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SUMMARY

Glioblastoma multiforme (GBM) is a deadly and common brain tumor. Poor prognosis is linked to high
proliferation and cell heterogeneity, including glioma stem cells (GSCs). Telomere genes are frequently
mutated. The telomere binding protein TRF1 is essential for telomere protection, and for adult and pluripotent
stem cells. Here, we find TRF1 upregulation in mouse and human GBM. Brain-specific Trf1 genetic deletion in
GBM mouse models inhibited GBM initiation and progression, increasing survival. Trf1 deletion increased
telomeric DNA damage and reduced proliferation and stemness. TRF1 chemical inhibitors mimicked these
effects in human GBM cells and also blocked tumor sphere formation and tumor growth in xenografts
from patient-derived primary GSCs. Thus, targeting telomeres throughout TRF1 inhibition is an effective

therapeutic strategy for GBM.

INTRODUCTION

Malignant gliomas represent the majority of primary CNS neo-
plasms. The most frequent and aggressive glioma is glioblas-
toma multiforme (GBM) (Louis et al., 2007). Despite all the
advances in the molecular characterization of glioblastoma,
the median survival has not improved in the last 50 years,
being only 14-16 months (Wen and Kesari, 2008).

GBM is known for the high proliferative and infiltrative nature
(Chen et al., 2012). GBMs are also highly heterogeneous tumors
(Soeda et al., 2015). Cells within the tumor present different
expression profiles and may have different responses to radio-
and chemotherapy (Bhat et al., 2013). In addition, several studies

suggest the existence of a small fraction of cells within the
bulk of the tumor with stem-like properties, also termed glioma
stem-like cells. These cells are able to recapitulate the original
tumor after injection into the brain of immunodeficient mice
(Singh et al., 2004). They exhibit radio- and chemoresistant
properties, which might explain GBM recurrence after treatment
(Bao et al., 2006). This complexity highlights the need for new
effective treatments.

Telomeres are heterochromatic structures at the end of chro-
mosomes essential for chromosome stability (De Lange, 2005).
Mammalian telomeres are formed by tandem repeats of
the TTAGGG sequence bound by the so-called shelterin com-
plex, formed by TRF1, TRF2, POT1, TPP1, TIN2, and RAP1

Significance

Glioblastoma is an incurable tumor mainly owing to its high tumor-initiating cell potential. Telomere maintenance is among
the most frequent alterations in human glioblastoma, but if telomeres are good targets to cease GBM growth remains
unclear. This study demonstrates that disrupting telomeric capping through direct inhibition of the shelterin protein TRF1
is a promising strategy for treating GBM. We demonstrate that inhibition of TRF1 effectively blocks GBM in both murine
and human GBM models. We further demonstrate the striking effectiveness of TRF1 inhibition in impairing the growth of
glioma stem cells. These results have a potential impact in cancer treatment as current therapies are unable to kill glioma
stem cells and patients die owing to the recurrence of the tumors.
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Figure 1. Trf1 Is Upregulated in Mouse and Human GBM
(A) Representative images (left) and quantification (right) of percentage of cells with high TRF1 expression determined by immunofluorescence. Scale bars, 10 pum.
(B) Western blot images (left) and quantification (right) of TRF1 protein levels in the indicated cells.
(C) Generation of mouse models of GBM by overexpression of PDGFB or PDGFA or by knock down of Nf1 and p53 in Nestin-expressing cells (i.e., glial
progenitors).
(D) TRF1 mRNA levels by gRT-PCR in GBM subtypes compared with non-tumor areas.
(E) Quantification of nuclear TRF1 fluorescence in tumor and non-tumor areas and representative images. Scale bars, 5 um.
(legend continued on next page)
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(Liu et al., 2004). With each cell division, telomeres shorten due to
the incomplete replication of chromosome ends, a phenomenon
known as the “end-replication” problem (Harley et al., 1990). This
telomere shortening can be compensated through the de novo
addition of telomeric repeats by telomerase, a reverse transcrip-
tase composed of a catalytic subunit (TERT) and an RNA compo-
nent (Terc), used as template for the synthesis of TTAGGG
repeats (Greider and Blackburn, 1985). In normal adult cells,
however, telomerase is not usually expressed, and telomeres
progressively shorten associated to organismal aging (Martinez
and Blasco, 2011; Harley et al., 1990).

Telomere maintenance above a minimum length is essential to
sustain the indefinite proliferation potential of cancer cells, thus
telomeres are considered as potential anti-cancer targets
(Hanahan and Weinberg, 2011; Kim et al., 1994). More than
90% of human tumors aberrantly express telomerase (Kim
et al., 1994; Shay and Bacchetti, 1997), while the remaining
telomerase-negative tumors activate an alternative mechanism
to elongate telomeres based on recombination between
telomeric sequences, known as ALT (Bryan et al., 1997). The
promoter of the TERT gene is mutated in 58%-84% of human
primary GBMs (Nonoguchi et al., 2013; Boldrini et al., 2006),
while pediatric GBMs frequently display an ALT phenotype asso-
ciated with ATRX mutations (Heaphy et al., 2011). These facts
highlight the importance of telomere maintenance in glioblas-
toma and pinpoint telomeres as promising targets. In this regard,
most studies have focused on telomerase inhibition. However,
telomerase-deficient mice are only cancer resistant when
telomeres reach a critically short length (Gonzalez-Suarez
et al., 2000) and this effect is lost in the absence of the Trp53
tumor suppressor gene, which is commonly mutated in cancer
(Chin et al., 1999). Clinical trials with telomerase inhibitors have
only shown therapeutic benefits in a few myeloid malignancies
but have largely failed in solid tumors (El Fassi et al., 2015;
Middleton et al., 2014; Parkhurst et al., 2004), maybe as a conse-
quence of telomere length heterogeneity within tumors, which
may hamper the effective killing of all tumor cells including the
tumor-initiating populations with stem cell-like properties.

Several studies suggest that inhibiting TRF1 could represent
an alternative to telomerase inhibitors to target telomeres inde-
pendently of telomere length. TRF1 directly binds TTAGGG telo-
mere repeats where it is essential for telomere protection (De
Lange, 2005; Martinez and Blasco, 2011). Trf1 deletion in vivo in-
duces a persistent DNA damage response (DDR) at telomeres,
which is sufficient to block cell division and induce senescence
and/or apoptosis in different mouse tissues (Martinez et al.,
2009; Beier et al., 2012; Schneider et al., 2013). Interestingly,
TRF1 is overexpressed in adult stem cell compartments and in
pluripotent stem cells, where it is essential to maintain tissue ho-
meostasis and pluripotency, respectively (Schneider et al., 2013;
Boué et al., 2010). TRF1 is also overexpressed in several cancer
types such as renal cell carcinoma (Pal et al., 2015) and gastro-
intestinal tumors (Hu et al., 2010). Furthermore, dominant nega-

tive mutations in the TRF1-interacting protein POT1 have been
found in different tumor types including familiar glioblastoma
cases, again highlighting the importance of telomeres in GBM
(Bainbridge et al., 2015; Ramsay et al., 2013; Calvete et al.,
2015; Robles-Espinoza et al., 2014). Finally, we recently reported
that induction of telomere uncapping by Trf7 genetic depletion or
chemical inhibition can effectively block the growth of aggres-
sive and rapidly growing lung tumors in Trp53-deficient
KrasG12V mice, in a manner that is independent of telomere
length (Garcia-Beccaria et al., 2015), thus further supporting
that TRF1 could be a good anti-cancer target for aggressive
tumors.

Here, we set to address whether TRF1 inhibition blocks GBM
growth in both in vivo mouse models and human xenograft
models, and to address whether these effects occur indepen-
dently of telomere length.

RESULTS

TRF1 Is Overexpressed in Both Human and Mouse GBM
We first addressed whether TRF1 expression is altered in human
and mouse GBM. For this, we analyzed TRF1 protein levels by
immunofluorescence in a total of 30 normal human brains, 7
astrocytomas, and 14 GBMs. The percentage of cells presenting
high TRF1 levels was highest in GBMs, followed by astrocy-
tomas, while TRF1 was almost undetectable in normal brain
tissue (Figure 1A). We validated these results by determining
TRF1 total protein levels by western blot in three independent
human GBM cell lines and in two patient-derived primary glio-
blastoma stem cell (GSC) cultures. Again, TRF1 protein expres-
sion was significantly increased in all three human GBM cell lines
(U251, U87, and T98G) and in the two patient-derived primary
GSCs cultures (h543 and h676) compared with primary astro-
cytes (Figure 1B). TRF2 and RAP1 protein levels were
also found upregulated in the patient-derived primary GSCs
compared with normal astrocytes (Figure S1A). This upregulation
of different shelterin proteins in human GBM cells compared with
normal astrocytes, seemed to occur at the post-transcriptional
level as we did not find significant differences in the mRNA levels
of different shelterins when using gRT-PCR (Figure S1B).

