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Abstract 
Glioblastomas (GBM) are the most malignant primary brain tumors and they remain incurable. 
Despite the current standard of care, which involves surgical resection of the tumor and adjuvant 
administration of chemotherapy and radiotherapy, some GBM stem cells (GSCs) stay in the brain 
parenchyma becoming one of the primary causes of tumor recurrence. Importantly, the Src-inhibitory 
pepDde TAT-Cx43266-283 has shown promising anD-tumor results in GBM preclinical models, reducing 
GSC viability and increasing survival in GBM-bearing mice. However, being aware of the many 
obstacles to overcome when translaDng preclinical results into a clinical seKng, we have invesDgated 
some of these main gaps in order to promote the progress of TAT-Cx43266-283 as a new clinical therapy 
to fight GBM.  

First, we invesDgated biomarkers of treatment response in order to design a more targeted 
therapeuDc approach in potenDal clinical applicaDons. For that purpose, we assessed cell viability 
aOer treatment with TAT-Cx43266-283 , in a set of 13 paDent-derived GSC lines. InteresDngly, we found 
a stronger treatment response in those paDent GSCs that had alteraDons in the Epidermal Growth 
Factor Receptor (EGFR) (EGFR amplificaDon or EGFRvIII mutaDon). AddiDonally, analyzing GBM paDent 
databases, we found a correlaDon between EGFR alteraDons and a higher Src acDvity, as well as worse 
survival outcomes. The role of EGFR as a treatment-response biomarker were confirmed in 6 murine 
GBM lines with and without EGFR alteraDons. Importantly, we found that treatment with TAT-Cx43266-

283 was more effecDve than the standard-of-care chemotherapeuDc temozolomide (TMZ) or the 
classical EGFR inhibitor, erloDnib, in our murine and human GSC models. Moreover, we idenDfied 
EGFR as an addiDonal parDcipant in TAT-Cx43266-283 response together with Src, as shown by the 
decrease in EGFR and EGFRvIII acDvity observed in some GSCs and the increased survival upon TAT-
Cx43266-283-administraDon in a mouse model in which tumors were generated by NSCs with EGFR and 
other glioma-driver mutaDons (NPE-IE cells). 

Next, we studied the effect of TAT-Cx43266-283 in a clinical context by administering the treatment in a 
murine model of tumor resecDon. We addiDonally analyzed the histopathology of this GBM model, 
uncovering histological features typical of human GBM, such as necrosis, invasive borders, and the 
presence of mulDple proliferaDve spread foci outside the primary tumor mass. We found that 
resecDon alone improved, although not significantly, GBM-bearing mice survival. However, tumors 
that regrew aOer resecDon exhibited more aggressive features. Importantly, the combinaDon of 
tumor resecDon and TAT-Cx43266-283 achieved beZer survival outcomes and showed reduced invasive 
features.  

Altogether, these results serve as a base for future clinical invesDgaDons and, together with previous 
studies, support the therapeuDc potenDal of TAT-Cx43266-283 as a treatment for GBM.  
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Resumen 
 
Los glioblastomas (GBM) son los tumores cerebrales primarios más malignos y, actualmente, siguen 
siendo incurables. A pesar del tratamiento estándar actual, que implica la resección quirúrgica del 
tumor y la administración adyuvante de quimioterapia y radioterapia, algunas células madre de GBM 
(GSCs) permanecen en el parénquima cerebral, convirDéndose en una de las principales causas de 
recurrencia del tumor. Cabe destacar que el pépDdo inhibidor de Src TAT-Cx43266-283 ha mostrado 
resultados anDtumorales prometedores en modelos preclínicos de GBM, reduciendo la viabilidad de 
las GSCs y aumentando la supervivencia en modelos murinos de GBM. Sin embargo, puesto que 
somos conscientes de los numerosos obstáculos que hay que superar para trasladar los resultados 
preclínicos al ámbito clínico, hemos invesDgado algunas de estas barreras, con el fin de promover el 
progreso de TAT-Cx43266-283 como nueva terapia clínica para combaDr el GBM.  
 
En primer lugar, invesDgamos biomarcadores de respuesta al tratamiento, con el fin de diseñar un 
enfoque terapéuDco más específico en potenciales aplicaciones clínicas. Para ello, evaluamos la 
viabilidad celular tras el tratamiento con TAT-Cx43266-283 en un conjunto de 13 líneas de GSC derivadas 
de pacientes. Curiosamente, encontramos una mayor respuesta al tratamiento en aquellas GSCs de 
pacientes que presentaban alteraciones en el Receptor del Factor de Crecimiento Epidérmico (EGFR) 
(amplificación del EGFR o mutación EGFRvIII). Además, analizando bases de datos de pacientes con 
GBM, encontramos una correlación entre las alteraciones de EGFR y una mayor acDvidad Src, así como 
peores resultados de supervivencia. El papel de EGFR como biomarcador de respuesta al tratamiento 
se confirmó en 6 líneas murinas de GBM con y sin alteraciones de EGFR. Es importante destacar que 
el tratamiento con TAT-Cx43266-283 fue más eficaz que la quimioterapia estándar con temozolomida 
(TMZ) o el inhibidor clásico de EGFR, erloDnib, en nuestros modelos in vitro de GSC murinas y 
humanas. Además, idenDficamos a EGFR como un parDcipante adicional en la respuesta a TAT-Cx43266-

283 junto con Src, como lo demuestra la disminución de la acDvidad del EGFR y del EGFRvIII observada 
en algunas GSCs tratadas, y el aumento de la supervivencia tras la administración de TAT-Cx43266-283 
en un modelo de ratón en el que los tumores fueron generados por NSCs con EGFR y otras mutaciones 
generadoras de glioma (células NPE-IE). 
 
A conDnuación, estudiamos el efecto de TAT-Cx43266-283 en un contexto más clínico administrando el 
tratamiento en un modelo murino de resección tumoral. Además, analizamos la histopatología de 
este modelo de GBM, descubriendo caracterísDcas histológicas cpicas del GBM humano, como 
necrosis, bordes invasivos y la presencia de múlDples focos proliferaDvos diseminados fuera de la 
masa tumoral primaria. Descubrimos que la resección por sí sola podía mejorar, aunque no 
significaDvamente, la supervivencia de los ratones portadores de GBM. Sin embargo, los tumores que 
volvían a crecer tras la resección mostraban caracterísDcas más agresivas. Es importante destacar que 
la combinación de resección tumoral y TAT-Cx43266-283 logró los mejores datos de supervivencia de los 
ratones con GBM, así como una reducción de la invasividad de dichos tumores. 
 
En conjunto, estos resultados sirven de base para futuras invesDgaciones clínicas y, junto con estudios 
anteriores, apoyan el potencial terapéuDco de TAT-Cx43266-283 como tratamiento para el GBM. 
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Introduction 
 
Glioblastoma overview 
 
Gliomas are brain tumors originated by glial 
cells and represent around 70% of diagnosed 
malignant Central Nervous System (CNS) 
tumors. The most frequent type of glioma is 
glioblastoma (GBM), accounNng for 50% of 
malignant CNS tumors (1). GBM is also the 
most aggressive type of CNS malignancy, and 
it is classified as a Grade 4 tumor, the highest 
degree of tumor malignancy according to the 
World Health OrganizaNon (WHO). 
TradiNonally, CNS tumor grading and 
classificaNon was based on histopathological 
tumor characterisNcs (4). However, more 
recent WHO guidelines for CNS tumor 
classificaNon combine histopathological and 
molecular informaNon in order to classify 
CNS tumors (5). According to the 2021 WHO 
guidelines, a glial tumor can be diagnosed as 
GBM if histopathological features like 
microvascular proliferaNon and necrosis are 
observed, in combinaNon with an IDH-
wildtype geneNc background. Independently 
of histological characterizaNon, geneNc 
profiling of the samples can be performed 
and GBM diagnose can be confirmed if there 
is evidence of 1 or more of these 3 geneNc 
alteraNons: TERT promoter mutaNon, EGFR 
amplificaNon or copy number gain or loss of 
chromosomes 7 and 10, respecNvely (6). 
 
