43,4, ,4; reduced GSC growth (Fig. 2A). However,
we observed no differences in the morphology of
neurons (Fig. 2B and Supplementary Figure 2A) or
astrocytes (Fig. 2C and Supplementary Figure 2B). In
fact, the expression of MAP-2 and GFAP, neuronal and
astrocytic markers, respectively, was not affected by
TAT-Cx43,4, ,5; (Fig. 2B, C). Moreover, time-lapse im-
aging of neurons in culture showed that neuron and
neurite development was very similar among control,
TAT-, or TAT-Cx43,, ,..—~treated cultures (Supplementary
Movies 2, 3, and 4, respectively). TAT-Cx43,,;_,o, reduced
GSC viability by about 60% (Fig. 2D), whereas neuronal
viability remained unaffected and astrocyte viability
was only slightly decreased (by about 15%). To confirm
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Fig.1 TAT-Cx43, ... internalization in GSCs, neurons, and astrocytes. (A-C) Cells incubated with TAT-Cx43,4; ,,, fused to biotin at the C-terminus
(TAT-Cx43,5; ,,,-B) for 5 min and revealed with streptavidin. TAT-Cx43,; ,.. (green) and DAPI (blue) staining of the same field. (A) Internalization
of 6 and 50 pM TAT-Cx43,q, ,..-B in GSCs and astrocytes. Bar: 100 um. (B) Quantification of TAT-Cx43,,; ,..-B fluorescence expressed as arbitrary
units (AU) and the mean + SEM of 3 independent experiments (t-test: *P < 0.05). (C) Images from the same field showing the lack of internalization
in neurons incubated with 50 pM of TAT-Cx43,; ,..-B for 5 min. Bar: 50 um. (D) Scheme for GSC~organotypic brain slice cocultures. (E) Cocultures
incubated with 50 uM TAT—Cx43266_283—B for 5 min. TAT—Cx43265_283—B internalization (green) in GSCs (PKH26 [red]) and surrounding cells (nuclear
staining, TO-PRO-3 [blue]). Bar: 25 um. See also Supplementary Movie 1 showing the complete Z-stack.
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Fig.2 Effect of TAT-Cx43,; .., and dasatinib on cell viability in GSCs, neurons, and astrocytes. Cells treated with 50 pM TAT, 50 pM TAT-Cx43,¢, 56,
1 uM of the c-Src inhibitor dasatinib, or 0.1% (v/v) DMSO (vehicle for dasatinib) for 72 h. Three independent experiments were carried out with
similar results. (A) Images showing the reduction in GSC viability induced by TAT-Cx43,, ., and dasatinib. Bar: 100 pm. (B) Immunofluorescence
for MAP-2 (turquoise) in neurons showing a reduction in MAP-2 by dasatinib. Bar: 50 pm. (C) Immunofluorescence for GFAP (green) in astro-
cytes showing an alteration induced by dasatinib. Bar: 50 um. (D) MTT results expressed as the percentage of the control; mean + SEM; n >3
(ANOVA: *P < 0.05, ***P < 0.001 vs control; #P < 0.05, ##P < 0.01, ##P < 0.001 vs TAT, @@@P < 0.001 vs DMSO0). (E) GSC—astrocyte cocultures treated
with 50 pM TAT or TAT-Cx43,; ., for 72 h. Inages showing human nestin (hNestin, red) expressed by GSCs and DAPI nuclear staining (turquoise) of
GSCs and astrocytes (right). Bar: 50 pm. Left, quantification of the nestin-positive cells vs DAPI (total cells); mean + SEM; n =3 (ANOVA: *P < 0.05
vs control and ##P < 0.01 vs TAT).
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these results, we analyzed the effect of TAT-Cx43,4; ,.,
in a GSC-astrocyte coculture. Our results showed that
TAT-Cx43,,, ,0; specifically decreased the growth of
GSCs (Fig. 2E), because the number of cells expressing
human nestin over the total number of cells decreased
by about 25%.

Because the effect of TAT-Cx43 4, ,., is exerted through
inhibition of the oncogenic activity of c-Src,'® we com-
pared the effect of TAT-Cx43,, ,., with that of dasatinib,
a well-known inhibitor of this tyrosine kinase.3¢ Both ex-
erted a similar reduction in GSC growth (about 60%;
Fig. 2A, D). However, while TAT-Cx43,,. ... did not affect
neurons or astrocytes, dasatinib affected neuronal and
astrocyte morphology, reducing MAP-2—positive neurites
(Fig. 2B) and increasing GFAP staining (Fig. 2C), sug-
gesting neuronal damage and increased astrocytic reac-
tivity, respectively. MTT assays confirmed that dasatinib
reduced the viability of neurons and astrocytes by about
30% and 50%, respectively (Fig. 2D).