Next, we studied TRF1 expression in various mouse models of
GBM generated by specifically targeting Nestin-expressing cells
with RCAS vectors carrying different oncogenic insults in Nestin-
Tva transgenic mice. Neural stem cells (NSCs) express Nestin,
and, thus, these cells are targeted by the different oncogenic
insults. In particular, we generated mice with different GBM
subtypes by either overexpressing PDGFB or PDGFA in a
Cdkn2a null background, or by knocking down Nf1 and p53 in
a wild-type background (Figures 1C and S1C-S1F). PDGFA
overexpression results in proneural-like GBMs, while PDGFB
and sh-Nf1 sh-p53 induced glioblastomas with a mesenchymal
signature (Ozawa et al., 2014) (Figures S1C-S1F). TRF1 mRNA
levels were significantly upregulated in the three mouse GBM

(F) Western blot for TRF1 protein levels in PDGFB tumors (T) and non-tumor (NT) areas.

(G) Telomere Q-FISH analysis of tumor and non-tumor areas. Scale bars, 5 um.

Data are represented as the mean + SD with the exception of 1A, which is the mean + SEM. n represents the number of independent human samples in (A),
the number of biological replicates in (B), and the number of mice in (D-G). Statistical analysis: unpaired t test. *p < 0.05, *p < 0.01, **p < 0.001. See also

Figures S1 and S2.
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Figure 2. Trf1 Deletion Impairs Tumor Initiation in Various GBM Subtypes

(A) GBM are induced by PDGFB overexpression simultaneously with Cre expression to delete the Trf1’* allele, specifically in Nestin-expressing cells.

(B) Schematic representation of the experimental procedures.

(C) Survival curves of mice with the indicated genotypes. Histological analysis is performed 45 days after tumor induction in a different cohort of mice.

(D) Percentage of mice with GBM 45 days after tumor induction.

(E) Representative images (left) and quantification (right) of tumor area by H&E at 45 days after tumor induction. Scale bars, 500 um (left) and 200 pm (right).
(F) Representative images (left) and quantification (right) of Ki67-positive cells per field at 45 days after tumor induction. Scale bar, 100 pm.

(legend continued on next page)
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subtypes, with highest levels in PDGFA- and PDGFB-induced
GBM (Figure 1D). The TRF1 protein was also upregulated in all
GBM subtypes, again with PDGFB- and PDGFA-induced tumors
showing the highest TRF1 levels (Figure 1E). TRF1 protein
upregulation was validated by western blot in PDGFB-induced
tumors compared with normal tissue (Figure 1F).

Next, we addressed whether other shelterin components,
namely TRF2, RAP1, POT1, TPP1, and TIN2 (Liu et al., 2004),
were also upregulated in mouse GBM models. TPP1, POT1,
and TIN2 mRNA levels were slightly higher in the three GBM
subtypes by gRT-PCR, but the differences did not reach statis-
tical significance with the exception of TIN2 upregulation in
PDGFB-induced GBM and TPP1 upregulation in PDGFA-
induced tumors (Figure S1G). RAP1 was significantly downregu-
lated in PDGFB and PDGFA-induced tumors and TRF2 did not
change in any of the GBM subtypes (Figure S1G).

To assess whether higher TRF1 levels were the consequence
of longer telomeres in tumors compared with normal tissue,
we measured telomere length by quantitative telomere FISH
(Q-FISH) in the different mouse GBM subtypes. We did not find
any significant differences in telomere length between tumors
and non-tumoral tissue in any of the GBM subtypes (Figure 1G).
This is in agreement with previous findings showing that high
TRF1 levels in pluripotent and adult stem cells are uncoupled
from telomere length (Marion et al., 2009; Tejera et al., 2010;
Schneider et al., 2013). We next studied whether TRF1 levels
correlated with the well-known stem cell markers SOX2,
NESTIN, CD133, and MYC, using the Gliovis data portal for anal-
ysis of GBM expression datasets (Bowman et al., 2017). We
found a positive correlation between TRF1 levels and all the
stem cell markers with the exception of MYC (Figures S2A-
S2D), although TRF1 was positively correlated with the MYC
modulator USP13 (Fang et al., 2017) (Figure S2E). These findings
suggest that TRF1 overexpression in GBM is not the simple
consequence of longer telomeres in these tumors, but instead
may reflect their high cancer stem cell nature as TRF1 is upregu-
lated in stem cells and pluripotent stem cells (Lathia et al., 2015;
Schneider et al., 2018). In summary, all three mouse GBM sub-
types upregulate TRF1 in a manner that is independent of telo-
mere length.

Trf1 Genetic Deletion Impairs Tumor Initiation in
Different Mouse GBM Subtypes

We next set to genetically validate TRF1 as a potential anti-cancer
target in the GBM subtypes studied here. We first studied the
impact of Trf1 abrogation in the PDGFB-induced GBM model,
as it showed the highest TRF1 overexpression. To this end, we
crossed Nestin-Tva;Cdkn2a~’~ mice with Trf! inducible
knockout mice (Martinez et al., 2009) to obtain Trf1"/°*:Nestin-
Tva;Cdkn2a™'~ or Trf1*"*;Nestin-Tva;Cdkn2a~'~ mice (Figure 2A).
Then, we injected, intracranially into the subventricular zone (SVZ2)
of adult mice (4.5-6 weeks), the RCAS-PDGFB DF-1-producing
cells together with RCAS-Cre-producing cells to simultaneously
delete Trf1 ina1:3ratio (the number of RCAS-Cre-producing cells

was three times higher than the RCAS-PDGFB-producing cells).
Thisresults in overexpression of PDGFB in glial progenitors simul-
taneously with Cre-mediated Trf1 excision specifically in these
cells (Figures 2A, 2B, and S1D), allowing assessment of the
impact of Trf1 abrogation on tumor initiation. We validated Trf1
excision by injecting RCAS-Cre-producing DF-1 cells into the
brain of 2 days old pups, as the percentage of Nestin-expressing
cellsis higherin newborns (Mignone et al., 2004). PCR, gRT-PCR,
and immunofluorescence analysis of the brain 2 days after injec-
tion confirmed TRF1 downregulation in Trf1'/'** mice compared
with controls (Figures S3A-S3C). In the setting of Cdkn2a
deficiency, tumors started to appear 4-5 weeks after intracranial
injection (Ozawa et al., 2014) (Figure 2B).

Strikingly, even in this setting of fast-growing tumors, mice
with Trf1-deleted brains showed an increased survival of 80%
compared with the Trf1*/* controls (Figure 2C). At time of death,
Trf1-deleted tumors were histological indistinguishable from
Trf1*"* tumors and showed normal TRF1 mRNA and protein
levels, indicating that they were escapers (Figures S3D-S3F).
Telomere Q-FISH analysis also revealed that all the tumors had
the same telomere length (Figure S3G). The fact that no tumors
lacking TRF1 expression were found suggests that TRF1 is
essential for PDGFB-induced GBM initiation.

To study the cellular and molecular effects of Trf1 deletion in
GBM initiation, we killed the mice at an earlier time point before
they started dying from GBM (i.e., 45 days after tumor induction).
At this time point, 91% of Trf1** mice showed brain tumors
compared with only 6% of Trf1’°/°* mice (Figure 2D). Histologi-
cal analysis revealed a significant difference in tumor size
between both genotypes, with Trf7’** tumors being undetect-
able by H&E staining in most of the cases (Figure 2E). Immuno-
histochemistry analysis of the human astrocyte (HA) tag, which
marks PDGFB-expressing cells in this model, also confirmed
smaller Trf1°°* tumors compared with controls (Figure S3H).
Finally, Trf1®”°* brains showed very few proliferating cells
compared with a high proliferation index in Trf1*"* tumors (Fig-
ure 2F), indicating impaired tumor growth by Trf1 deletion.

Similar results were obtained in the PDGFA-induced mouse
model of GBM, where tumors grow more slowly than in the
PDGFB model. In this case, Trf1°* mice showed a highly
significant 65% increase in survival compared with Trf1**
mice (Figures 2A and 2G). In particular, by day 150 after
tumor induction around 75% of Trf1*/* mice had already died
from GBM, while only 10% of Trf1’*"** mice were affected
(Figure 2H).