Molecular profiling of GBM was also 
leveraged to classify tumors in order to try to 
straNfy paNents. The first classificaNon by the 
TCGA divided GBM into classical, 
mesenchymal and proneural subtypes, 
defined by the alteraNons in EGFR, NF1 and 
PDGFRA, respecNvely (7). Later, the TCGA 
classificaNon was integrated with single cell 

RNA-seq data from paNents and 
experimental animal models, and this Nme 
GBM was classified according to their 
resemblance to the main cellular types in 
neural development. Thus, GBM can be 
astrocyte (AC)-like, oligodendrocyte 
progenitor cell (OPC)-like, neural progenitor 
cell (NPC)-like and mesenchymal (MES)-like. 
As in previous classificaNons, these subtypes 
were related to alteraNons in EGFR (AC-like), 
CDK4 (NPC-like), PDGFRA (OPC-like) and NF1 
(MES-like) (8). However, GBM bears a high 
intra and inter-tumor heterogeneity, and 
studies found that mulNple GBM subtypes 
could coexist in different tumor regions of 
the same paNent (9). In fact, when different 
tumor regions from the same paNent were 
laser-dissected and compared among 
paNents, it was shown that samples from the 
same tumor region among paNents were 
more similar to each other than different 
tumor regions from the same paNent (10). To 
add another layer of complexity, GBM have 
also been classified according to their tumor 
microenvironment (TME) (11). Therefore, 
GBM heterogeneity hampers a tumor 
classificaNon, the idenNficaNon of GBM 
prognosis biomarkers, and the subsequent 
development of targeted therapies against 
the disease.  
 
The current therapeuNc standard of care to 
tackle GBM follows the Stupp method (12), 
which involves maximum safe tumor 
resecNon, followed by the applicaNon of 
radiaNon along with concurrent and 
adjuvant administraNon of temozolomide 
(TMZ) (13, 14). Recently, Tumor-TreaNng 
Fields (TTFields), anNmitoNc low-intensity 
electric fields, have been incorporated in 
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combinaNon with TMZ to the treatment 
opNons for paNents, showing an 
enhancement in overall survival when 
compared to TMZ alone (15, 16). 
Unfortunately, despite the administraNon of 
current treatments, paNents diagnosed with 
this devastaNng malignancy have a median 
survival of 20 months, and only around 5% of 
these paNents survive for more than 5 years 
aeer being diagnosed (17).  
 
Glioblastoma stem cells (GBM) and GBM 
cell of origin 
 
One of the main reasons for therapeuNc 
failure and poor prognosis in GBM is closely 
related to the cell composiNon of the 
tumors. As already menNoned, GBMs are 
highly heterogeneous tumors, and this 
heterogeneity handicaps an effecNve 
treatment of the disease. Part of underlying 
causes for such heterogeneity lies in a 
subpopulaNon of GBM cells known as 
glioblastoma stem cells (GSC) (18). GSCs 
have typical stem cell features as the ability 

to remain in a quiescent status, as well as 
self-renewal and mulNpotency capaciNes 
(19, 20). Each of these features confer GSCs 
a tool to promote GBM aggressiveness. The 
ability of GSCs to remain in a quiescent 
status, defined by a low proliferaNon rate, 
has been associated with treatment 
resistance (21, 22), as most 
chemotherapeuNc drugs, including the gold 
standard TMZ and radiaNon, target cells with 
high DNA replicaNon rates. Slow-
proliferaNng GSCs have also shown high 
migraNon and invasive capaciNes (23) and, 
indeed, although most paNent undergo 
surgical tumor debulking prior to the 
administraNon of chemotherapy or 
radiotherapy, the infiltraNve nature of GBM 
hinders the complete eliminaNon of 
infiltraNve cells that are located deep into 
the brain parenchyma. This ability to escape 
current therapies combines with the fact 
that GSCs can self-renew and generate 
differenNated progeny, a GSC feature that 
allows them to regenerate tumors (Scheme 
1)(2), creaNng new heterogeneous 

Resección quirúrgica
Quimioterapia

Radioterapia

Scheme 1. GSC role in GBM recurrence. Modified from Zhou et al., 2016 (2) 
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populaNons of GBM cells (24). Altogether, 
the unique features of GSCs make them 
partly responsible for the malignancy of 
GBM and the frequent tumor recurrence in 
paNents.  
 
GSCs have been compared for a long Nme to 
their healthy neural stem cell (NSC) 
counterparts (25). This is due to their shared 
stem-cell features, described above, as well 
as the common biomarkers for their 
idenNficaNon and classificaNon such as Sox2 
or NesNn (24). In fact, due to these 
similariNes, several lines of evidence suggest 
that some GBMs originate from NSCs. Thus, 
mutaNons in NSCs from the subventricular 
zone (SVZ) in mice, but not in other glial cells 
or lineage commiged neural cells, promote 
GBM development (21, 26-28). Confirming 
these studies, human GBM cells share criNcal 
mutaNons for GBM development with NSCs 
from the SVZ, suggesNng that GBM cells 
arises from NSCs with driver mutaNons(29). 
InteresNngly, among others, EGFR is one of 
the proteins whose alteraNon has been 
linked to the transiNon from NSCs to GSCs 
(30). On that note, NSCs with EGFR and/or 
other GBM driver-mutaNons are commonly 

studied as they provide important clues 
about GBM iniNaNon, progression, and 
recurrence (27, 28, 31, 32).  
 
Connexin43 and Src interplay in GBM 
 
Connexins (Cxs) are transmembrane proteins 
formed by four transmembrane domains 
(M1-M4) with two extracellular (E1 and E2) 
loops and three intracellular regions: an 
intracellular loop (IL) and the N-terminal and 
C-terminal domains. Subunits of connexin 
organize as hexamers, generaNng the 
structure known as hemichannel or 
connexon, which can communicate the 
intracellular with the extracellular medium 
(33). Moreover, hemichannels among cells 
can interact forming GAP juncNons, key 
channel structures for cell-cell 
communicaNon (34, 35).  
 
The most abundant connexin in mammals is 
connexin43 (Cx43). This connexin is highly 
expressed in heart and brain, where is mainly 
expressed in astrocytes, allowing them to 
perform key tasks for a healthy brain 
funcNon (36, 37). Cx43 has widely studied 
channel-dependent and independent 

H2N COOH

Cx43

Scheme 2.  Sequence and relevant regions of Cx43 C-terminus. Modified from Tabernero et al., 2016 (3) 
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funcNons (38). In this introducNon, we will 
focus in the channel-independent funcNons 
of Cx43, and its fundamental task as a 
mediator of GBM cell signaling.   
Cx43 has a complex role in the context of 
cancer, including GBM (39). An important 
evidence of an anN-tumorigenic role of Cx43 
in the development of gliomas was a study 
that showed that transfecNon of glioma cells 
with Cx43 cDNA decreased their cell growth 
(40). AddiNonally, a study by Huang and 
colleagues, who described a correlaNon 
between levels of Cx43 and the malignancy 
and invasiveness features of gliomas. Thus, 
tumors with low expression of Cx43, such as 
GBM, exhibited more aggressive parameters 
(41). This tumor suppressor role of Cx43 in 
gliomas was confirmed with the decrease in 
tumor growth and stem cell potenNal that 
was observed aeer the ectopic 
administraNon of Cx43 in glioma cells (42). 
However, it should be noted that pro-
tumorigenic funcNons of Cx43 have also 
been described in glioma models, such as the 
its involvement in mechanisms of TMZ 
resistance (43) and cell invasion (44). For a 
review of pro- and anN-tumor properNes of 
Cx43 and other Cxs see (39). Therefore, the 
duality of Cx43 parNcipaNon in tumor 
biology needs to be considered when 
developing new therapeuNc approached 
based on this protein to tackle GBM. 
 
