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Abstract

Brain tumors remain the leading cause of cancer-related
deaths in children and often are associated with long-term
sequelae among survivors of current therapies. Hence, there is
an urgent need to identify actionable targets and to develop
more effective therapies. Telomerase and telomeres play
important roles in cancer, representing attractive therapeutic
targets to treat children with poor-prognosis brain tumors such
as diffuse intrinsic pontine glioma (DIPG), high-grade glioma
(HGG), and high-risk medulloblastoma. We have previously
shown that DIPG, HGG, and medulloblastoma frequently
express telomerase activity. Here, we show that the telome-
rase-dependent incorporation of 6-thio-20deoxyguanosine
(6-thio-dG), a telomerase substrate precursor analogue, into
telomeres leads to telomere dysfunction–induced foci (TIF)

along with extensive genomic DNA damage, cell growth inhi-
bition, and cell death of primary stem-like cells derived from
patients with DIPG, HGG, and medulloblastoma. Importantly,
the effect of 6-thio-dG is persistent even after drug withdrawal.
Treatment with 6-thio-dG elicits a sequential activation of
ATR and ATM pathways and induces G2–M arrest. In vivo
treatment of mice bearing medulloblastoma xenografts with
6-thio-dG delays tumor growth and increases in-tumor TIFs
and apoptosis. Furthermore, 6-thio-dG crosses the blood–brain
barrier and specifically targets tumor cells in an orthotopic
mouse model of DIPG. Together, our findings suggest that 6-
thio-dG is a promising novel approach to treat therapy-resistant
telomerase-positive pediatric brain tumors. Mol Cancer Ther; 17(7);
1504–14. �2018 AACR.

Introduction
Telomeres are the physical ends of eukaryotic linear chromo-

somes and, in mammals, are composed of several kilobases of
tandem TTAGGG repeats that are bound by the shelterin
protein complex (1). Shelterin proteins protect telomeres from
ATM and ATR-dependent DNA damage responses (DDR; ref. 1).
We and others have previously shown that natural telomere
shortening during replicative senescence or experimental telo-
mere uncapping elicits ATM-dependent DDR triggered by telo-
mere dysfunction (2, 3). The hallmark of telomere dysfunction
is the formation of DNA damage foci localized at telomeres

called TIFs (telomere dysfunction-induced foci). TIFs are focal
accumulations of DDR factors such as ATM S1981-P, gH2AX,
and 53BP1 at dysfunctional telomeres (4). Telomeres are main-
tained by telomerase activity in 73% to 90% of primary human
cancers, whereas in most normal somatic cells, this activity is
not detectable (5–7). Human telomerase consists of two essen-
tial components, the protein catalytic subunit (hTERT) and the
RNA template (hTERC) that contribute to the synthesis of
telomeric repeats, thereby maintaining telomeres. Telomerase
activation, a feature of the vast majority of cancers, is essential
for maintaining an immortal phenotype by conferring unlim-
ited replicative potential.