Trf1 Deficiency Leads to Telomeric Damage and
Reduced Stemness in Primary NSCs

To study how Trf1 deletion impairs GBM initiation, we
addressed the cellular and molecular effects of abrogating
Trf1 specifically on isolated NSCs. NSCs express Nestin, and,
thus, these cells are the targets of the RCAS vectors when
we perform the intracranial injections into the SVZ of Nestin-
Tva mice. To this end, we established an in vitro system using

(G) Survival curve of mice of the indicated genotypes injected with PDGFA-producing DF-1 cells.
(H) Percentage of mice affected with GBM 150 days after tumor induction; same cohort as (G).
Data are represented as mean = SD. n represents the number of mice. Statistical analysis: unpaired t test, log rank test, and chi-square test. **p < 0.01,

***p < 0.001. See also Figure S3.
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Figure 3. Trf1 Abrogation Induces DNA Damage and Reduced Stemness in NSCs

(A) NSCs are obtained by digestion of brain of 2-day-old pups from the indicated genotypes with papain. Trf1 allele is depicted by Cre-mediated excision.
Scale bar, 100 um.

(B) Representative images (left) and quantification (right) of TRF1 protein levels determined by TRF1 immunofluorescence in Trf1*/* and Trf1'** NSC.
Scale bars, 5 um.

(C) TRF1 mRNA levels by gRT-PCR in Trf1*/* and Trf1'>/° NSC.

(D) Representative images (left) and quantification (right) of YH2AX nuclear intensity in Trf1*/* and Trf1*”°* NSCs 5 days after the last RCAS-Cre infection.
Scale bars, 5 um.

(legend continued on next page)
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primary NSCs isolated from Trf1*/* and Trf1"®°* Nestin-Tva
Cdkn2a~'~ newborn brains (2 days old) (Figure 3A). To induce
Trf1 deletion, we transduced two independent lines of Trf1*/*
and eight independent lines of Trf1°'°* primary NSC with the
RCAS-Cre virus. We confirmed downregulation of both TRF1
mRNA and protein by gRT-PCR and by immunofluorescence,
respectively, in Trf1/°* primary NSC compared with the
Trf1*’* controls (Figures 3B and 3C).

Trf1 deletion has been previously shown to induce a persistent
DDR at telomeres in both fibroblasts and epithelial cells (Marti-
nez et al., 2009). To address whether Trf1 deletion also leads
to DNA damage in NSCs, we quantified 53BP1 and yH2AX
levels by immunofluorescence in Trf1-deficient NSC compared
with Trf1** controls. We found significantly higher yH2AX
and 53BP1 nuclear fluorescence intensities in Trf1’o*°* NSC
compared with Trf7** controls (Figures 3D and 3E). In addition,
double immunofluorescence staining of YH2AX and the telo-
meric protein RAP1 showed increased DNA damage specifically
located at telomeres (the so-called telomere induced foci or TIFs)
in the case of Trf1-deleted NSC compared with Trf1** controls
(Figure 3F), indicating that telomeres were being uncapped as
the consequence of Trf1 deletion, leading to a DDR at telomeres.

As TRF1 expression is upregulated and it is essential for both
adult stem cells and pluripotent stem cells (Schneider et al.,
2013), we next studied the impact of Trf1 deletion on the
stem potential of NSC. To this end, we performed a neuro-
sphere formation assay by disaggregating NSCs from Trf1*/*
and Trf1™®”'°* prains and plating single cells in serial dilutions.
Both the number and diameter of secondary neurospheres
were significantly decreased in Trf1-deficient NSC compared
with Trf1*/* controls (Figures 3G and 3H). This was accompa-
nied by a significant reduction of the Ki67 proliferation marker
(Figure 3l) and a reduction of percentage of Nestin-positive
cells (Figure 3J). In summary, Trf1 deletion in NSC induces a
DDR at telomeres and reduces stemness in NSCs, probably
reducing the tumor-initiating potential of these cells upon onco-
genic transformation.

Therapeutic Effects of Trf1 Abrogation in Already
Established GBMs

To validate TRF1 as a therapeutic target that could be translated
into human patients, we next generated additional mouse
models in which we could first induce the different GBM sub-
types and then delete Trf1 once the tumors were established.
To this end, we crossed Trf1'“°:Nestin-Tva;Cdkn2a—'~ or
Trf1*/*;Nestin-Tva;Cdkn2a~'~ mice with hUBC-CreERT2 mice
to obtain Trf1'”*:Nestin-Tva;Cdkn2a~'~;hUBC-CreERT2 and
Trf1*/*;Nestin-Tva;Cdkn2a—'~;hUBC-CreERT2, which allowed

for ubiquitous Cre-induced Trf1 deletion upon tamoxifen admin-
istration once the tumors had formed. We first induced tumors
with PDGFB, and 2.5 weeks after tumor induction we started
the treatment with tamoxifen to delete Trf1 in the whole organism
(Figures 4A and 4B). At this time point tumors had already started
to form (Figure S4A).

Trf1%*_deleted mice showed a 33% increase in survival
compared with Trf1*/* mice (Figure 4C), suggesting therapeutic
effectiveness of Trf1 deletion in reducing GBM tumor growth
once the tumors were already established. Furthermore, we
found that 25% of the GBM tumors appearing in Trf1-deleted
mice were escapers as they showed normal TRF1 expression,
and were excluded from further analyses (Figures S4B and
S4C), again highlighting the potent anti-tumorigenic effect of
Trf1 deletion.

To better study the effects of Trf1 abrogation in already
established tumors, we killed the mice at an earlier time point
(32 days after tumor induction). We found a 50% decrease in
TRF1 protein fluorescence in Trf1*°* tumors compared with
Trf1*"* controls (Figure 4D). Similarly to the tumor initiation
models, Trf1 deletion did not cause any significant change in
telomere length in these tumors (Figure S4D), further confirming
that the therapeutic effects of Trf7 deletion consist in direct telo-
mere uncapping in GBM tumor cells independently of their telo-
mere length. Also, we did not find any changes in the mRNA
levels of other shelterin components upon TRF1 deletion as
determined by gRT-PCR (Figure S4E). Histopathological
analysis showed that Trf1-deleted tumors were significantly
smaller compared with the controls (Figure 4E). Trf1-deleted
tumors also showed significantly less Ki67-positive cells (Fig-
ure 4F), indicating lower proliferation.

In addition, we found significantly increased numbers of cells
with DNA damage (yH2AX-positive cells) in the Trf1-deficient
tumors compared with the controls (Figure 4G). This damage
was located at telomeres, as indicated by a significantly
increased percentage of cells with more than one TIF in
Trf1-deficient tumors compared with the controls (Figure 4H).
Increased telomeric damage was also accompanied by a
significant increase in downstream cell-cycle inhibitors p21
and p53 and in the apoptosis marker AC3 (Figure 4l). However,
we did not see significant changes in phospho-RPA32
(Figure S4F), indicating that DNA damage is probably indepen-
dent of the ATR/Chk1 pathway. In summary, Trf1 deletion in
already-formed GBM tumors leads to impaired proliferation
and increased telomeric DNA damage.

Similar results were obtained when Trf1 was deleted in already
established tumors that were induced using PDGFA as an
independent oncogenic insult. In this case, mice were fed with

(E) Representative images (left) and quantification (right) of 53BP1 nuclear intensity in Trf1*/* and Trf1">/°* NSC 5 days after the last RCAS-Cre infection.

Scale bars, 5 um.

(F) Representative images (left) and quantification (right) of percentage of cells presenting three or more YH2AX and RAP1 colocalizing foci (TIFs) 5 days after the
last RCAS-Cre infection. White arrowheads: colocalization of YH2AX and RAP1. Scale bars, 5 um.

(G) Representative images (left) and of number (right) of neurospheres from Trf1** and Trf1">/°* NSC 1 week after plating. Scale bars, 100 um.

(H) Quantification of neurosphere diameter from Trf1*/* and Trf1">”°* NSC 1 week after plating.

(I) Representative images (left) and percentage (right) of Ki67-positive cells in Trf1*/* and Trf1'>/°* NSCs. Scale bars, 20 um.

(J) Representative images (left) and percentage (right) of Nestin-expressing cells. Scale bars, 50 pm.