Part of the pro- and anN-tumorigenic 
funcNons of Cx43 rely on its large C-terminal 
domain, which acts as a docking plaiorm for 
the binding of mulNple signaling effectors 
(Scheme 2) (3, 39). Among the most relevant 
proteins that bind Cx43 C-terminal domain is 
the proto-oncogene c-Src (45). c-Src is a non-
receptor tyrosine kinase that belongs to the 
Src-family kinases (SFK) protein family, 
together with the ubiquitously expressed 
Fyn and Yes, and the rest of the family 

members that are normally expressed in 
hematopoieNc cells (Lyn, Lck, Hck, Fgr, Blk 
and Yrk) (46). Src signaling funcNons involve 
the regulaNon of cell adhesion, migraNon, 
growth and survival processes (47, 48). The 
implicaNon of Src in these signaling pathways 
that are normally upregulated in tumor 
progression, has placed Src in the spotlight of 
anN-tumor drug targets (49-51). Indeed, 
GBM tumors and, parNcularly, GSCs, exhibit 
a high Src acNvity (52-54). However, no SFK 
amplificaNons or mutaNons have been found 
in GBM paNents, so the exacerbated acNvity 
of Src is considered a consequence of the 
acNvaNon of integrins and growth factor 
receptors, such as EGFR, commonly 
amplified or mutated in those paNents (55). 
This high acNvaNon of Src and its related 
pathways has been implicated in GBM 
proliferaNon and invasiveness, angiogenic 
processes, autophagy, apoptosis, 
metabolism, and modulaNon of tumor 
microenvironment (54-56). Importantly, the 
upregulaNon of Src acNvity in GBM paNents 
is associated with a poor median overall 
survival (57). 
 
Src is Nghtly regulated by the 
phosphorylaNon of two residues within its 
SH1 kinase domain. Thus, the 
phosphorylaNon of tyrosine 527 (Y527) 
contributes to the maintenance of an 
inacNve state, while the 
autophosphorylaNon of tyrosine 416 (Y416) 
enhances Src acNvity (58). This 
phosphorylaNon-dependent acNvity is 
therefore sensiNve to the presence of 
addiNonal kinases and phosphatases that 
parNcipate in the regulaNon process. Indeed, 
the inhibiNon of Src requires the acNvity of 
the C-terminal c-Src kinase (CSK)(59), which 
phosphorylates Y527, and the addiNonal role 
of phosphatases, such as the phosphatase 
and tensin homolog (PTEN), which removes 
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the phosphorylaNon of Y416 (60). Cx43, as 
previously menNoned, is able to recruit Src 
and its two acNvity modulators, ulNmately 
inhibiNng Src acNvity (61-63).  
 
TAT-Cx43266-283 as a GBM therapy 
 
Leveraging the role of Cxs in cancer, several 
Cx-based strategies have been developed 
with therapeuNc proposes against specific 
tumors (64-67). In our laboratory, a cell-
penetraNng pepNde, which mimics the Src-
inhibitory mechanism of Cx43 (TAT-Cx43266-

283), has been designed and studied deeply 
in GBM models. The structure of this 
pepNde includes a TAT pepNde, a sequence 
of physiologically posiNvely-charged 
aminoacids that enables cellular 
internalizaNon (68), fused to the sequence 
of residues 266-283 of Cx43, enclosed in the 
Src homology-3 (SH3) binding domain of 
Cx43 at its C-terminus tail (Scheme 2) (3). 
This small Cx43 fragment recapitulates the 
Src-inhibitory properNes of Cx43, by acNng 
as a docking plaiorm for c-Src and its two 
endogenous inhibitors, CSK and PTEN, 
producing a downregulaNon of Src acNvity 
(Scheme 3) (61, 69). The Src-inhibitory 
properNes of TAT-Cx43266-283 have been used 
to target GSCs due to their previously 
menNoned high Src acNvity. Thus, when 
GSCs are treated with the cell-penetraNng 
pepNde, their proliferaNon is reduced and 
their stem cell phenotype is reversed (63). 
On that note, TAT-Cx43266-283 is able to 
decrease GSC migraNon and invasiveness 
through the inhibiNon of the focal adhesion 
kinase (FAK) in freshly removed paNent-
derived GBM samples (69). AddiNonally, 
TAT-Cx43266-283 administraNon in human 
GSCs inhibits their metabolic plasNcity, 
decreasing their glucose uptake through an 
impairment of mitochondrial acNviNes and 
a reducNon in the expression of important 

metabolic targets in cancer, such as Glut-3 
or hexokinase-2 (70). TAT-Cx43266-283 has 
also shown to mediate human GSC cell 
death by a decrease in their autophagic flux 
upon treatment (57). Importantly, these 
results translate to in vivo models, in which 
the administraNon of TAT-Cx43266-283 in a 
GBM mouse model with human GBM 
signatures (71) leads to an impaired tumor 
growth and ulNmately, an increase in their 
survival (72). Altogether, the promising 
results obtained with the administraNon of 
the anN-tumor pepNde TAT-Cx43266-283 in 
GSCs represents an interesNng and potenNal 
therapy to fight GBM. 
 

Scheme 3.  Summary of the molecular mechanism 
of acAon of the anA-tumor pepAde TAT-Cx43266-283. 

c-Srcc-Src
CSK

PTEN

c-Src

Active c-Src

Inactive c-Src

TAT-Cx43266-283
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Objectives 

 
 
Glioblastoma is a devastaDng malignancy and there is an urgent need to develop new treatments to 

cure of the disease. The anD-tumor pepDde TAT-Cx43266-283, through the inhibiDon of c-Src, has shown 

promising results targeDng GSCs in mulDple preclinical GBM models. In this thesis, with the aim of 

boosDng a future clinical applicaDon of TAT-Cx43266-283, we invesDgated and covered some of the main 

gaps that hamper the translaDon of most preclinical results in clinical seKngs.  

 

Therefore, the specific objecDves of this thesis were: 

 

1. To idenDfy treatment response biomarkers of TAT-Cx43266-283, in order to help with paDent 

straDficaDon and contribute to a more targeted and efficient applicaDon of the treatment. 

 

2. To invesDgate the effect of TAT-Cx43266-283 when it is administered within standard of care 

protocols, by combining its administraDon with the first-line tumor resecDon.  
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Materials and methods 

 
Animals 

Equal number of male and female C57BL/6 

mice were obtained from Charles River 

Laboratories, Jackson Laboratories and the 

animal facility of the University of Salamanca. 

Mice were housed in cages provided with 

environmental enrichment and food and water 

ad libitum, in a mouse room with a 12-hour 

light/12-hour dark light cycle. Animal 

procedures were approved by the ethics 

commiZee of the University of Salamanca and 

the Junta de CasDlla y León (Spain) (CBE 697, 

895 and 980) and were carried out in 

accordance with European Community Council 

direcDves (2010/63/UE), and Spanish law (RD 

53/2013 BOE 34/11370–420, 2013) for the use 

and care of laboratory animals. ResecDon 

procedures were also performed in 

accordance with the protocols approved by 

the InsDtuDonal Animal Care and Use 

CommiZee (IACUC) at the Cleveland Clinic. 

 

Cell culture 

SVZ-NSCs, SVZ-EGFRwt and SVZ-EGFRvIII 

murine cell lines were generated by the Neuro-

Oncology Unit (InsDtuto de Salud Carlos III, 

Madrid, Spain). These cell lines were obtained 

by retroviral expression of EGFRwt or EGFRvIII 

in primary SVZ NSCs from p16/p19 K.O. mice 

(32). These cell lines were cultured in 

DMEM/F-12 Glutamax medium (Gibco, ref: 

31331028) supplemented with a mix of 

anDbioDcs and anDmycoDcs [0.064 mg/mL 

penicillin G (Sigma, ref: P3032-10MU), 1 

mg/mL streptomycin (Sigma, ref: S9137-25G) 

and 0.46 µg/mL amphotericin B (Sigma, ref: 

A9528-50MG)], as well as 1% B27 (Gibco, ref: 

17504044), 0.5% N2 (Gibco, ref: 17502048), 20 

ng/mL human EGF (Peprotech, ref: #AF-100-

15) and 20 ng/mL human b-FGF (Invitrogen, 

ref: RP8628; Peprotech, ref: #100-18B).  

Fetal human cortex NSCs were obtained from 

Takara Bio Inc. (ref.: Y40050). These cells were 

cultured in DMEM/F-12 Glutamax 

supplemented with the described mix of 

anDbioDcs and anDmycoDcs, 10 ng/mL human 

EGF and 10 ng/mL human b-FGF. Cells were 

grown in adherent condiDons adding 4 µg/mL 

laminin (R&D Systems, ref: 3446-005-01) to 

the medium. 
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NSC-EGFRvIII, NP, NPE and NPE-IE murine GSC 

lines, and the paDent-derived GSC lines E15, 

E20, E22, E26, E28, E43 and E51 were obtained 

from the Glioma Cellular GeneDcs Resource 

(University of Edinburgh, Edinburgh, U.K.). 