Brain tumors are the most common solid tumors of childhood
and are the leading cause of cancer-related deaths in children (8).
Diffuse intrinsic pontine glioma (DIPG) is a particularly poor-
prognosis brain tumor with a median overall survival of less
than 1 year (9). Hence, there is an urgent need to develop novel
therapies that not only improve outcome, but mitigate long-term
complications in children with these poor-prognosis brain
tumors. We have previously shown that over 73% of DIPG and
50% of high-grade gliomas (HGG; ref. 10) demonstrate telome-
rase activity. We recently conducted a molecular biology and
phase II study of imetelstat, a potent inhibitor of telomerase
(11, 12), to estimate inhibition of tumor telomerase activity and
efficacy in children with recurrent central nervous system (CNS)
malignancies (13). The regimen proved intolerable, because of
thrombocytopenia that led to bleeding. This toxicity prevented
more frequent dosing of imetelstat to allow sustained telomerase
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inhibition. Because targeting telomerase directly, such as with
imetelstat, would result in a significant lag period from the
initiation of treatment until telomeres shortened sufficiently to
reduce tumor burden, stopping therapy with imetelstat would
result in rapid telomere regrowth. Thus, new approaches utilizing
this almost universal cancer target are needed. Given the role
played by telomerase reactivation in oncogenesis, telomeres and
telomerase remain relevant therapeutic targets in this patient
population (14–16). Recently, preclinical studies validated a
telomere targeting strategy consisting of the incorporation of
6-thio-20-deoxyguanosine (6-thio-dG), a telomerase substrate
precursor nucleoside analogue, into telomeres by telomerase
(17). Mender and colleagues have shown that telomerase-depen-
dent incorporation of 6-thio-dG into telomeres is very effective
and specific at targeting telomerase-positive cancer cells but not
telomerase silent normal cells (17). Treatment with 6-thio-dG
led to telomere damage and cell death in telomerase-positive
cancer cell lines. Because this effect appears to be telomere length
independent, the prediction using this novel approach is that
treatment with 6-thio-dG will require a shorter time period to
achieve a rapid effect on tumor growth and progression than
direct telomerase inhibition-based therapy (18). This approach
could be beneficial for patients with aggressive brain tumors,
such as DIPG. In the current study, we tested the in vitro and in vivo
effect of 6-thio-dG in telomerase-positive stem-like cells derived
from poor-prognosis pediatric brain tumors and addressed the
mechanistic aspect of 6-thio-dG–induced DNA damage response
in telomerase-positive cancer and normal cells. Our findings
suggest that 6-thio-dG is a promising novel approach to treat
therapy-resistant pediatric brain tumors and provide a rationale
for clinical testing of 6-thio-dG in children with brain tumors.

Materials and Methods
Cell lines and primary tumor cell culture

All patient specimens were collected after obtaining written
informed consent from patients and families in accordance with
approved Institutional Review Board (IRB) studies. The primary
DIPG neurosphere line CCHMC-DIPG-1 was aseptically isolated
by dissociating the brain tumor tissue postautopsy from a patient
consented under the Pediatric Brain Tumor Repository (PBTR)
study (IRB approved protocols 2013-1245 and 2013-5947)
at Cincinnati Children's Hospital Medical Center (CCHMC,
Cincinnati, OH). Primary patient-derived neurospheres high-risk
group-3 medulloblastoma (MB004; refs. 19, 20), GBM (R0315-
GBM), and DIPG [SU-DIPG-VI (21) and CCHMC-DIPG-1 (22)]
were cultured in neurosphere stem cell media as described
elsewhere (22, 23). Patient-derived medulloblastoma cell lines
collected from the same patient at diagnosis D-425, and at
recurrence D-458 (24, 25), were cultured in RPMI1640 (Gibco)
supplemented with 15% FBS. Primary normal human foreskin
fibroblast (HFF) strain (ATCC CRL-2091), the HeLa human
cervical carcinoma cell line, the human osteosarcoma cell lines
Saos-2 (ATCC HTB-85) and U2OS (ATCC HTB-96) were pur-
chased from the ATCC. HFF cells were immortalized with hTERT
(HFFþ hTERT) by viral transduction as described previously (2).
The source of other cell lines is referenced above. Commercially
available cell lines were characterized at their original sources.
All cells were expanded upon receipt or establishment for 2 to 3
passages and used within 1 to 2 months after thawing the
cryopreserved cells without additional authentication. No testing

was done by the authors for mycoplasma. However, we did not
observe any evidence of their presence.

Telomerase activity assay
Telomerase activity was assayed using the TRAPeze Telomerase

Detection Kit (Millipore). Cell extracts were prepared according
to the manufacturer's protocol. A total of 50 to 100 ng of total
protein was used to assess the telomerase activity by performing
polyacrylamide gel (12.5%) electrophoresis.

Drug treatment
6-thio-dG (MetkinenOy; provided by J.W. Shay) was dissolved

in DMSO:water (1:1) to prepare a 10 mmol/L stock solution,
aliquoted, and stored in�20�C. For in vitro treatments, 1mmol/L
final concentration was prepared in plain media. For in vivo
studies, 6-thio-dG was prepared in a 5% DMSO solution. Kinase
inhibitors of ATM (KU-55933; ref. 26) and ATR (VE-822; refs. 27,
28) were purchased from Selleckchem and reconstituted in
DMSO. Imetelstat (GRN163L; Geron Corp.; ref. 29); was recon-
stituted (1 mg/mL) in PBS.