Data are represented as mean + SD, with the exception of (H), which is mean + SEM. n represents independent NSC lines, with the exception of (H), which is the
number of neurospheres. Statistical analysis: unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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tamoxifen 5-6 weeks after tumor induction, whenever the first
mice started to die from tumors. Again, Trf1 deletion post-tumor
induction in Trf1"°"* mice resulted in a significant increase in
survival compared with Trf7** mice (Figures 4A and 4J). As in
the PDGFB model, Trf1 deletion was determined by PCR and
TRF1 expression was determined by immunofluorescence in
all tumors to eliminate all the tumors that did not delete Trf1 for
further analyses (Figures S4G and S4H). In summary, Trf1
deletion effectively blocks tumor progression in two independent
(PDGFB and PDGFA) GBM mouse models concomitant with
induction of telomere DNA damage.

Trf1-Deficient GSCs Show Decreased Stemness and
Tumorigenicity

To study the effects of Trf1 abrogation specifically in isolated
GSCs from already-formed GBM tumors, we established an
in vitro system by isolating GSC from Trf1®“"X;Nestin-Tva;
Cdkn2a~'~;hUBC-CreERT2 and Trf1*/*;Nestin-Tva;Cdkn2a'~;
hUBC-CreERT2 mice after tumor induction with PDGFB (Fig-
ure 5A). After 15 days of in vitro treatment with tamoxifen to
delete Trf1, PCR analysis of the Trf1 locus showed a population
of Trf1"™ GSC deleted for Trf1 (Figure 5B). These Trf1-deleted
cells showed a significant reduction in both number of neuro-
spheres and diameter of the neurospheres compared with the
controls (Figures 5C and 5D).

Next, we studied whether Trf1 abrogation affected the tumor-
igenic potential of these cells. Previous studies have shown that
GSCs have the ability to form secondary tumors after orthotopic
injection into the brain of syngeneic mice (Jiang et al., 2011).
Thus, we injected Trf1*/* and Trf1*°* GSC into the brain of
syngeneic mice fed with tamoxifen to induce Trf1 deletion
(Figure 5E). Mice injected with Trf1*/'°* GSC showed a signifi-
cant increase in survival compared with the controls (Figure 5F),
indicating that Trf1 deletion significantly decreased the ability of
GSC to form secondary GBM tumors. Moreover, 120 days after
GSC injection, 71% of mice injected with Trf1** GSC had died
owing to secondary tumors compared with only 10% of the
mice injected with Trf1*/°* GSC (Figure 5G). Postmortem
histological analysis showed that the secondary tumors were
histologically similar to the parental PDGFB-induced tumors,
from which cells were extracted (Figure 5H); thus, Trf1 abroga-
tion in GSCs strongly reduces their stemness and tumor
forming potential.

Brain-Specific or Whole-Body Trf1 Deletion in Mice
Does Not Significantly Impair Memory, Neuromuscular,
and Olfactory Functions

Previous studies showed that Trf7 whole-body deletion in adult
mice was compatible with mouse viability, although highly prolif-
erative compartments such as the skin and the bone marrow
showed decreased cellularity (Garcia-Beccaria et al., 2015). Simi-
larly, deletion of Terf2, which encodes another essential shelterin
component in adulthood, does not lead to brain dysfunction
(Lobanova et al., 2017). To validate TRF1 as a safe target in the
treatment of GBM, we set to address whether brain-specific or
whole-body Trf1 deletion would affect the brain functions of mice.

We first checked TRF1 expression in the normal brain. In
agreement with increased TRF1 expression in adult stem cells
in mice (Schneider et al., 2013), we found significant TRF1
expression in the SVZ compared with cerebral cortex (Figure 6A).
The SVZ is one of the main areas of adult neurogenesis, charac-
terized by the expression of the stem cell marker Nestin (Faiz
et al., 2015). Next, as the percentage of Nestin-positive cells is
higher in newborns (Mignone et al., 2004), we injected RCAS-
Cre virus-producing DF-1 cells to induce Trf1 deletion into the
brain of Trf1°/°*:Cdkn2a~'~ and Trf1*'*;Cdkn2a~'~ newborns
(2 days old) (Figure 6B) and let these mice reach adulthood to
assess any neurological effects of TRF1 deletion (see Figures
S3A-S3C for brain TRF1 levels). When mice reached adulthood,
around 2.5 months after RCAS-Cre-producing DF-1 cell injec-
tion, PCR analysis confirmed that four out of the six mice still
showed Trf1 deletion in the brain (Figure S5). Thus, decreased
TRF1 levels specifically in the brain are maintained to adulthood
without resulting in decreased mouse viability.

To address whether Trf1 depletion in newborn brains affected
adult brain function, we performed different tests to measure
cognitive and olfactory capacities, memory, coordination, and
balance. Olfactory capacities were measured by using the
so-called buried food test, in which mice were fasted 24 hr and
then moved to a new cage with a buried food pellet (Yang and
Crawley, 2009) (Figure 6C). Mice of both genotypes were able
to find the food pellet with a 100% success rate (Figure 6D).
The time used to find the pellet was also similar in Trf7** and
Trf1"°* mice (Figure 6E). Next, we evaluated the memory skills
by using the object recognition test (Bernardes de Jesus et al.,
2012). We first trained the mice by placing them in a box with
two identical objects (A and A), and then we changed one of

Figure 4. Trf1 Deletion Delays Tumor Progression in PDGFB-Driven GBM
(A) Schematic representation of tumors induced by PDGFB overexpression and Trf1'°* allele deletion generated by tamoxifen treatment after tumors are formed.
(B) PDGFB-producing cells are injected to induce tumors. At 2.5 weeks after tumor induction mice are treated with tamoxifen. Mice start dying from GBM at

week 4 after treatment.

(C) Survival curves of the indicated genotypes. Histological analysis is performed 32 days after tumor induction in a different cohort of mice.

(D) Representative images (left) and quantification (right) of TRF1 nuclear fluorescence intensity at 32 days after tumor induction. Scale bars, 5 pm.

(E) Representative images (left) and quantification (right) of tumor areas by H&E at 32 days after tumor induction. Scale bars, 1 mm (left) and 100 pm (right).
(F) Representative images (left) and number (right) of Ki67-positive cells per field in tumors at 32 days after tumor induction. Scale bars, 100 pm.

(G) Representative images (left) and number (right) of yYH2AX-positive cells per field in Trf1** and Trf1"** tumors at 32 days after tumor induction.

Scale bars, 20 pm.

(H) Representative images (left) and percentage (right) of cells presenting one or more 53BP1 and telomere colocalizing foci (TIFs). White arrowheads:

colocalization of 53BP1 and telomeres. Scale bars, 5 um.

() Representative images (left) and percentage (right) of p53-, p21-, and AC3-positive cells. Scale bars, 50 um.
(J) Survival curves of mice of the indicated genotypes injected with PDGFA-producing cells.
Data are represented as mean + SD. n represents the number of mice. Statistical analysis: unpaired t test and log rank test. *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S4.
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Figure 5. Trf1-Deficient Glioma Stem Cells Show Reduced Stemness and Reduced Tumor Forming Potential

(A) Trf1*"* and Trf1"*"** GSCs are obtained by tumor digested with papain. The Trf7°% allele is generated by tamoxifen treatment. Scale bar, 100 pm.
(B) Analysis of Trf1 excision by PCR.

(C) Representative images (left) and number (right) of neurospheres from Trf1*/* and Trf1'°/°* GSC. Scale bars, 100 pm.

(D) Quantification of neurosphere diameter from Trf1*/* and Trf1'°/°* GSC.

(E) GSCs are orthotopically injected in syngeneic mice fed with tamoxifen. Scale bar, 100 um.

(F) Survival curves of mice injected with Trf1*/* and Trf1'* GSCs.

(G) Percentage of mice affected by the injection of Trf1*/* and Trf1'>/°* GSCs.

(H) Representative image of Trf1*/* tumor histology. Scale bars, 500 um (left) and 100 um (right).

Data are represented as mean + SD with the exception of (D), which is the mean + SEM. n represents the number of fields in (C), the number of spheres in (D), and
the number of mice in (F and G). Statistical analysis: unpaired t test and log rank test. **p < 0.01, ***p < 0.001.
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Figure 6. Trf1 Brain-Specific Deletion in Healthy Mice Does Not Compromise Brain Function of Organism Viability

(A) Representative images (left) and quantification (right) of TRF1 nuclear fluorescence in the SVZ compared with the surrounding cerebral cortex.
Scale bars, 50 um (left) and 10 um (right).

(B) Trf1 deletion is induced by Cre-mediated recombination in 2-day-old newborns.

(C) After 24 hr fasting, mice are moved to a cage with a buried food pellet and both the success and the time to find the pellet are measured.

(D and E) Percentage of success finding the pellet (D) and time needed to find the pellet (E).