We have shown that TAT-Cx43,, ,., strongly reduces
the migration and invasion of GSCs through inhibition
of ¢-Src and focal adhesion kinase (FAK).2® The present
study revealed that TAT-Cx43,4, ... did not modify neuron
or astrocyte migration, as shown by neuronal motility
(Supplementary Movies 2, 3, and 4) and by wound-
healing assays performed in astrocytes (Supplementary
Figure 3A, B). This is consistent with the lack of effect of
TAT-Cx43,,, ,q, 0N FAK activity found in astrocytes, in con-
trast to the effect in glioma cells?® (Supplementary Figure
3C). However, dasatinib significantly reduced astrocyte
migration (Supplementary Figure 3A, B).

Altogether, these data suggest a specific effect of
TAT-Cx43,4, ,; On GSCs, with lower toxicity in healthy
brain cells than another c-Src inhibitor.

TAT-Cx43,,, ,4, Reduces the Invasion of GL261
Glioma Cells In Vivo

To address the effects of TAT-Cx43,,, ,,, 0n glioma invasion
in vivo, we selected the same model that showed a pro-
invasive effect of Cx4328 consisting in the intracranial injec-
tion of mCherry-GL261 cells in C57BL/6 mice.

First, we analyzed the effect in vitro. While
mCherry-GL261 cell growth was not modified (Fig. 3A),
cell invasion was strongly reduced by TAT-Cx43,. ...
(Fig. 3B), which is consistent with the reduction in
FAK activity (Supplementary Figure 3C) To analyze
the effect in vivo, 1 week after tumor implantation
TAT-Cx43,4,_,4; Was intraperitoneally injected (Fig. 3C).
After 15 days, TAT-Cx43,, ,, reduced the complexity of
the tumor borders (Fig. 3D). Indeed, TAT-Cx43 ., ... Sig-
nificantly reduced the fractal dimension values of the
tumor borders (Fig. 3E), an index of tumor invasion,3?
suggesting a reduction in tumor invasion. Although
no effects were found in PTEN expression in vitro
(Supplementary Figure 3C) and in vivo (Supplementary
Figure 4A, B), the activity of Src (Y416 Src) was reduced
by TAT-Cx43,,. ,¢; in vivo (Supplementary Figure 4C),
indicating that TAT-Cx43,., ,., reduced the activity of
the Src-FAK axis with the subsequent effects in glioma
cell invasion in vivo.

impairs glioma growth in vivo

TAT-Cx43,,,_,5, Reverses the Human GSC
Phenotype and Reduces GSC Tumorigenicity In

Vivo

To address the effect of TAT-Cx43,, .., on the stemness of
human GSCs in vivo, PKH26-labeled human GSCs were
intracranially injected together with TAT or TAT-Cx43,, 5o,
into the brains of NOD/SCID mice (Fig. 4A). Seven
days after implantation, the levels of Sox2 and human
nestin were analyzed in GSCs (Fig. 4B). We found that
TAT-Cx43,4 ,4, strongly decreased their expression (white
arrows indicate some examples; see also Supplementary
Figure 5, in which the nuclear staining facilitates the dis-
tinction). Indeed, human nestin and Sox2 fluorescence
levels were decreased by about 75% with TAT-Cx43,, ,c..

Reduced expressions of Sox2 and nestin suggest that
TAT-Cx43,4 .4, decreases the stemness of the implanted
GSCs in vivo. Therefore, we followed up the in vivo ex-
periments for 30 days to analyze the tumorigenicity of
GSCs. To identify human GSCs, in addition to PKH26, anti-
bodies against the human antigen Stem121 were used®®
and the expression of human nestin was analyzed as a
marker of stemness in human xenografted cells. According
to the reported GSC tumorigenicity,®” at 1 month post-
implantation, we found GSCs that were able to engraft,
proliferate, and migrate within the brain parenchyma in
both TAT-treated (Fig. 4C, D) and control (Supplementary
Figures 6, 7, 8) animals. However, TAT-Cx43,, .., reduced
the number of PKH26-labeled and Stem121-positive cells
1 month after implantation (Fig. 4C and Supplementary
Figure 7), suggesting reduced GSC survival and/or pro-
liferation under these conditions. Indeed, the analysis of
activated caspase-3 suggested an increased cell death in
the tumor area after TAT-Cx43,,, ,.. treatment, without ef-
fect in other brain areas, such as the subventricular zone
(Supplementary Figure 9). Furthermore, those few re-
maining PKH26-labeled cells expressed low levels of
human nestin (Fig. 4D and Supplementary Figure 8),
suggesting the loss of stemness upon TAT-Cx43,. ...
treatment. No significant differences were found when
TAT treatment was compared with the control condition
(Supplementary Figure 6).