Cell growth and sphere formation assay
After dissociating primary neurospheres by TrypLE express

(Gibco), single cells were seeded in respective growth media in
6-well plates and were incubated for one week at varying con-
centrations (0.5–10mmol/L) of 6-thio-dGorDMSO. Fresh culture
media were added every 3 days. Viable cell numbers were deter-
mined by Trypan blue exclusion method. For sphere forma-
tion assay, MB004 single cells were seeded in limited dilution
(10 cells/well in 96-well plate) and treated with DMSO or
6-thio-dG. Sphere formation was monitored by microscopy.

Cell-cycle analysis
Following treatment with 6-thio-dG or DMSO, cells were

collected in PBS, fixed with ice-cold 70% ethanol, and were kept
in�20�C for at least an hour. Cells were then washed and stained
with propidium iodide (PI) solution containing 25 mg/mL PI
(Sigma), and 100 mg/mL Ribonuclease-A (Sigma) for 30 minutes
in the dark. Flow cytometry was performed on BD FACSCanto II
and cells were analyzed using FlowJo v.10 (FlowJo) software.

Immunofluorescence and telomere FISH assay
Cells were fixed with 4% paraformaldehyde (PFA) for

15 minutes. Cells were then washed, permeabilized with 0.5%
Triton-X-100 in PBS, blocked with 5% donkey serum and 0.3%
Triton X-100 in TBS, and incubated with primary antibodies
against gH2A.X (1:500, rabbit), or cleaved caspase-3 (1:400,
rabbit; Cell Signaling Technology); and/or TRF2 (1:200; Mouse;
NOVUS), as applicable, for overnight followed by TBST wash
(three times) next day. Corresponding secondary antibodies
were added (Alexa-Fluor 488- or 594-conjugated donkey anti-
rabbit, or anti-mouse (1:500; Jackson ImmunoResearch) for
1 hour, and washed with TBS (three times) before mounting. For
telomere-FISH, fixed and permeabilized cells were dehydrated
with a graded ethanol concentration series, air dried, and covered
with hybridization solution [70% formamide, 0.5% Blocking
Reagent (Roche Diagnostics) diluted in 100 mmol/L maleic acid
and 150mmol/L sodium chloride, and 10mmol/L Tris (pH 7.5)]
with 300 ng/mL PNA(CCCTAA)3-Cy3 (Biosynthesis), and dena-
tured for 6 minutes at 84�C followed by hybridization for at
least 2 hours at room temperature. Cells were washed three times
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with 70% formamide and 10 mmol/L Tris (pH 7.5) and three
times with TBS. Finally, they were embedded with mounting
media with DAPI (Vector Laboratories H1200). Images were
captured with 60� oil objective on Nikon Eclipse Ti confocal
microscope.

Senescence assay
Senescence-associated b-galactosidase was detected as

described previously (2). Cells were observed under the micro-
scope until the development of the blue color, and the reaction
was terminated. Imageswere captured, and stained and unstained
cells were counted from multiple fields to quantitate the percent
senescent cells.

Western blot analysis
Western blot analysis was performed as described previous-

ly (22). Antibodies used were against ATM-S1981P (R&D
Systems); ATM (SIGMA); ATR-T1989P (GeneTex); and ATR,
CHK1-S345P, CHK1, CHK2-T68P, CHK2, cleaved caspase-3,
and b-actin (Cell Signaling Technology). Bands were visualized
using ECL with Azurec500 imaging system (Azure Biosystems).
Band intensities were quantified using ImageJ software
(Ver. 1.49u, NIH, Bethesda, MD).

DNA extraction and agarose gel electrophoresis
Genomic DNA was extracted from DMSO or 6-thio-dG treated

HFF, HFF þ hTERT, and U2OS cells using Puregene Kit (Qiagen)
following the manufacturer's protocol. A total of 100 ng of each
sample was run on a 0.7% agarose gel followed by staining with
GelRed Nucleic Acid Gel Stain (Biotium). Bands were visualized
under UV illuminator.