(F) Mice were trained in a box with two identical objects (A). The test day one of the object was changed (B).

(legend continued on next page)

600 Cancer Cell 32, 590-607, November 13, 2017



the objects on the day of the test (A and B) (Figure 6F). By calcu-
lating the time spent with the new object B and by dividing this by
the time spent with (A + B), which is an indication of the memory
skills, we observed no significant differences between genotypes
(Figure 6G). To evaluate coordination and balance we performed
two independent tests, the rotarod and the tight rope (Bernardes
de Jesusetal.,2012; Tomas-Loba et al., 2008). In the rotarod test
we measured the time mice could stay on the rod. In the tightrope
test, we evaluated the ability of the mice to stay on the rope
without falling, and we considered the test a “success” if mice
were able to stay on the rope for more than 1 min. No significant
differences were found between Trf1*/+ and Trf1'°* mice in any
of these two tests (Figures 6H and 6l).

In parallel, to address the effects of whole-body Trf7 deletion in
adult mice, we fed 10 week old Trf1"*'*;Cdkn2a~'~;hUBC-
CreERT2 and Trf1*'*;Cdkn2a~'~;hUBC-CreERT2 mice tamox-
ifen (Figure 6J). These mice with whole-body Trf1 deletion
present a normal survival up to at least 7 months of age (Fig-
ure 6K). After 2 months of continuous treatment, we performed
the buried food test, the object recognition test, and the rotarod
and tightrope tests, and found no significant differences between
Trf1 wild-type and Trf1-deleted mice (Figures 6L-6P), demon-
strating that Trf71 deletion in the brain does not affect cognitive,
olfactory, memory, or neuromuscular abilities of the mice.

TRF1 Inhibition Reduces Stemness and Proliferation
and Increases Telomeric Aberrations and DNA Damage
in Human GBM Cells
We previously reported the discovery of small molecules that
can inhibit TRF1 telomeric foci (Garcia-Beccaria et al., 2015).
To address whether they show therapeutic effects in GBM, we
first treated U251 human GBM cells with the TRF1 inhibitors,
ETP-47228, ETP-47037, and ETP-50946 (Figure 7A). Immunoflu-
orescence analysis to quantify TRF1 foci intensity revealed that
the three compounds effectively reduced TRF1 nuclear foci fluo-
rescence by approximately 50% compared with DMSO-treated
cells (Figure 7B). We also confirmed reduced TRF1 protein levels
by western blot analysis (Figure 7C). Similar to TRF1 genetic
depletion, TRF1 chemical inhibitors significantly reduced prolif-
eration (Figure 7D) and induced DNA damage, as determined
by 53BP1 levels (Figure S6A). To assess whether the DNA dam-
age was specifically located at telomeres, we determined the
abundance of TIFs. To this end, we performed a double immuno-
fluorescence of YH2AX with the telomeric protein RAP1, which
showed that the percentage of cells with two or more TIFs was
significantly increased upon treatment with the TRF1 chemical
inhibitors (Figure 7E).

Next, we set to address whether TRF1 chemical inhibitors also
reduced stemness of human GBM cells. To this end, we cultured

U251 cells with NSC medium to obtain a suspension culture
enriched in stem cells, and performed a sphere formation assay
upon treatment with ETP-47228, ETP-47037, and ETP-50946, or
DMSO, for 7 days. Treated cells showed a strong reduction in
both number and diameter of neurospheres compared with the
controls (Figures 7F and S6B).

To discard possible off-target effects of TRF1 chemical inhib-
itors, we knocked down TRF1 by small hairpin RNA in the
U251 GBM cell line (Figures S6C and S6D). Similar to chemical
inhibition, TRF1 knocked down cells showed decreased prolifer-
ation (Figure S6E) and increased DNA damage markers yH2AX
and 53BP1 (Figure S6F). We also observed an increase in the
so-called multitelomeric signals (Figure S6G), a telomere aberra-
tion previously associated to loss of TRF1 (Martinez et al., 2009;
Sfeir et al., 2009). Also, similar to TRF1 chemical inhibition, the
number and diameter of the neurospheres was significantly
decreased in TRF1 knocked down cells compared with the
controls (Figures S6H and S6l). Thus, TRF1 genetic inhibition
mimics the effects shown by TRF1 chemical inhibition in human
GBM cells.

TRF1 Chemical Inhibition Synergizes with y-Irradiation
and Temozolomide to Reduce Proliferation of Human
GBM Cells

The standard of care for GBM patients consists of surgical resec-
tion combined with radiation and chemotherapy, as well as adju-
vant chemotherapy. Unfortunately, frequent recurrences after
treatment are observed owing to their radio- and chemoresistant
properties (Bhat et al., 2013; Bao et al., 2006). Dysfunctional telo-
meres have been shown to lead to increased radiosensitivity,
most likely as the consequence of telomere uncapping (Goytisolo
et al., 2000; Alt et al., 2000). In addition, low levels of telomerase
expression are shown to correlate with a higher sensitivity to
temozolomide (TMZ), indicating that telomeres may play a role
in TMZ resistance (Kanzawa et al., 2003). As both genetic and
chemical TRF1 inhibition significantly impairs GBM proliferation
and stemness concomitant with induction of a DDR at telomeres,
we set to study the combined effects of simultaneous TRF1 inhi-
bition and y-irradiation or TMZ treatments in human U251 GBM
cells. Upon irradiation, glioma cells predominantly arrest in the
Go/M phase (Badie et al., 1999) (Figure 7G). Combined TRF1
chemical inhibition and vy-irradiation (6 Gys) synergistically
increased the percentage of G, arrested cells (Figure 7G). These
effects were also recapitulated in TRF1 knocked down cells (Fig-
ure S7A). We also observed a synergistic effect of TRF1 inhibitors
with irradiation in increasing DNA damage, as determined by
YH2AX levels and colocalization of yH2AX with the telomeric pro-
tein RAP1 (Figures 7H and S7B). Combined TRF1 inhibition and
TMZ treatment for 3 days also synergistically reduced cell viability

(G) Quantification of time spent with B/(A + B).
(H) Time spend in the rotarod.
(I) Percentage success in the tightrope.

(J) Trf1 whole-body deletion is induced by tamoxifen diet from the age of 10 weeks.

K) Survival curves of mice of the indicated genotypes.

L and M) Percentage of success finding the pellet (L) and time needed to find the pellet (M).

0O) Time spend in the rotarod.

(
(
(N) Quantification of time spent with B/(A + B).
(
(P) Percentage success in the tightrope.

Data are represented as mean + SD. n represents the number of mice. Statistical analysis: unpaired t test. ns, not significant. ***p < 0.001. See also Figure S5.
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in U251 GBM cells (Figure 71), thus suggesting that TRF1 inhibi-
tion synergizes with current standard treatments for GBM.

TRF1 Chemical Inhibition Reduces Stemness and
Xenograft Tumor Growth of Patient-Derived

Primary GSCs

To validate the TRF1 chemical inhibitors in a more relevant
clinical setting, we treated two independent patient-derived
primary GSCs (h543 and h676) cultures with the TRF1 inhibitors.
Again, treatment of h543 and h676 cells with the three inhibitors
revealed a significant reduction in both the number and diameter
of spheres compared with the untreated controls (Figures 8A,
S8A, and S8B).

As the TRF1 inhibitors cannot cross the blood-brain barrier,
we next injected h676 and h543 cells subcutaneously into
nude mice and treated them with orally administered TRF1
inhibitors. One week after GSC injection, mice received oral
administration of the vehicle as placebo or ETP-47037
5 days/week, every week until human endpoint, and tumors
were continuously followed up by caliper measurements
(Figure 8B). Xenografts from h676 GSCs and those treated
with ETP-47037 showed a drastic reduction in tumor area
compared with vehicle-treated mice at all time points after
treatment until the placebo group reached the human endpoint
(Figure 8C). Xenografts from h543 GSCs showed slower tumor
growth, but again ETP-47037-treated mice showed decreased
tumor growth compared with the vehicle, which was main-
tained until vehicle-treated mice were killed owing to very
large tumors (Figure 8D).

Postmortem tumor analysis of xenografts from h676 GSCs
revealed a striking decrease in tumor size and tumor weight in
the ETP-47037-treated tumors compared with those treated
with the placebo (Figure 8E). TRF1 immunofluorescence analysis
confirmed that tumors treated with ETP-47037 showed an 80%
reduction in TRF1 protein levels (Figure 8F). This TRF1 reduction
was accompanied by a decrease in the proliferation marker Ki67
(Figure 8G) and an increase in the DNA damage marker yH2AX
(Figure 8H). In addition, full histological analysis revealed that,
while placebo-treated tumors showed high cellularity, open
chromatin, active nucleus, and mitotic cells, ETP-47037-treated
tumors were characterized by low cellularity, compacted
chromatin, fragmented DNA, apoptotic bodies, and necrotic
areas (Figure S8C).