NSC-EGFRvIII, NP, NPE and NPE-IE murine GSC 

lines were obtained by geneDcally modifying 

SVZ NSCs from C57BL/6 mice (27). NSCs-

EGFRvIII are NSCs with EGFRvIII 

overexpression, NP are NSCs with CRISPR/Cas-

mediated ablaDon of Nf1 and PTEN, NPE are 

NSCs with CRISPR/Cas-mediated ablaDon of 

Nf1 and PTEN and EGFRvIII overexpression, 

and NPE-IE are NSCs with CRISPR/Cas-

mediated ablaDon of Nf1 and PTEN and 

EGFRvIII overexpression together with 

immune evasive properDes developed aOer 

several intracranial transplantaDons in 

immunocompetent mice (27). NP, NPE and 

NPE-IE cell lines express GFP and luciferase as 

reporters. G166 human GSCs were obtained 

from Biorep and have been previously 

described (73). PaDent-derived GSC lines L0, L1 

and L2 were obtained from the University of 

Florida and have been previously described 

(74). T4121 cells were obtained from Duke 

University and have been described previously 

(75). DI318 cells were obtained from Cleveland 

Clinic and have been previously described (76). 

23M cells were obtained from University of 

Texas/MD Anderson Cancer Center and have 

been previously described (77), and control 

immortalized hNSC were obtained from Fred 

Hutchinson Cancer Center/University of 

Washington and have been previously 

described (78). These cell lines were cultured 

in complete GSC medium: DMEM/F-12 with 

glutamine (Sigma, ref: D8437) supplemented 

with 1.45% glucose (Sigma, ref: G8644), 1% 

MEM Non-EssenDal Aminoacids 100X (Gibco, 

ref: 11140-035), 1% Penicillin-Streptomycin 

(Gibco, ref: 15140-122), 0.16% BSA (Gibco, ref: 

15260-037), 0.2% b-mercaptoethanol (Gibco, 

ref: 31350-010), 1% B27, 0.5% N2, 10 ng/mL 

human EGF and 10 ng/mL human b-FGF.  Either 

4 µg/mL laminin (R&D Systems) or 0.06% 

Geltrex (Thermo Fisher, ref: A1413201) were 

added to the media, and TC-treated surfaces 

were used to ensure cell adherence. 

AddiDonally, E20, E26 and E51 lines were 

cultured in surfaces pre-coated with 10 µg/mL 

laminin (Invitrogen, ref: 23017-015) for at least 

1 hour before use. 

For quiescence experiments, NPE-IE cells were 

grown in growth factor-deprived medium 

supplemented with 40 ng/mL Bone 

Morphogenic Protein-4 (BMP-4) (R&D 

Systems, ref: 314-BPE-050).  

GL261 GBM murine cell line was obtained from 

DSMZ. Cells were stably transfected with a 

pcDNA3.1-mCherry plasmid and the 
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subpopulaDon of mCherry GL261-GSC was 

isolated by Dr. Laura García-Vicente, as 

described (79). They were grown as spheres in 

complete GSC medium (described above). 

SB28 GBM murine cell line was obtained from 

H. Okada (University of California, San 

Francisco). Cells were cultured in 

differenDaDon medium [(RPMI-1640 medium 

with L-glutamine (Sigma, ref: R8758)   

supplemented with 1% Penicillin-Streptomycin 

and 10% fetal bovine serum (FBS)] and grown 

in adherent condiDons. The subpopulaDon of 

SB28-GSCs was isolated from SB28 cells as 

described (79) and cultured in adherent 

condiDons in complete GSC medium 

(described above). 4 µg/mL laminin (R&D 

Systems) was added to the media, and TC-

treated surfaces were used to ensure cell 

adherence. 

Cells were grown unDl they were confluent, 

and Accutase (Corning, ref: 25-058-CI) was 

used for cell dissociaDon during passages. Cells 

were split according to the needs of the 

experiment and counted using a Countess 

AutomaDc Cell Counter (Invitrogen). All cell 

lines were cultured in an incubator with an 

atmosphere of 37°C and 5% CO2. All cell lines 

were mycoplasma-free, and rouDnely tested 

for Mycoplasma spp. by PCR using a 

Mycoplasma Gel Form kit (Biotools, ref: 

90.021-4542). 

Treatments 

Lyophilized pepDdes (>95% pure) were 

obtained from GenScript. YGRKKRRQRRR was 

used as the TAT sequence. TAT-Cx43266–283 

sequence was TAT-AYFNGCSSPTAPLSPMSP 

(patent ID: WO2014191608A1) (80) and TAT-

Cx43274-291 sequence was TAT-

PTAPLSPMSPPGYKLVTG. TAT and TAT-Cx43274-

291 were used as control pepDdes, as they do 

not inhibit Src acDvity or exert anDtumor 

effects (57, 69, 81). 

For in vitro experiments, the pepDdes were 

dissolved in DMEM/F-12 medium and used at 

50 µM in culture medium. Temozolomide 

(MedChemExpress, ref: HY-17364 or Sigma, 

ref: T2577-100MG) was dissolved in DMEM/F-

12 medium and used at 100 µM in culture 

medium. ErloDnib (Sigma, ref: SML2156) was 

dissolved in filtered DMSO (Honeywell, ref: 

41641) and DMEM-F12 medium, and used at 1 

µM in culture medium. 0.05% (v/v) DMSO in 

DMEM-F12 medium was used as an erloDnib 

vehicle control. All treatments were added to 

the culture medium either once (24 hours aOer 

plaDng the cells) for protein extracDon, or 

twice (24 and 96 hours aOer plaDng the cells) 

for cell viability experiments.  
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For in vivo experiments, an intracranial 

injecDon of 2 µL containing 200000 GSCs and 

100 µM TAT-Cx43266–283 in complete GSC 

medium, or the equivalent volume of 

complete GSC medium, was performed. One 

week aOer the injecDon of tumor cells, either 

4 nmol/g TAT-Cx43266–283 in 0.9% saline or the 

equivalent volume of 0.9% saline was 

intraperitoneally injected twice a week for the 

duraDon of the experiment as previously 

reported (82).  

For the GL261-GSC model, an intracranial 

injecDon of 1 µL containing 5,000 GSCs and 

100 µM TAT-Cx43266–283 in 0.9% saline, or the 

equivalent volume of saline was performed. 

These animals did not receive intraperitoneal 

injecDons of the treatments.  

For resecDon experiments, an injecDon of 20 

µL of 0.9% saline or 100 µM TAT-Cx43266-283 was 

performed in the intracranial cavity 

immediately aOer tumor resecDon or in the 

tumor area in sham operated mice. 3-5 days 

aOer tumor resecDon or sham operaDon, 

either 4 nmol/g TAT-Cx43266–283 in 0.9% saline 

or the equivalent volume of 0.9% saline was 

intraperitoneally injected twice a week for the 

duraDon of the experiment. 

 

 

Alamar blue viability assay 

Either 1,000, 2,500 or 5,000 cells per well were 

plated in 96-well plates and treated as 

described. At the indicated Dmes, cells were 

incubated with 10% Alamar blue/resazurin 

(Bio-Techne R&D Systems, ref: AR002, or Bio-

Rad, ref: BUF01213) for 6 hours, and 

fluorescence was measured using an Appliskan 

microplate reader (lex = 560 nm and lem = 590 

nm). 

MTT viability assay 

5,000 cells per well were plated in 24-well 

plates and treated as described. At the 

indicated Dmes, cells were incubated with 0.5 

mg/mL MTT (Sigma, ref: M2128) for 75 

minutes. Medium was removed and the MTT 

product was dissolved in DMSO and incubated 

for 10 minutes at room temperature and 

protected from direct light. Absorbance at 570 

nm was measured using an Appliskan 

microplate reader. 

Intracranial injec6on of GSCs  

The murine GSC line NPE-IE was intracranially 

injected into the brains of 8-week-old C57BL/6 

mice as previously described (27). Briefly, mice 

were anaestheDzed with a mixture of 1.5-2% 

isoflurane and oxygen at a 1 L/min flow rate 

and placed in a stereotaxic frame. The skull 
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was trephined according to the stereotaxic 

coordinates, and 2 µL of complete GSC 

medium containing 200,000 cells were 

injected in the right striatum using a 26S-

needle Hamilton microsyringe. Coordinates 

were +0.5 mm anterior-posterior (AP), +1.5 

lateral-medial (LM) to bregma, and -2.5 mm 

deep. Before injecDng at the described depth, 

a small pocket for the cells was formed by 

introducing the needle to a depth of -3.5 mm. 