Mouse subcutaneous and orthotopic xenograft
Athymic Ncr-nu/nu female mice (6–7 weeks old) were subcu-

taneously injected with 1 � 104 MB004 cells. Mice were weighed
and distributed in two groups (control and 6-thio-dG). After
tumor establishment (day 23–24 postimplantation) with an
average volume of 100 to 200 mm3, mice were injected intraper-
itoneally every 2 days with 6-thio-dG (2.5 mg/kg) or DMSO-PBS
(vehicle) for 3 to 4 weeks until euthanization. Tumors were
measured by slide calipers taking two longest tumor diameters
(length and width) perpendicular to each other, and volumes
were calculated by using the formula: (p/6)� d3, where d¼mean
diameter. For orthotopic xenograft, CCHMC-DIPG-1 luciferase-
positive cells (1 � 104) were injected in the brain of NRG
(NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ) mice. Briefly, mice were
injected stereotactically with 2 mL medium containing 1 � 104

luciferase-positive cells. The coordinates for injection were 0.8–
1 mm posterior to lambda suture and 3.5 mm deep, correspond-
ing to the pons location in the brain. Tumors were visualized by
luminescence using IVIS Spectrum CT in vivo imaging system
(PerkinElmer). All animal procedures were approved by our
Institutional Animal Care and Use Committee (IACUC; protocol
#IACUC2015-0066, CCHMC).

IHC
Formalin-fixed paraffin-embedded (FFPE) sections were

deparaffinized in xylene followed by rehydration through a
graded ethanol concentration series. Heat-induced antigen
retrieval was performed by steaming slides for 20 minutes in
10 mmol/L Citrate buffer (pH 6.0). Endogenous peroxidase

activity was quenched with 1% H2O2 followed by washing,
blocking with 10% goat serum in TBST for an hour, and
incubating with primary antibody Ki67 (1:1500; rabbit;
Abcam), or cleaved caspase-3 (1:1,000; rabbit; Cell Signaling
Technology) in 2% goat serum in TBST overnight at 4�C. Slides
were washed with TBST (three times) and were treated with
biotinylated anti-rabbit secondary antibody (1:500) and signal-
amplified using ABC Kit (Vector Laboratories). Signal was
visualized with DAB (Vector Laboratories) and counterstained
with Harris Hematoxylin (Sigma). H&E staining was perform-
ed using hematoxylin-1 and eosin-Y (Thermo Fisher Scientific).
Tissues were mounted with Permount (Thermo Fisher Scien-
tific) and imaged by Nikon eclipse 80i microscope.

Tissue TIF assay
Tissue samples were prefixed with 4% PFA and were cryopro-

tected in 25% sucrose/PBS solution, and then embedded in OCT
freezing molds with Neg-50 (VWR) in acetone and dry ice fol-
lowed by cryosectioning. Heat-induced antigen retrieval and
Telomere-FISH was performed as described above. The samples
were incubated in blocking solution (5% donkey serum, 0.3%
Triton X-100 in TBS) for 30minutes, and treated with anti-53BP1
(rabbit 1:500;Novus Biologicals) for 1 hour at room temperature.
After washing in TBST (three times), the samples were incubated
with secondary antibody Alexa-Fluor 488–conjugated donkey
anti-rabbit (1:400; Jackson ImmunoResearch), and washed in
TBS (three times). The samples were embedded in mounting
media with DAPI (Vector Laboratories H1200). Images were
captured with 60� oil objective on Nikon Eclipse Ti confocal
microscope.

Statistical analysis
The statistical analyses were performed by Student t test or

multiple-way ANOVA as required using the GraphPad Prism
(version 7.02). Each experiment was repeated at least twice.
Error bars represent SD of at least three replicate wells or fields
from one representative experiment considered as technical
replicates, or from independent experiments or different ani-
mals for biological replicates. Differences were considered
statistically significant at P < 0.05.