Of relevance, we did not observe any signs of sickness or
morbidity in the ETP-47037-treated cohorts compared with the
placebo group, in agreement with a therapeutic window for
TRF1 inhibition (Garcia-Beccaria et al., 2015). Histological
analysis of the mice did not reveal any deleterious effects of
ETP-47037 treatment in the highly proliferative tissues, including
the skin, intestine, and bone marrow (Figure S8D). Only one
mouse out of four showed a mild widening of lymphatic vessels
in the intestine (Table S1). In summary, TRF1 chemical inhibitors
effectively reduce number and diameter of neurospheres in vitro
in two independent patient-derived primary GSC cultures.
Furthermore, oral administration of TRF1 inhibitors to patient-
derived xenograft models using primary GSCs, drastically
impairs tumor growth.

DISCUSSION

GBM remains an incurable tumor, with a mean survival of less
than 2 years from diagnosis (Wen and Kesari, 2008). Recent
efforts to understand the genetic origin of GBM have identified
telomere maintenance genes (i.e., telomerase) among the
most frequently mutated in GBM (Nonoguchi et al., 2013; Bol-
drini et al., 2006; Heaphy et al., 2011). Telomere maintenance
above a minimum length is thought to be necessary for indefinite
cancer cell growth (Hanahan and Weinberg, 2011), thus leading
to the proposal that inhibition of telomerase may be an anti-
cancer strategy (Kim et al., 1994). However, both telomerase
abrogation in mouse cancer models and human clinical
trials with telomerase inhibitors have shown limited benefit, as
telomerase inhibition only affects cell viability when telomeres
are short, and tumors are heterogeneous in terms of telomere
length (Middleton et al., 2014; Parkhurst et al., 2004; Gonza-
lez-Suarez et al., 2000; Chin et al., 1999). In the particular case
of GBM, telomere targeting has also focused on direct
(Marian et al., 2010) or indirect telomerase inhibition (Hasegawa
et al., 2016).

In this study, we investigated an alternative approach to target
telomeres by targeting the telomere protective protein TRF1,
with which we expected to induce telomere uncapping in every
tumor cell, independently of its telomere length. In addition, the
fact that TRF1 is enriched in adult stem cell compartments and
pluripotent stem cells, and that it is essential for maintenance
of tissue homeostasis and pluripotency (Schneider et al., 2013;

Figure 7. TRF1 Chemical Inhibitors Induce DNA Damage and Reduce Stemness in GBM Human Cells
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of yH2AX and RAP1. Scale bars, 10 um.

A) Structure of the chemical compounds ETP-47228, ETP-47037, and ETP-50946.

Representative images (left) and quantification (right) of TRF1 nuclear fluorescence of U251 cells treated with the indicated compounds. Scale bars, 5 um.
Western blot images (left) and TRF1 protein levels (right) of U251 cells treated with the indicated compounds.

Cell numbers at 24 and 48 hr of U251 cells treated with the indicated compounds.

Representative images (left) and percentage (right) of cells presenting two or more YH2AX and RAP1 colocalizing foci (TIFs). White arrowheads: colocalization

(F) Representative images (left) and quantification (right) of the number of neurospheres formed by U251 cells treated with the indicated compounds.

Scale bars, 100 pm.

(G) Percentage of U251 cells in G, phase upon 6 Gy irradiation and treated with the indicated compounds.

(H) Representative images (left) and percentage (right) of cells presenting two or more YH2AX and RAP1 colocalizing foci (TIFs) upon 6 Gy irradiation and treated
with the indicated compounds. DMSO represents IRR alone. White arrowheads: colocalization of YH2AX and RAP1. Scale bars, 10 um.

() Cell viability measured by an MTT assay in the U251 human cell line treated with the indicated compounds and no temozolomide, temozolomide 500 uM, or

temozolomide 1,000 uM for 3 days.

Data are represented as mean + SD. n represents the number of biological replicates. Statistical analysis: unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S6 and S7.
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Boué et al., 2010), suggests that targeting TRF1 could also
impair tumor-initiating capabilities in GBM (Chen et al., 2012).

In line with a role for TRF1 in GBM growth, we found here that
TRF1 is overexpressed in both human GBM models (tumor cell
lines and patient-derived primary GSCs) and in several GBM
mouse models in a manner that is independent of telomere
length. We found that TRF1 is also overexpressed in the NSC
compartments in the mouse, such as the subventricular zone,
which is enriched in Nestin-expressing NSCs, and that TRF1
expression also correlates with the well-known stem cell
markers SOX2, CD133, and Nestin in human GBM samples,
further reinforcing the notion that TRF1 is upregulated in adult
stem cell compartments and required for maintenance of tissue
homeostasis (Schneider et al., 2013).

Importantly, we demonstrate here TRF1 is an effective target in
GBM by using both genetic ablation mouse models and chemical
inhibitors. Genetic deletion of TRF1 effectively blocks both GBM
initiation and progression of already established GBM tumors
in various mouse models of GBM resulting in a striking increase
in survival. As predicted, the therapeutic effect of TRF1 inhibition
occurred in a telomere length-independent manner, overcoming
the potential problem of telomere length heterogeneity within
tumors and the inability to kill all tumor cells, including the tumor-
initiating populations. Indeed, Trf1 deletion reduced the stemness
of both NSCs and glioma stem-like cells, at the same time that
induced a DDR at telomeres. Of note, in our experimental setting,
around 25% of the tumors were escapers and future experiments
warrant the study of these potential resistance mechanisms.

TRF1 chemical inhibition recapitulated the findings observed
with TRF1 genetic deletion, including decreased TRF1 protein
levels, induction of telomere DNA damage located at telomeres,
and decreased proliferation and stemness of glioma cells. In
particular, TRF1 chemical inhibitors showed a potent blocking
effect in sphere formation, thus demonstrating the ability of these
inhibitors to block stemness in GBM. Importantly, oral adminis-
tration of TRF1 chemical inhibitors drastically reduced tumor
growth in vivo in xenograft mouse models from patient-derived
primary GSCs.

We find these observations of potentially clinical relevance, as
the recurrence of GBM after the current treatments is due to the
resistance of the GSCs and their capability to recapitulate the
original tumor. Any potential anti-cancer target, however, must
also fulfill the important requisite of not showing deleterious
effects in healthy tissues or compromising organism viability.

In this regard, here we demonstrate that Trf1 genetic deletion
in the brain does not affect the cognitive or neuromuscular
abilities of mice. Similarly, we did not defect any signs of
sickness or morbidity in the xenograft models treated with
TRF1 chemical inhibitors compared with the placebo group,
supporting a therapeutic window for TRF1 inhibition. A recent
report also showed that deletion of the essential shelterin
component TRF2 in the brain does not lead to any brain dysfunc-
tion (Lobanova et al., 2017).

In summary, we demonstrate here the effectiveness of target-
ing TRF1 in different mouse glioblastoma subtypes, as well as in
patient-derived human xenograft models, in the absence of any
detectable deleterious effects for brain function or organismal
viability.
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Figure 8. TRF1 Chemical Inhibitors Reduce Stemness and Xenograft Tumor Growth in Patient-Derived Primary GSCs
(A) Representative images (left) and quantification (right) of number of neurospheres formed by h543 and h676 GSCs treated with the indicated compounds.

Scale bars, 100 pm.

(B) Xenograft mouse models from patient-derived primary GSCs are generated by subcutaneous injection of GSCs into nude mice. One week after injection,

mice are treated either with ETP-47037 or with vehicle as placebo.

(C) Representative image of tumors (left) and longitudinal tumor growth follow-up (right) in ETP-47037- or vehicle-treated xenograft models with h676

GSCs (right).

(D) Representative image of tumors (left) and longitudinal tumor growth follow-up (right) in ETP-47037- or vehicle-treated mice injected with h543 GSCs

and representative image of tumors.

(E) Representative image of tumors (left) and tumor weight (right) in ETP-47037- or vehicle-treated mice injected with h676 GSCs at postmortem.

(F) TRF1 nuclear fluorescence in ETP-47037- or vehicle-treated tumors. Scale bars, 5 um.