The cell suspension was injected slowly, and 

the needle was held in place for 2 min aOer cell 

injecDon. Cells were kept on ice while the 

surgery was being performed. Animals 

received an intraperitoneal injecDon of 2 

mg/kg meloxicam (Boehringer Ingelheim) and 

0.1 mg/kg buprenorphine (Richter Pharma) for 

pain and inflammaDon management.  

Animals were monitored daily during the first 

week aOer surgical procedures, and at least 

twice a week for the rest of the experimental 

period. Animals showing signs of humane 

endpoint (briefly, a decrease of 15-20% in their 

body weight, piloerecDon, hunched posture, 

lethargy or hyperexcitability) were sacrificed. 

An addiDonal endpoint criterion was tumor 

size, indicated by luciferase acDvity of tumor 

cells.  

For GL261-GSC model, the same surgical 

procedure was performed, but 1 µL of 0.9% 

saline containing 5,000 cells was injected in the 

right cortex. Coordinates were +1.5 mm AP, + 

1,5 mm LM to lambda, and 2 mm deep.  

GBM resec6on model 

The murine GBM line SB28 grown in 

differenDaDon condiDons was intracranially 

injected into the brains of 7-week-old C57BL/6 

mice. Briefly, mice were anaestheDzed with a 

mixture of 1.5-2% isoflurane and oxygen at a 2 

L/min flow rate and placed in a stereotaxic 

frame. Then, 5 µL of RPMI medium containing 

15,000 cells were injected in the right striatum 

using an insulin syringe. Coordinates were -1.5 

mm AP, +1.5 LM to bregma, and -2 mm deep. 

Before injecDng at the described depth, a small 

pocket for the cells was formed by introducing 

the needle to a depth of -2.5 mm. The cell 

suspension was injected slowly, and the needle 

was held in place for 30 seconds aOer cell 

injecDon. Cells were kept on ice while the 

surgery was being performed. 

Ten days aOer tumor cell injecDon, when 

tumors had already developed, mice were 

subjected to resecDon or sham operaDon. All 

animals were anaestheDzed with a mixture of 

1.5-2% isoflurane and oxygen at a 2 L/min flow 

rate and places in a stereotaxic frame. The 

incision site was shaved and cleaned using 2% 

chlorhexidine + 70% isopropanol surgical 
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wipes (Iberomed, ref: BACTI010). Prior to the 

surgical procedure, animals were 

subcutaneously 4 mg/kg lidocaine (Richter 

Pharma) in the incision area. The incision was 

made using fine scissors (F.S.T.) and periosteum 

was removed using a sterile coZon swab. Then, 

the cell injecDon or tumor area was located, 

and a skull surgical window was opened using 

a surgical drill with a 2.7 mm diameter 

trephine (F.S.T.) in that area. For resecDon 

animals, the visible tumor was removed using 

a 2 mm cureZe (F.S.T.) and a vacuum aspirator 

coupled to an individual Pasteur pipeZe per 

animal. Once the tumor was removed and 

hemostasis was achieved, the cavity was filled 

with 20 µL of 0.9% saline or 100 µM TAT-

Cx43266-283. For sham animals, the tumor was 

not removed, and an intracerebral injecDon of 

20 µL of 0.9% saline or 100 µM TAT-Cx43266-283 

was performed in the tumor area. Surgicel 

(Ethicon, ref: 1943) hemostat was used in 

sham and resected animals to help retain 

treatments, achieve hemostasis, and fill the 

surgical cavity in resected animals. The incision 

was closed using 5-0 Prolene suture (Ethicon, 

ref: EP8709H). Surgical instruments were 

sterilized between animals by immersion in 

70% ethanol. Last, all animals were injected 

with 1 mL 0.9% saline and buprenorphine 0.1 

mg/kg (Richter Pharma) to help with fluid 

recovery and analgesia, respecDvely. Ibuprofen 

0.2 mg/mL (Kern Pharma) and neomycin 0.5 

mg/mL (Gibco, ref: 21810031) were 

administered in the drinking water for 3 days 

post-operaDon. For that same period of 

recovery, mice were provided with Dietgel 76A 

(ClearH2O) dietary supplement, addiDonally to 

their regular chow, to help with recovery.  

 

Bioluminiscent in vivo imaging 

Bioluminiscent imaging was performed 

approximately every two weeks aOer the 

implantaDon of the cells. Briefly, mice were 

intraperitoneally injected with 150 µg/g D-

Luciferin (Goldbio, ref: LUCK-1G). Then, mice 

were anaestheDzed with a mixture of 3% 

isoflurane and oxygen at a 1 L/min flow rate 

and, 10 minutes aOer the luciferin injecDon, 

they were imaged using an IVIS Lumina S5 

(Perkin Elmer) for 5, 10, 30, 60 and 120 

seconds of exposure. Binning parameters 

depended on the features (bioluminescence 

and size) of the tumor. For luciferase acDvity 

analysis, the soOware Living Image (Perkin 

Elmer) was used, and the same ROI was used 

for all the images. All exposure Dmes were 

quanDfied, and the highest signal (measured in 

photons/s or p/s) was selected as the measure 

of luciferase acDvity for every mouse. This 

measure was used as an endpoint criterion if it 

was over 8.108 p/s, as it is an indicator of the 

tumor size. 
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Animals that did not show luciferase acDvity at 

day 27 aOer intracranial GSC injecDon, and 

signs of tumor presence (humane endpoint 

signs) were not included in the study. On that 

note, less than 50% injected mice developed 

tumors, despite following the protocol 

previously described (27). 

Perfusion and 6ssue processing 

When mice met the established humane 

endpoint criteria or the assigned experimental 

endpoint, they were intraperitoneally injected 

with 120 mg/kg sodium pentobarbital 

(Vetoquinol) and, upon loss of toe pinch reflex, 

they were transcardiacally perfused at a 5.5 

mL/min flow rate. For immunofluorescence 

experiments, mice were perfused with 27.5 mL 

0.9% NaCl and 55 mL 4% paraformaldehyde 

(PFA) (Panreac, ref: 252931) . Brains were 

extracted and kept in 4% PFA overnight, and 

then transferred to a cryoprotectant 30% 

sucrose in PBS soluDon unDl they sank. Then, 

brains were sliced to obtain 20 and 40 µm 

coronal secDons using a Microm HM550 

cryostat. 40 µm secDons were maintained in a 

1:1 PBS-glycerol soluDon at 20 °C unDl used. 

For histopathology experiments, mice were 

perfused with 27.5 mL 0.9% NaCl and 55 mL 

4% PFA. Brains were extracted and kept in 4% 

PFA unDl used. Brains were sliced by the 

Compared Molecular Pathology service of 

Centre for Cancer Research (IBMCC, 

Salamanca) to obtain 3-5 µm coronal secDons. 

For western bloKng experiments, mice were 

perfused with 27.5 mL PBS (without 

anDbioDcs) and their brains were removed, 

snap-frozen using liquid nitrogen and kept at -

80 °C unDl used. Brains were sliced to obtain 

20 µm coronal secDons using Microm HM550 

cryostat.  

Resec6on explant cultures 

Immediately aOer brain extracDon, 

approximately 1 mm3 pieces were dissected 

from the tumors. Two explants per well were 

plated in 10 µg/mL laminin-coated 24-well 

plates in GSC medium (described in cell culture 

secDon). Explants were allowed to adhere to 

the culture surface for 72 hours, and either 100 

µM TAT-Cx43266–283 or the equivalent amount 

of DMEM/F-12 was added to the wells. 

Immediately aOer adding the treatments, cells 

were recorded using the Dme-lapse live cell 

imaging microscope Zeiss Axio Observer Z1, 

which acquired phase-contrast photographs of 

the cells every 10 minutes for 72-96 hours. 

Videos were processed using Zen imaging and 

Fiji soOwares. 