TAT-Cx43,,, ,4, Prolongs the Survival of Glioma-
Bearing Mice

To study the effect of TAT-Cx43,5 ... on the survival of
glioma-bearing mice, we combined the 2 in vivo models
previously described. We isolated the highly tumorigenic
subpopulation of GSCs from GL261 glioma cells (GL261-
GSCs) because they generate more aggressive tumors
with shorter mouse survival than their differentiated coun-
terparts in an immunocompetent environment.33 Qur
results showed that GL261-GSCs exhibited higher Src ac-
tivity and Sox2 levels than their differentiated counterpart
GL261 (Fig. 5A), consistent with the role of Src in Sox2 ex-
pression and stemness.” We confirmed that TAT-Cx43,, ,.-
reduced both Src activity and Sox2 expression in GL261-
GSCs in vitro (Fig. 5B), as shown in human GSCs."8 Then,
GL261-GSCs were intracranially injected together with sa-
line orTAT-Cx43,, 5, into the brains of immunocompetent
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Fig. 3 TAT-Cx43266_283 reduces the invasion of GL261 glioma cells in vivo. (A) MTT of GL261 cells incubated with 100 uM TAT or TAT-Cx43266_283.
Percentage of the control (mean + SEM; n = 3; ANOVA). (B) Matrigel invasion assay. GL261 cells were treated with 100 pM TAT or TAT-Cx43,,; .. for 15 h.
Representative images of the inserts and quantification. Bar: 100 um; mean + SEM; n = 3(Student's -test: ***P < 0.001). (C) GL261 cells were intracranially
implanted in syngeneic mice (C57BL/6) and allowed to grow for 7 days. Then, a daily i.p. injection of 4 nmol/g TAT or TAT-Cx43,q; ,., was administered for
the next 7 days. (D) Mosaic immunofluorescence of DAPI (blue), mCherry GL261 glioma cells (red), the thresholded images (bottom, black), the tumor rims
(top), and their magnifications. Bars: 200 um. (E) The box plot shows the fractal dimension (D) of the tumor rims. D was determined in at least 3 sep-
arate sections per animal in 12 TAT and 13 TAT-Cx43,. ... animals from 4 independent experiments. The band inside the box represents the median and
the bottom and top of the box represent the first and third quartiles. The top and bottom whiskers reflect the minimum and maximum values, respectively
(Student's t-test: ***P < 0.001).
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Fig.4 TAT-Cx43 reduces Sox2 and human nestin expression and tumorigenicity in human GSCs intracranially implanted into mice. (A) Human

266-263
PKH26-labeled GSCs were intracranially injected together with 100 pM TAT or TAT-Cx43,, ... in NOD/SCID mice. After 7 (B) or 30 (C and D) days,