(G) Representative images (left) and percentage (right) of Ki67-positive cells per field in ETP-47037- or vehicle-treated tumors. Scale bars, 50 um.

(H) Representative images (left) and percentage (right) of YH2AX-positive cells per field in in ETP-47037- or vehicle-treated tumors. Scale bars, 50 um.

Data are represented as mean + SD. n represents the number of biological replicates in (A) and the number of tumors in (C-H). Statistical analysis: unpaired t test.

*p < 0.05, *p < 0.01, **p < 0.001. See also Figure S8 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Nestin

Rabbit polyclonal anti-RAP1 (BL735)
Rat polyclonal anti-TRF1

Mouse monoclonal anti-TRF1 (BED5)
Mouse monoclonal anti-TRF1 (TRF-78)
Mouse monoclonal anti-yH2AX (Ser139) (JBW301)
Rabbit polyclonal anti-53BP1

Mouse monoclonal anti-HA tag (6E2)
Mouse monoclonal anti-MYC tag (9E10)
Rabbit monoclonal anti-Ki67

Rabbit polyclonal anti-p-RPA32 (S4/S8)
Rat monoclonal anti-p53 (POE316 A/E9)
Rat monoclonal anti-p21 (291H/B5)
Rabbit polyclonal anti-AC3 (Asp175)
Mouse monoclonal anti-NF1 (E-8)
Rabbit polyclonal anti-TRF2

BD Pharmigen
Bethyl
Homemade

Cell Signaling
ABCAM

Millipore

Novus Biologicals
Cell Signaling
Santa Cruz
Master diagnostica
Bethyl
Homemade
Homemade

Cell Signaling
Santa Cruz
Novus Biologicals

Cat# 556309; RRID: AB_396354
Cat#A300-306A; RRID: AB_162721
N/A

Cat#3529; RRID: AB_2201452

Cat# ab10579; RRID: AB_2201461
Cat#05-636; RRID: AB_309864
Cat#NB100-304; RRID: AB_10003037
Cat#2367; RRID: AB_2314619
Cat#SC-40

Cat#0003110QD

Cat# A300-245A; RRID: AB_210547
N/A

N/A

Cat# 9661; RRID: AB_2341188

Cat# sc-398267

Cat# NB110-57130; RRID: AB_844199

Biological Samples

Tissue microarray Astrocytoma and Glioblastoma CNIO Biobank TA-371

Tissue microarray TA-Normal Brain Tissue CNIO.Biobank TA-438

Chemicals, Peptides, and Recombinant Proteins

ETP-47228 CNIO (Garcia-Beccaria et al., 2015)
ETP-47037 CNIO (Garcia-Beccaria et al., 2015)
ETP-50946 CNIO N/A

Temozolomide

4-HydroTamoxifen Sigma Cat#H6278-50MG

Epidermal Growth Factor (EGF)
Basic Fibroblast Growth Factor (bFGF)
Laminin

Life Technologies
Vitro
Life Technologies

Cat#PHG0313
Cat# 233-FB-025/CF
Cat# L.2020-1MG

Heparin Stemcell Cat# 07980
Critical Commercial Assays

Nuclear Cytosolic Fractionation Kit Biovision Cat# K266-100
NeuroCult™ Proliferation Kit (Human) Stemcell Cat# 05751
NeuroCult™ Proliferation Kit (Mouse) Stemcell Cat#05702
Experimental Models: Cell Lines

Human astrocytes (HA) ScienceCell Cat#1800
U251 Kindly provided by Eric Holland’s lab N/A

us7 ATCC Cat# HTB-14
T98G Kindly provided by Eric Holland’s lab N/A

DF1 chicken fibroblasts ATCC Cat# CRL-12203
h676 (Ozawa et al., 2014; Rohle et al., 2013) N/A

h543 Ozawa et al., 2014; Rohle et al., 2013) N/A
Experimental Models: Organisms/Strains

Mouse: Nestin-Tva (Holland et al., 1998) N/A

Mouse: Ink4Arf”- (Serrano et al., 1996 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: TRF1/x/ox (Martinez et al., 2009) N/A
Mouse: hUBC-CreERT2 Ruzankina et al., 2007) N/A
Hsd: athymic Nude-Foxn1nu Harlan N/A
Oligonucleotides

See Table S2

Software and Algorithms

Definiens N/A N/A
iMSRC N/A N/A
ImageJ N/A N/A
NIS Elements Basic Research N/A N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maria
Blasco (mblasco@cnio.es).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Nestin-Tva (Holland et al., 1998; Hambardzumyan et al., 2009), Cdkn2a™" (Serrano et al., 1996) and Trf1’/°* (Martinez et al., 2009) mice
where crossed to obtain the Trf1/°% Nestin-Tva Cdkn2a™" or Trf1** Nestin-Tva Cdkn2a”~ mouse models used for tumor initiation
experiments. This mouse models were crossed with a mouse strain carrying ubiquitously expressed, tamoxifen-activated recombi-
nase, hUBC-CreERT2 (Ruzankina et al., 2007) to generate Trf1'>/°;hUBC-CreERT2;Nestin-Tva;Cdkn2a™ and Trf1*"*;hUBC-
CreERT2;Nestin-Tva;Cdkn2a”" mice. These mice received intraperitoneal injections of tamoxifen (2 mg/injection, 4-6 injections) for
short-term experiments or they were fed ad libitum with tamoxifen containing diet for long-term experiments. All mice were maintained
at the Spanish National Cancer Centre under specific pathogen-free conditions in accordance with the recommendations of the
Federation of European Laboratory Animal Science Associations (FELASA). All animal experiments were approved by the Ethical
Committee (CElyBA) from the Spanish National Cancer Centre and performed in accordance with the guidelines stated in the Interna-
tional Guiding Principles for Biomedical Research Involving Animals, developed by the Council for International Organizations of
Medical Sciences (CIOMS).

Cell Culture and Transfection

Human astrocytes (HA), U251 cells, U87 cells, T98G cells, 293T cells and DF1 cells (ATCC) were grown at 37°C in 10% FBS (GIBCO)

containing DMEM (GIBCO). DF1 cells were transfected with the RCAS-Cre, RCAS-PDGFB-HA, RCAS-PDGFA-MYC, RCAS-GFP-

shNf1 or RCAS-RFP-shp53 viral plasmids using Fugene 6 Transfection reagent (Roche), accordingly to manufacture protocol.
pGIPZ lentiviral TRF1 shRNAs and pGIPZ-scrambled shRNA were introduced in the U251 glioma cell line using standard lentiviral

infection procedures.

Neural Stem Cell (NSC) and Glioma Stem Cell (GSC) Isolation and Culture

NSCs were obtained by neonatal brain digestion with papain (Worthington). GSCs were extracted from mice tumors using the same
procedure. Both mice NSC and GSC were cultured in neurosphere medium from NeuroCult (Stem Cell Technologies Inc, Vancouver,
Canada) supplemented with 10 ng/ml EGF (Gibco), 20 ng/ml basic-FGF (RD Systems) and 1mg/ml Heparin (Stem Cell Technologies).
Patient-derived h543 and h676 GSCs have been previously used (Ozawa et al., 2014; Rohle et al., 2013). These cells were also
cultured in neurosphere medium from NeuroCult (Stem Cell Technologies Inc, Vancouver, Canada) supplemented with 10 ng/ml
EGF (Life Technologies, S.A.), 20 ng/ml basic-FGF (VITRO, S.A.) and 1mg/ml Heparin (Stem Cell Technologies).

Cells were grown in suspension or in adhesion in laminin (Life Technologies) coated plates.

METHODS DETAILS

Generation of Mouse Models with Brain Tumors

The RCAS/tv-a system used in this work has been described previously (Holland et al., 1998; Hambardzumyan et al., 2009). Adult
mice (4.5-6 weeks old) were injected in the SVZ with 1 ul of DF-1 chicken fibroblasts producing RCAS-Cre, RCAS-PDGFB-HA,
RCAS-PDGFA-MYC, RCAS-GFP-shNf1 or RCAS-RFP-shp53 as described at a concentration of 200.000 cells/ul, with the exception
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of RCAS-Cre producing cells that where injected at a concentration of 600.000 cell/ul. All mice were monitored and killed whenever
they presented symptoms of brain tumor development. For all studies we used both male and female mice.

Neurosphere Formation Assays

Spheres were dissociated into single cells and seeded at a density of 50, 100, 200 and 400 cells/well in a 96 well plate. Neurosphere
number was assed after 7 days. Pictures were taken using Nikon Eclipse Ti-U microscope and neurosphere diameter was measured
using NIS Elements BR software.