Immunofluorescence  

For CD31 and GFP analyses, brain secDons 

were washed with PBS with 0.1% Triton X-100 
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and blocked overnight with a blocking soluDon 

(PBS with 1% Triton X-100 and 10% donkey 

serum). Then, secDons were incubated at 4°C 

overnight with a rat anD-CD31 monoclonal 

anDbody (1:100, BD Biosciences, ref: 550274). 

Next, secDons were washed with PBS with 

0.1% Triton X-100 and incubated at 4°C 

overnight with a goat anD-rat IgG Alexa Fluor 

A594-conjugated secondary anDbody (1:500, 

Invitrogen, ref: #A-11007). Finally, nuclei were 

stained with DAPI (1:5000, Invitrogen, ref: 

D3571) for 5 min and secDons were mounted 

using SlowFade™ Gold anDfade mountant 

(Thermo Fisher, ref: 536936). Mosaic images of 

the secDons were acquired using a Leica 

Stellaris 8 confocal microscope, selecDng only 

one plane of the z axis, and using a 10X 

objecDve. Images were processed and 

analyzed using the soOwares LAS X (Leica) and 

Fiji. 

For SVZ analyses, free-floaDng 

immunofluorescence was performed in 40 µm 

secDons. SecDons were washed with PBS and 

PBS-Tween 0.1%, and they were blocked for 45 

r.t. with PBS-Tween 0.1% + NGS 1% + BSA 0.5%. 

Next, secDons were incubated at 4 °C 

overnight with primary anDbodies: rabbit anD-

GFAP monoclonal anDbody (1: 160, Sigma) and 

guinea pig anD-DCX monoclonal anDbody 

(1:5000, Chemicon). Then, secDons were 

washed with PBS-Tween 0.1% and incubated 

for 2 hours r.t. with the secondary anDbodies: 

goat anD-rabbit IgG Alexa Fluor A594 and goat 

anD-guinea pig IgG Alexa Fluor A488 (1:500, 

Invitrogen). Finally, nuclei were stained with 

1:5000 DAPI for 5 min and secDons were 

mounted as described. Images were acquired 

using a Nikon Eclipse TE2000-S microscope 

coupled to a Leica DC 350F camera. 

Fluorescence intensity of the two SVZ of each 

secDon was analyzed with Fiji soOware. 

Hematoxylin-eosin (H&E) staining 

H&E staining was performed by the Compared 

Molecular Pathology service of Centre for 

Cancer Research (IBMCC, Salamanca). Bright-

field images were acquired using an Olympus 

BX51 microscope coupled to an Olympus DP74 

camera or with an Olympus Provis AX70 

microscope coupled to an Olympus DP70 

camera. Both microscopes were used with the 

soOware CellSens Entry 4.1.1. 

Images from the resecDon experiments were 

evaluated with the help of the pathologist Dr. 

Carmen García Macías (University of 

Salamanca) and the neuropathologist Prof. 

Craig Horbinski (Northwestern University) 

Tumor necrosis and invasiveness were 

evaluated comparaDvely among tumor slices 

using a 0-5 score, and external proliferaDve foci 

were counted manually in each image.  
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Fluorescence In Situ Hybridiza6on 

(FISH) 

For FISH studies to analyze EGFR amplificaDon 

in human GSC, 106 cells per GSC line were used. 

The Cytometry Service of the University of 

Salamanca performed FISH experiments using 

a EGFR/CEP7 probe (Metasystems).  

RNA-seq  

For RNA-seq analyses, 106 cells per cell line (L0, 

L1, L2, T4121, DI318, 23M and hNSC) were 

used. RNA was extracted by the DNA NaDonal 

Bank (University of Salamanca) using organic 

solvents (phenol-chloroform). The Sequencing 

Service (University of Salamanca) generated 

RNA libraries using a KAPA-mRNA HyperPrep-

Kit for Illumina pla�orms (Roche). Sequencing 

was performed using a NovaSeq 6000 

(Illumina). 

EGFRvIII status was analyzed by aligning 

sequencing data to the human genome, and 

Sashimi plots were obtained using the 

soOware IGV (U.C. San Diego). 

Lacunarity analyses 

Blood vessel lacunarity was measured in at 

least four regions per animal from raw CD31 

confocal mosaic images. Mean lacunarity and 

vessel area (i.e., CD31 area) were analyzed in 

these regions using the soOware AngioTool 

0.6a (N.C.I., U.S.A.). Briefly, blood vessels were 

selected according to their intensity, non-

specific small parDcles were removed and 

mean lacunarity was measured. Due to 

possible differences in mean lacunarity caused 

by a difference in the number of vessels in each 

region, values of vessel area and mean 

lacunarity were used to calculate a corrected 

lacunarity value (mean lacunarity x vessel 

area). 

Western blots (WB) 

WB were performed as previously described. 

Briefly, 100,000 cells were plated in 35 mm 

diameter dishes, and treated as described. 24 

hours aOer the first dose of treatment, 

proteins were extracted using an extracDon 

buffer (2% SDS, 2 mMM EDTA, 5 mM TRIS-HCl 

pH 6.8 and 2 mM EGTA in ddH2O) with 1:100 

protease (Fisher ScienDfic, ref: 12818395) and 

phosphatase inhibitor cocktails (Fisher 

ScienDfic, ref: 11833955). Samples were 

heated at 99°C for 5 min and sonicated for 5 

min. Loading buffer 1X (Thermo Fisher, ref: 

NP0007) and reducing agent 1X (Thermo 

Fisher, ref: NP0004) were added to the 

samples and heated at 70°C for 10 min.  

Between 16-22 µg of proteins were loaded and 

separated on NuPaGE Novex Bis-Tris 4-12% 

midi gels (Invitrogen, ref: WG1402BOX) at 

room temperature and 120V. Proteins were 
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transferred to iBlot nitrocellulose membranes 

(Invitrogen, ref: IB23001) using an iBlot dry 

bloKng system (Invitrogen). Ponceau staining 

(10%, Sigma, ref: P7170) was used to observe 

total protein load. Membranes were blocked 

with 5% dry milk and incubated overnight at 

4°C with primary anDbodies: anD-phospho-

EGFR Y1068 (1:1000, Cell Signaling, ref: 3777) 

and anD-EGFR (1:1000, Cell Signaling, ref: 

4267), anD-GAPDH (1:5000, Invitrogen, ref: 

AM4300) and anD-b-acDn (1:1000, Sigma, ref: 

A5441). Then, membranes were washed and 

incubated with HRP-conjugated anD-rabbit IgG 

(1:2500, Santa Cruz Biotechnology, ref: sc-

2357-CM) or HRP-conjugated anD-mouse IgG 

(1:5000, Jackson ImmunoResearch, ref: 115-

035-003), and developed using luminol (Santa 

Cruz Biotechnology, ref: sc-2048) and a 

MicroChemi imaging system (Bioimaging 

Systems). Densitometry analysis of the protein 

bands was performed using Fiji soOware.  

For frozen tumor Dssue WB, three 20 µm 

coronal slices from frozen brains were cut. The 

tumor area was isolated and transferred to an 

Eppendorf containing 60 µL of protein 

extracDon buffer with 1:100 protease and 

phosphatase inhibitor cocktails as described 

above. The processing of the samples was 

performed as described above. The primary 

anDbodies used were: anD-phospho-Src Y416 

(1:250, Cell Signaling, ref: 2101S) and anD-Src 

(1:500, Cell Signaling, ref: 2110S), and anD-b-

acDn (1:1000, Sigma, ref: A5441). 

Pa6ent protein levels, RNA 

expression and survival analysis 

The Cancer Genome Atlas (TCGA) GBM 

database (83) (577 paDents) was used for all 

the analyses, due to its paDent number and 

reverse phase protein array (RPPA) data 

availability (193 paDents). cBioportal 

(84)(hZps://www.cbioportal.org/) was used 

for downloading datasets and obtaining 

protein levels volcano plot and table. 

Thresholds for mRNA expression z-scores 

(relaDve to all samples) and protein level z-

scores (RPPA)  

were ± 2. RPPA data for p-Src Y416 levels and 

paDent overall survival data were downloaded 

from cBioportal and ploZed and analyzed 

using GraphPad Prism 9.0.1 P-Src Y416 and 

EGFR correlaDon graph was obtained from 

GlioVis portal 

(85)(hZp://gliovis.bioinfo.cnio.es/).  