brain sections were analyzed. (B) PKH26 (red), human nestin (hNestin; green), Sox2 (blue), and merged images of the same field. White arrows indi-
cate some PKH26-labeled cells to illustrate the reduction in hNestin and Sox2 expression in these cells after their treatment with TAT-Cx43,,. .. for
7days Bar: 75 um. Quantification of hNestin and Sox2 fluorescence intensity. (C and D) Images showing a reduction in PKH26, Stem121 (S121), and
hNestin after treatment with TAT-Cx43,; .. for 30 days. Bar: 75 pm. Quantification of S121 and hNestin fluorescence (mean + SEM). Between 2
and 5 sections per animal and 4 or 5 animals per condition from 3 independent experiments were analyzed (Student’s t-test: *P < 0.05, **P < 0.01).
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Fig.5 TAT-Cx43,q, ,.. enhances the survival ofimmunocompetent mice bearing GL261-GSC-derived gliomas. (A) Western blot and quantification
of YA16 Src, total Src, Sox2, and GFAP in GL261-GSCs and GL261 (Dulbecco’s modified Eagle’s medium + fetal calf serum for 7 days); means + SEM;
n = 8(Student's t-test: ***P < 0.001). (B) Western blot of Y416 Src, total Src, Sox2, and glyceraldehyde 3-phosphate dehydrogenase in GL261-GSCs
control or treated with 50 M TAT-Cx43,; .. for 24 h. (C) GL261-GSCs together with 100 pM TAT-Cx43,, .. or saline were intracranially injected
in C57BL/6 mice. After 7 days, a twice per week i.p. injection of saline or 4 nmol/g TAT-Cx43,; .. was administered until neurological symptoms
appeared. (D) Effect of TAT-Cx43,,; ,., on the survival of mice bearing orthotopic tumor syngrafts. Percentage of animals alive along the experi-
ment depicted in Kaplan—Meier plot (n = 11 animals per condition from 3 independent experiments). Log-rank test **P < 0.01. (E) Representative
images of the brains and tumor-bearing brain sections from control and treated animals at the end of the experiment. Bar: 1 mm.
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mice, and 1 week after tumor implantation mice were
intraperitoneally injected with TAT-Cx43,,. ... twice per
week and followed for survival (Fig. 5C). A low amount of
GL261-GSCs developed very aggressive tumors, character-
ized by their invasion, large size, angiogenesis, and very
poor mice survival (Fig. 5D, E). Importantly, our results
showed thatTAT-Cx43,, ,., significantly prolonged the sur-
vival of these animals (Fig. 5D), which exhibited tumors
with reduced signs of aggressiveness (Fig. 5E).

Discussion

We previously reported that the peptide based on Cx43,
TAT-Cx43,4_,q3, inhibits c-Src activity and exerts important
effects in different types of glioma cells in vitro, including
freshly removed surgical specimens of glioblastoma.?® In
this study, we explored the possibility of using this peptide
for therapy against malignant gliomas by studying its ef-
fect on healthy brain cells and by evaluating its antitumor
effects in vivo.

The present study showed that the effect of
TAT-Cx43,46 ,55 is cell selective. Thus, while GSC viability
was strongly decreased, neuron and astrocyte viabilities
were not greatly affected by TAT-Cx43, ,... Moreover,
the morphology, expression of differentiation markers,
and motility of these normal brain cells were unaffected
by TAT-Cx43,s, ,e5- Conversely, TAT-Cx43,, ... reduced
stemness, proliferation, survival, invasion, and migration
in GSCs.'82428 The cell selectivity of TAT-Cx43,, .., Might
be due to a reduced rate of internalization, especially by
neurons, compared with that of GSCs. The TAT peptide is
composed mainly of positively charged amino acids, and
its internalization relies on electrostatic interactions with
the negative charges of the plasma membrane.?® One of
the features of cancer cells, including GSCs, is a glycocalyx
with a high content of negatively charged glycans, such as
sialic acid, glucuronic acid, and glycosaminoglycans.4%4!
This negatively charged glycocalyx could promote stronger
electrostatic interactions with TAT-Cx43,, ... in GSCs com-
pared with nontumor cells, contributing to the higher inter-
nalization. As expected for nontumor cells,*? ¢-Src activity
is lower in astrocytes than in GSCs.'® Indeed, GSCs rely on
the activity of this oncoprotein for survival, stemness, and
invasion.' Therefore, the cell selectivity of TAT-Cx43,., ,e.
might depend both on its internalization and on the activity
and function of ¢c-Src. Thus, TAT-Cx43,4 ,., would specif-
ically target cells harboring a negative glycocalyx with a
high c-Src activity required for their survival.

The lack of TAT-Cx43,,, .., toxicity found in neurons and
astrocytes is in contrast to the results found with other
Src inhibitors, such as dasatinib. Although TAT-Cx43,,; .,
and dasatinib promoted similar effects on GSC viability
(as shown in this study) and stemness phenotype,’®
TAT-Cx43,, ,., showed lower toxicity than dasatinib in
neurons and astrocytes. The mechanism of dasatinib in-
hibition of c-Src involves a hydrogen bond-mediated
association with the ATP binding site, resulting in com-
petitive restriction of ATP binding by c-Src.%8 In addition to
inhibiting c-Src, dasatinib also inhibits other members of
the Src kinase family: BCR-ABL, c¢-KIT, PDGFR, and ephrin

impairs glioma growth in vivo

A2.%% However, TAT-Cx43,,, .., inhibits c-Src by acting
as a docking platform for c-Src together with its endoge-
nous inhibitors CSK and PTEN.?*% These data suggest
that TAT-Cx43,4, ,e., by using a specific and endogenous
mechanism to inhibit c-Src activity, exerts lower toxicity in
nontumor cells than other inhibitors that act through non-
endogenous mechanisms with broader targets.