Intracranial Cell Transplantation into Syngeneic Mice

Spheres were dissociated using a 200 ul pippet and were resuspended in a concentration of 100.000 cells/ul. From these aliquots,
1 pl was injected into the brain of adult syngeneic mice. All mice were monitored and killed whenever they presented symptoms of
brain tumor development.

Xenografts Experiments

h676 and h543 patient-derived GSCs were dissociated using a 200 pl pipet and resuspendend in NeuroCult medium and matrigel in
a 1:1 ratio in a concentration of 1000 cells/pl. Nude mice (Hsd: athymic Nude-Foxn1nu from Harlan France) were injected subcuta-
neously with 100 pl of the cell preparation. ETP-47037 (or vehicle) was orally administrated at a concentration of 75 mg/kg 5 days per
weeks for a total of 2 weeks, starting one week after cell injection. The vehicle consisted in 10% N-methyl-2-pyrrolidone (NMP, Sigma
Aldrich) and 90% poly ethylene glycol (PEG, Sigma Aldrich). Mice were weighted and tumors were measured every 2-4 days. Tumor
area was determined by the following equation: A = = * (@/2) * (b/2), were a and b are tumor length and width respectively.

Telomere Length Analyses on Tissue Sections

For quantitative telomere fluorescence in situ hybridization (Q-FISH) paraffin-embedded sections were deparaffinized and fixed
with 4% formaldehyde, followed by digestion with pepsine/HCI and a second fixation with 4% formaldehyde. Slides were dehydrated
with increasing concentrations of EtOH (70%, 90%, 100%) and incubated with the telomeric probe for 3.5 min at 85°C followed by 2h
RT incubation in a wet chamber. In the final steps, the slides were extensively washed with 50% formamide and 0.08% TBS-Tween.
Analysis was performed by Definiens software.

Cognitive Tests

To evaluate memory skills, mice were tested by the object recognition test (Bernardes de Jesus et al., 2012). A total of two 3 different
objects were used for the test, two identical objects (A) and a third different object (B). In day 1, mice were placed in a box with the two
identical objects for 10 minutes. In day 2, one of the objects was replaced by object B and the mice were again placed for ten minutes
and recorded with a camera. Analysis was made by calculating time spent with object B divided with time spent with (A+B).

To check the ability to smell, mice were tested by the buried food test (Yang and Crawley, 2009). Mice were fasted for 24 hr and they
were placed in a cage with a buried pellet food. Analysis was made by calculating the percentage of success and the time spent to
find the food pellet.

To measure coordination and balance, mice were tested in a Rotarod apparatus (model LE 8200) and with the tightrope test. In the
rotarod test we measured the time mice could stay on the rod. In the tightrope test, we evaluate the ability of the mice to stay in the
rope without falling, and we considered a “success” if mice were able to stay more than one minute.

Immunofluorescence Analyses in Cells and Tissue Sections
For immunofluorescence analyses, cells were plated in a proper density in cell culture pCLEAR plates (Greiner) and fixed in 4%
formaldehyde in PBS. Cells were permeabilized with 0.25% Triton in PBS and blocked with 5% BSA in PBS.

Tissue sections were fixed in 10% buffered formalin (Sigma) and embedded in paraffin. After despparafination and citrate antigen
retrieval, section were permeabilized with 0.5% Triton in PBS and blocked with 1%BSA and 10% Australian FBS (GENYCELL)
in PBS.

The antibodies were applied overnight in antibody diluents with background reducing agents (Invitrogen).

Primary Antibodies

Anti-Nestin (BD Pharmigen), anti-Rap1 (BL735, Bethyl), rat polyclonal anti-TRF1 (homemade), anti-TRF1 (BED5, Cell Signaling),
anti-yH2AX Ser139 (05-636, Millipore), anti-53BP1 (Novus Biologicals), anti-HA tag (Cell Signaling Technology), anti-MYC-tag
(9E10, Santa Cruz), anti-Ki67 (Master diagnostica), anti-p-RPA32 (S4/S8) (Bethly).

Immunofluorescence images were obtained using a confocal ultraspectral microscope (Leica TCS-SP5) or the Opera High Content
Screening (HCS) system (Perkin Elmer). Quantifications were performed with Definiens software.

Immunohistochemistry Analyses in Tissue Sections

Antibodies used for immunohistochemistry included those raised against: YH2AX Ser 139 (Millipore), Ki67 (Master diagnostica), HA
tag (Cell Signaling Technology), p53 (POE316A/E9, homemade), p21 (291H/B5, homemade), AC3 (Cell Signaling Technology), NF-1
(Santa Cruz Biotechnology).
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Pictures were taken using Olympus AX70 microscope. The percentage of positive cells was identified by eye and the areas were
calculated by CellSens Entry software.

Real-Time qPCR
Total RNA from cells was extracted with the RNeasy kit (QIAGEN) and reverse transcribed was using the iSCRIPT cDNA synthesis kit
(BIO-RAD) according to manufacturés protocols.

Quantitative real-time PCR was performed with the QuantStudio 6 Flex (Applied Biosystems, Life Technologies) using Go-Taq
gPCR master mix (Promega) according to the manufacturers protocol. All values were obtained in triplicates.

Primers for mouse and human samples are listed in Table S2.

PCR
DNA of cells and tissue samples was extracted using Phenol:Chloroform:lsoamyl:Alcohol (Sigma). We determined Cre-mediated
recombination by PCR using the following primers:

F: 5'-ATAGTGATCAAAATGTGGTCCTGGG-3'

R: 5-GCTTGCCAAATTGGGTTGG-3'

Western-Blots
Nuclear protein extracts were obtained using Nuclear Cytosolic Fractionation Kit (Biovision) and protein concentration was deter-
mined using the Bio-Rad DC Protein Assay (Bio-Rad). Up to fifteen micrograms of protein per extract were separated in SDS—poly-
acrylamide gels by electrophoresis. After protein transfer onto nitrocellulose membrane (Whatman), the membranes were incubated
with the indicated antibodies. Antibody binding was detected after incubation with a secondary antibody coupled to horseradish
peroxidase using chemiluminescence with ECL detection KIT (GE Healthcare)
Primary Antibodies
Anti-TRF1 (BED5, Cell Signaling), anti-TRF1 (TRF-78, Abcam), anti-TRF2 (Novus Biologicals), anti-RAP1 (Bethyl) anti-SMC-1 (Bethyl),
anti-BACTIN (Sigma).

Quantifications: Protein-band intensities were measured with ImagedJ software and normalized against the loading control.

TRF1 Chemical Inhibitors
ETP-47228 ETP-47037 chemical compounds have been described previously (Garcia-Beccaria et al., 2015). ETP-50946 is the result
of the enantiomeric separation of a racemic compound included into a Kinase Inhibitor Library sourced from BioFocus (Galapagos,
Belgium) (Figure 7A).

For in vitro studies, ETP-47228 ETP-47037 and ETP-50946 were dissolved in DMSO at a final concentration of 10 or 5 mM. Cells
were treated at a concentration of 10 uM for 24 hr or 48 hr.

For oral administration, ETP-47037 was dissolved in 10% N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) and 90% poly ethylene
glycol (PEG, Sigma Aldrich) at a concentration of 75 mg/kg.

Irradiation and Temozolomide
Cells were irradiated with 6Gy using the irradiation apparatus MDS Nordion Gamma Cells 1000. Cells were treated with temozolo-
mide at a concentration of 500 uM or 1000 puM for three days.

Tissue Micro Array (TMA)

The TMAs TA- 371 and TA-438 where obtained from the CNIO Biobank. The use of this samples has been approved by the Ethical
Committee (CEI) of the Spanish National Cancer Centre. TMA acquisition was performed with a TCS SP5 confocal microscope (Leica
Microsystems) equipped with Leica HCS-A and the custom-made iIMSRC software (Carro et al., 2015). Final images were acquired
with a 40x 1.2 N.A. oil immersion Objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival data were analyzed by Kaplan Meier survival curves, and comparisons were performed by Log Rank test. Statistical analysis
was performed using GraphPad Prism 5.03. Comparison of the percentage of mice with GBM in Figure 2 was performed by
Chi-Square test.

Immunofluorescence quantifications were performed with Definiens software and immunohistochemistry quantifications were
performed by direct cell counting. Western Blot protein-band intensities were measured with Imaged software and normalized
against the loading control. Unpaired Student’s t test (two-tailed) was used to determine statistical significance. P values of less
than 0.05 were considered significant. Statistical analysis was performed using Microsoft® Excel 2011.
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