Sta6s6cal analysis 

Results are expressed as the means ± S.E.M of 

at least 3 independent experiments. For 

comparisons between two groups, data were 

analyzed by two-tailed Student's t-test. For 
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comparisons between more than two groups, 

data were analyzed by one- and two-way 

ANOVA, followed by a post-hoc Tukey test. For 

survival analyses, data were represented in a 

Kaplan-Meier curve and differences were 

compared using a Log-rank test. Differences 

between groups were considered significant 

when p value < 0.05.  

 

  



 
 

- 48 - 

  



 
 

- 100 - 

Chapter 2: Discussion 

 
Our previous studies in different preclinical 

models suggest that the anNtumor pepNde 

TAT-Cx43266-283 is a promising therapy against 

GBM, as it reduces GSC proliferaNon and 

invasiveness and modifies their metabolism, 

ulNmately extending the survival of GBM-

bearing mice (69, 70, 72). In the present 

study, we provide further evidence that 

supports the potenNal clinical benefits of this 

pepNde in combinaNon with GBM resecNon. 

 

The SB28 GBM mouse model is a recent 

preclinical model that is interesNng for the 

field due to its poor immunogenic potenNal, 

which resembles GBM immunosuppressive 

nature, making it a good model for 

immunotherapy studies (131, 132). 

However, a downside of this model is that it 

has barely been described  in arNcles, so 

further characterizaNon is needed (133). In 

this study, we contributed to the histological 

characterizaNon of this model by showing 

that SB28 tumors indeed recapitulate 

important histological features of human 

GBM: pseudopalisading necrosis (126), 

infiltraNve borders with proliferaNve external 

foci (127) and the presence of spindle-

shaped cells (130). 

 

As tumor resecNon is the first-line treatment 

against GBM, we performed tumor resecNon 

surgery in the SB28 GBM mouse model. We 

observed that, although not significantly, 

tumor resecNon seemed to prolong the 

survival of tumor-bearing mice. However, in 

line with previous studies (122, 123), we 

found that tumor resecNon increased the 

aggressiveness of the remaining tumor cells, 

as shown by the increase in infiltraNve 

borders and external proliferaNve foci that 

we observed in tumor resected mice when 

compared to sham mice. Importantly, the 

combinaNon of tumor resecNon with TAT-

Cx43266-283 administraNon significantly 

enhanced the survival of SB28-bearing mice, 

and strongly reduced the GBM histological 

hallmarks of invasiveness.   

 

Gaining insight into the mechanism 

underlying these effects, we found that 

resected mice showed increased levels of Src 

acNvity in regrown tumors when compared 

to sham mice. Src is a target of TAT-Cx43266-
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283 (63), which explains the improved 

outcomes of TAT-Cx43266-283 administraNon 

in resected mice, whose tumors had higher 

acNvity of Src than sham mice. Indeed, 

resected mice had a beger prognosis aeer 

TAT-Cx43266-283 treatment, as shown by the 

enhanced survival and significant decrease in 

the invasive features of the model aeer 

treatment. On that note, Src is a key player in 

migraNon and invasion, which is in 

agreement with the increased invasiveness 

observed aeer tumor resecNon that is 

impaired by TAT-Cx43266-283 (52, 69, 134, 

135). In addiNon, Src is related to the 

maintenance of stemness in GSCs (72, 93, 

136), so the increase in Src levels observed 

aeer resecNon is in line with previous 

findings about the increased number of GSC 

and stem cell features of the tumor aeer 

resecNon (123). Our in vitro studies showed 

that TAT-Cx43266-283 decreased SB28-GSC 

viability but had no effects on SB28 cultured 

in differenNaNon condiNons. Altogether, 

these and the in vivo results seem to indicate 

that TAT-Cx43266-283 effecNvely targets the 

infiltraNve GSC populaNon that remains aeer 

tumor resecNon, which is consistent with the 

beneficial effects of TAT-Cx43 in GBM 

resected mice.  

One of the challenges of treaNng GBM and 

the rest of brain tumors are the physiological 

barriers between the brain and the rest of 

the system. The blood-brain barrier (BBB) is 

the main barrier between the systemic blood 

and the brain, and due to a Nghtly regulated 

transportaNon of molecules between these 

two compartments, it hinders the entry of 

most drugs into the brain and therefore, into 

the tumor area (137). Large tumors can 

disrupt this barrier and enhance its 

permeability, transforming it into what is 

known as blood-brain-tumor barrier (BBTB). 

However, the heterogeneity of brain tumors, 

as well as the presence of tumor cells far 

from the BBB-disrupNve tumor mass, 

hampers this permeability enhancement in 

all tumor areas and makes the BBTB, 

together with the BBB, an obstacle to 

overcome when administering systemic 

treatments (138). Hence, the post-surgical 

tumor intracavity administraNon is an 

interesNng strategy to overcome the 

physiological barriers. In fact, one of the 

ways of administering chemotherapy is the 

inserNon of chemotherapy wafers in the 

resected tumor area during surgery (139, 

140) and some studies have used this 

intracavitary approach for emerging 
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therapies against GSCs (141). Importantly, 

the present study shows the safety and 

efficiency of TAT-Cx43266-283 administraNon in 

the intracranial cavity post-tumor resecNon 

in GBM-bearing mice.  

 

Although further research is required to 

opNmize dose and administraNon schedule 

parameters, as well as to improve the form 

in which TAT-Cx43266-283 is administered to 

ensure an opNmal beneficial effect of the 

treatment, the posiNve results of TAT-

Cx43266-283 treatment in combinaNon with 

tumor resecNon supports its progression 

towards a clinical trial. 
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General discussion 

 
Glioblastoma is one of the deadliest malignant 

tumors worldwide and it remains incurable.  

Despite unceasing effort to tackle the disease 

from basic, translaDonal, and clinical 

perspecDves, current therapies fail to prolong 

paDent survival for more than 14-20 months 

aOer tumor diagnose (16). The underlying 

reason for this therapeuDc failure involves 

some of the unique features of GBM that allow 

it to evade current treatments and ulDmately 

generate tumor recurrence. One of the main 

difficulDes to be faced are the high intratumor 

and interpaDent heterogeneity in GBMs (11, 

142), which hamper the development of a 

standard treatment for all GBM paDents and 

make it difficult to predict the outcome of 

current treatments. On that note, there is an 

urgent need for idenDfying treatment 

response biomarkers for cell subpopulaDons 

and GBM subtypes that enable a beZer paDent 

straDficaDon and therefore a more efficient 

treatment system for GBM paDents (143). 

Moreover, even when drugs seem to be 

successful in preclinical GBM models, most of 

them fail when administered in clinical trials, 

partly due to the parDcular locaDon of GBM in 

the organism. The blood-brain barrier (BBB) 

strictly regulates and allows the entrance of 

molecules from the systemic blood to the 

brain, and most GBM drugs are not able to 

overcome this barrier, leading to poor 

outcomes in clinical seKngs (137, 138, 144), 

and impels the development of drug 

administraDon methods that overcome the 

BBB (145). AddiDonally, drugs in the clinic are 

oOen administered aOer tumor resecDon (13, 

14) which, despite increasing paDent survival 

in most of the cases (117), has been associated 

to a reshape of the remaining GBM cells, 

increasing their aggressiveness (122, 146-148). 

On that note, current preclinical models 

unsuccessfully aZempt to mimic GBM 

heterogeneity due to the difficulty of 

combining the geneDc features of paDent-

derived lines with the tumor 

microenvironment of orthotopic xenograOs. 

These models also fail to replicate a clinical 

administraDon protocol as most of them focus 

on treaDng intact intracranial tumors instead 

of performing the previous surgical resecDon 

included in the standard of care (149), thus 

hindering the translaDon of preclinical results 

to a clinical seKng.  
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We developed a Src-inhibitory pepDde that has 

shown anDtumor properDes in preclinical GBM 

models, decreasing the proliferaDon and 

invasiveness of GSCs, inhibiDng their metabolic 

plasDcity  (70) and increasing the survival Dme 

of GBM bearing mice (69, 72). In this thesis, we 

have aimed to address some of the main points 

that hamper a successful translaDon from 

preclinical to clinical results.  