Intraperitoneally administered TAT-Cx43,, ,., decreased
the invasion of intracranial tumors generated by GL261
glioma cells in mice. This is the same in vivo glioma model
used to show that Cx43, by increasing gap junctional com-
munication, promotes invasion.?® Our results suggest that
TAT-Cx43,, ,5, did not promote the deleterious increase in
gap junctional communication between astrocytes and the
GL261 Cx43-expressing glioma cells, because TAT-Cx43,,; ,o,
did not modify astrocytic gap junctional communication.?
However, our results suggest that TAT-Cx43,, ,., impaired
glioma invasion through inhibition of c-Src and FAK, as
shown in vitro.32 These results indicate that the use of spe-
cific peptides would be a useful strategy for targeting spe-
cific connexin functions and a means to apply the vast
connexin knowledge to the clinic.?’ Our study shows that
the effect of TAT-Cx43,, ,o, On cell invasion is not restricted
to GSCs but is also significant at the bulk tumor level.

Our study reveals that intracranial injection of
TAT-Cx43,4, ., With GSCs reduced the expression of
nestin and Sox2, crucial markers of stemness,*%6 in GSCs
at 7 days post-implantation. Consistent with the role of
Sox2 as a transcription factor required for GSC tumorige-
nicity,” we found that TAT-Cx43,, .., strongly decreased
GSC tumorigenicity, as judged by the lower number of
human glioma cells found 1 month post-implantation.
In fact, TAT-Cx43,, ,5, importantly reduced not only the
number of human glioma cells, but also their expression
of nestin, suggesting that the remaining glioma cells did
not exhibit stem cell properties known to drive recur-
rence. Furthermore, the survival of immunocompetent
mice bearing gliomas derived from murine glioma stem
cells was enhanced when these animals were treated with
TAT-Cx43 55 ogs-

Altogether, these data confirm the relevance of
TAT-Cx43,4 ,5; for the design of new therapies against
gliomas. Indeed, after a thorough investigation that in-
cluded in vitro and in vivo models, such as intracranial
implantation of murine glioma cells and GSCs into im-
munocompetent mice and of human GSCs into immu-
nosuppressed mice, we can conclude that TAT-Cx43, ...
prolongs the survival of glioma-bearing mice because
it reduces the growth, invasion, and progression of ma-
lignant gliomas with remarkably fewer toxic effects for
normal brain cells than other c-Src inhibitors currently
being tested in glioma clinical trials. It should be high-
lighted that TAT peptides have been proven to be safe and
effective for stroke in preclinical models*® and in patients
after intravenous administration®® and are currently being
evaluated in a phase Ill clinical trial (https:/clinicaltrials.
gov/ct2/show/NCT02930018). These studies confirm the
ability of peptides fused to TAT to cross the human blood-
brain barrier and the suitability of the systemic adminis-
tration of these compounds for CNS therapy. Therefore,
intravenous administration of TAT-Cx43,s, ,.. might be
efficient for malignant gliomas. Because most patients
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with malignant glioma show recurrence after surgery
within or in close proximity to the original site,®® another
attractive proposal would be to explore the local admin-
istration of TAT-Cx43,, ,., Within the postoperative cavity
through a sustained-release drug delivery system, in com-
bination with standard therapies. According to our results,
TAT-Cx43,4¢_,53 Might reduce tumor cell invasion and could
target those GSCs that escape the surgery, reversing their
stemness and consequently reducing their tumorigenic
activity, preventing the regrowth of the tumor. Further re-
search is required to explore this interesting possibility and
its future application in the clinic.

We are aware that most preclinical positive results in
the field of malignant gliomas failed when applied in the
clinic. However, the effects of TAT-Cx43,,, ... in GSCs and
at the bulk tumor level, the positive results in freshly re-
moved surgical specimens of glioblastoma patients?® as
well as in immunocompetent in vivo models, and the lack
of toxicity suggest that the combination of this compound
with existing therapies could improve the survival of these
patients.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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