 

Although, as menDoned, GBMs are 

heterogeneous, we have idenDfied a subset of 

paDents that might experience a higher benefit 

from TAT-Cx43266-283 treatment. Our results in 

murine and paDent-derived GBM cells have 

shown that EGFR alteraDons (EGFR 

amplificaDon and EGFRvIII mutaDon) in these 

tumors predict and parDcipate in their 

response of TAT-Cx43266-283, which implies that 

TAT-Cx43266-283 can be considered a targeted 

therapy. Importantly, around 50% of GBM 

paDents have alteraDons in EGFR (87), so these 

preclinical results suggest that the 

administraDon of TAT-Cx43266-283 as a GBM 

therapy might be effecDve in at least half of 

GBM paDents. On that note, the posiDve 

results obtained in the variety of preclinical in 

vitro and in vivo models that have undergone 

TAT-Cx43266-283 treatment in this thesis (NPE-IE 

and SB28 GBM models) and previous works 

from our group (G166, GL261 and GL261-GSC 

GBM models (72)) in addiDon to the posiDve 

effects in freshly removed samples from 

different GBM paDents (69) show that TAT-

Cx43266-283 is effecDve in a great variety of GBM 

models, originated from different cells, some 

of them proposed to resemble the most 

frequent human GBM subtype (71), 

represenDng the high intertumor 

heterogeneity of the clinic of GBM. 

 

Moreover, the fact that EGFR alteraDons act as 

a predictor of treatment response may allow 

the selecDon and straDficaDon of paDents in a 

clinical trial. Importantly, GBM paDent samples 

are rouDnely tested for EGFR alteraDons, as 

EGFR amplificaDon is a diagnose biomarker of 

GBM (6). The general availability of EGFR 

status data would not make it necessary to test 

paDents prior to being enrolled on a clinical 

trial, saving Dme and resources, and therefore 

allowing a more efficient and straight-forward 

experimental design of the trial with beZer 

opDons to achieve benefits for the selected 

paDents.  

 

As menDoned before, tumor resecDon is the 

first-line treatment for most paDents, and the 

base for the administraDon of adjuvant 

therapies. Tumor resecDon has been found to 

reshape GBM and its microenvironment (122, 

150), turning tumors into more aggressive 
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phenotypes and increasing the GSC populaDon 

in the tumor (123), a GBM subpopulaDon 

responsible for GBM recurrence. Indeed, we 

found that tumor resecDon increased GBM 

infiltraDon and the combinaDon of tumor 

resecDon with TAT-Cx43266-283 was able to 

decrease invasive features of the tumors and 

ulDmately achieve beZer survival outcomes. 

These are promising results, however, the 

current standard of care for GBM also involves 

the administraDon of TMZ and radiotherapy 

(13), administered aOer tumor resecDon. 

Therefore, it would be interesDng to study 

whether the administraDon of TMZ and 

radiotherapy aOer tumor resecDon would 

consDtute an opDmized therapeuDc scenario 

for the adjuvant administraDon of TAT-Cx43266-

283.   

 

On that note, in order to bypass the BBB and 

leverage the unique administraDon route 

generated by tumor resecDon, in this thesis we 

administered TAT-Cx43266-283 in the tumor 

cavity. This administraDon route allowed the 

injecDon of larger treatment volumes and a 

direct contact of the treatment with tumor 

border area, an area of interest due to the 

presence of infiltraDve GBM cells that are oOen 

responsible for tumor recurrence (151). Our 

results show that intracavitary administraDon 

of TAT-Cx43266-283 has not only shown to be 

effecDve reducing tumor invasiveness and 

aggressiveness, but it has also shown to be a 

safe administraDon route in murine models. 

Consistent with this, the results in this thesis 

allow to confirm the cell selecDvity of TAT-

Cx43266-283 as it targets GSCs but it does not 

affect cell viability of human and murine NSC 

cell lines, despite the described similariDes 

between the two cell types (25).  

 

Importantly, our results have also showed that 

TAT-Cx43266-283 is more effecDve than TMZ and 

erloDnib in vitro, and that the combinaDon of 

TAT-Cx43266-283 and erloDnib administraDon in 

some murine GSCs has a synergisDc effect. 

These results, together with the analysis from 

GBM paDent data sets, reinforce the 

importance of targeDng EGFR-Src axis in GBMs. 

Indeed, our results confirm the inclusion of 

EGFR, in addiDon to Src, to the targets of TAT-

Cx43266-283. InteresDngly, a combined targeDng 

of Src and EGFR in GBMs has already 

demonstrated to be beneficial for the reversal 

of treatment resistance with an ulDmate 

enhancement of survival in murine preclinical 

GBM models (102).  

 

Although further research is required to 

opDmize dose schedules and administraDon 

routes, as well as to determine 

pharmacokineDc and pharmacodynamic 
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parameters, our results conclude that TAT-

Cx43266-283 is a targeted therapy against the 

EGFR-Src axis, which might be beneficial for a 

high percentage of GBM paDents, especially 

aOer tumor resecDon.  
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Conclusions 
I. The frequent EGFR alteraDons 

(EGFR amplificaDon and EGFRvIII) 
predict the response to TAT-
Cx43266-283 treatment in murine 
and paDent-derived GSCs, which 
may help with paDent straDficaDon 
in future clinical trials and 
treatments. 
 

II. EGFR alteraDons parDcipate in the 
response to TAT-Cx43266-283, as 
judged by different in vitro and in 
vivo GBM models generated by 
neural stem cells with EGFR 
alteraDons.  

 
III. TAT-Cx43266-283 specifically targets 

EGFR altered neural and 
glioblastoma stem cells, sparing 
healthy murine and human neural 
stem cells.  

 
IV. EGFR alteraDons correlate with 

higher levels of Src acDvity (p-
Y416), and with shorter paDent 
overall median survival.  

 
V. Treatment with TAT-Cx43266-283 in 

GSCs is more effecDve than the 
standard of care 
chemotherapeuDc temozolomide 
and the classical EGFR inhibitor 
erloDnib. InteresDngly, the 
combinaDon of erloDnib and TAT-
Cx43266-283 had a synergisDc effect 
in some murine GSCs. 

VI. Tumors of SB28 GBM mouse model 
recapitulate histopathological 
features of human GBMs, like 
pseudopalisading necrosis, 
infiltraDve borders, proliferaDve 
spread foci and spindle-shaped 
cells. 

 
VII. Tumor resecDon in the SB28 GBM 

model increased, although not 
significantly, survival Dme 
compared to sham group. Tumors 
grown aOer resecDon exhibited an 
increase in aggressive features and 
Src acDvity when compared to 
their sham counterparts.  

 
VIII. TAT-Cx43266-283 administraDon in 

the resecDon cavity has shown 
anDtumor efficacy as well as safety 
in in the SB28 GBM model.  
 

IX. The combinaDon of tumor 
resecDon and TAT-Cx43266-283 
intracavitary administraDon 
reduced the invasive features 
observed aOer resecDon, and 
ulDmately increased survival Dme 
in the SB28 GBM model, which 
support the administraDon of TAT-
Cx43266-283 following the standard 
of care in the clinic, in which tumor 
resecDon is the first-line 
treatment. 
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Final conclusion 
 
Results obtained in this PhD thesis consDtute a crucial progress in the translaDon of TAT-Cx43266-283 

anDtumor pepDde for the treatment of GBM. Indeed, we have idenDfied a substanDal subgroup of 

GBM paDents that may benefit from this treatment, and we have found a posiDve effect of 

administering TAT-Cx43266-283 upon tumor resecDon, a scenario that resembles closely to the current 

clinical seKng. Altogether, these results serve as a base for future clinical invesDgaDons and, together 

with previous studies, support the therapeuDc potenDal of TAT-Cx43266-283 as a treatment for GBM.  

 
 

Conclusión final 
 
Los resultados obtenidos en esta tesis doctoral suponen un avance en la traslación del pépDdo 

anDtumoral TAT-Cx43 para el tratamiento del GBM. Hemos idenDficado un subgrupo numeroso de 

pacientes de GBM que podrían beneficiarse del tratamiento en futuros ensayos clínicos, y a además 

hemos encontrado un efecto posiDvo de la administración de TAT-Cx43266-283 tras la resección del 

tumor, un escenario que se acerca a la situación clínica actual. En conjunto, estos resultados sirven 

como base para futuras invesDgaciones clínicas y, junto con estudios previos, apoyan el potencial 

terapéuDco de TAT-Cx43266-283 como tratamiento del GBM. 
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