Results
6-thio-dG selectively inhibits cell growthof telomerase-positive
tumor cells

One of the major setbacks in oncology is the ability of certain
cancers to recur after minimal or undetectable disease is
achieved with aggressive therapies. Cancer stem-like cells have
been proposed to represent a subpopulation of cells within a
tumor that self-renew to promote tumor growth and recur-
rence. In the current study, primary stem-like cells were derived
from DIPG, HGG, and medulloblastoma patients' tumor tissue
and expanded in neurosphere stem cell media. Supplemen-
tary Table S1 indicates genetic features and subtypes of
the cell lines. We tested 6-thio-dG in a panel of telomerase-
positive pediatric brain tumor cells, including high-risk group-3
medulloblastoma (MB004), GBM (R0315-GBM), and DIPG
(SU- DIPG-VI and CCHMC-DIPG-1) along with a panel of
control cell lines, consisting of normal primary HFF (telome-
rase-negative), HFF-ectopically expressing hTERT (HFF þ
hTERT, telomerase-positive), HeLa cells (telomerase-positive),
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and osteosarcoma cells Saos-2 (telomerase-negative, alternative
lengthening of telomeres or ALT-positive). Telomerase activity
was verified by the gel-based TRAP assay (Supplementary Fig.
S1). We and others previously reported that under serum-free
culture conditions, HGG-, DIPG-, and medulloblastoma neu-
rospheres expressed neural stem cell markers such as nestin,
CD133, and olig2, and were capable of self-renewal and dif-
ferentiation in the presence of serum (22, 23). These cancer
stem-like cells are thought to be responsible for tumor recur-
rence (30). Moreover, we confirmed that these cells are able to
establish tumors in mouse. The cells were treated with 0.5
to 10 mmol/L of 6-thio-dG every 3 days for one week. As
expected, treatment with 6-thio-dG inhibited cell growth in a
dose-dependent manner in all telomerase-positive cells, includ-
ing brain tumor cells, with a minor to no effect in telomerase-
negative cells HFF and Saos-2 cells up to 3 mmol/L (Fig. 1A
and B). Interestingly, 6-thio-dG effectively inhibited cell growth
of both patient-derived medulloblastoma cell lines collected
from the same patient at diagnosis, D-425 cells (biopsy of
cerebellar primary tumor of 6-year-old boy) and at recurrence
D-458 cells (tumor cells in CSF following failure of radio- and
chemotherapy; Fig. 1C; refs. 24, 31). All telomerase-positive
cells including brain tumor cells were highly sensitive com-

pared with telomerase-negative cells as evidenced by the
IC50 ranging 0.14 to 1.45 mmol/L (Supplementary Table S2).
Telomerase dependency of 6-thio-dG was further verified by
using imetelstat. HFF and HFF þ hTERT cells were treated
with either 6-thio-dG or imetelstat, or in combination. The
inhibition of telomerase activity by imetelstat treatment was
confirmed by the TRAP assay (Supplementary Fig. S2A). As ex-
pected, the inhibition of cell growth by 6-thio-dG in the combi-
nation treatment was markedly reduced by imetelstat (Supple-
mentary Fig. S2B and S2C), indicating that the 6-thio-dG effect
is largely dependent on the presence of telomerase.

6-thio-dG induces sustained G2–M cell-cycle arrest in
telomerase-positive cells

Next, we investigated the mechanistic aspect of 6-thio-dG-
induced DDR. Cell growth inhibition caused by 6-thio-dG
treatment prompted us to check its effect on cell-cycle pro-
gression. Three-day treatment with 3 mmol/L of 6-thio-dG
caused G2–M arrest in telomerase-positive cells HFF þ hTERT
and HeLa. In contrast, this effect was negligible in telomerase-
negative cells HFF (Fig. 2A). Furthermore, we assessed the long-
term effect of 6-thio-dG on the cell-cycle profile as illustrated
in Fig. 2B. In continuous treatment, 6-thio-dG–induced G2–M

Figure 1.

6-thio-dG specifically inhibits cell growth of telomerase-positive cells. A–C, Cell images (top) and corresponding viable cell counts (bottom).
A, Telomerase-positive cells: HeLa and HFF þ hTERT; telomerase-negative cells: HFF, and Saos-2 (ALT-positive). B, Telomerase-positive
patient-derived pediatric brain tumor cells: MB004, R0315-GBM, SU-DIPG-VI, and CCHMC-DIPG-1. C, Matched pair of patient-derived medulloblastoma
cells at biopsy (D-425, Primary) and at posttherapy failure (D-458, recurrence) treated with DMSO or 0.5 to 10 mmol/L of 6-thio-dG for 1 week.
Error bars represent the SD from triplicates. Each experiment was performed at least twice.
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arrest was sustained and more pronounced in telomerase-
positive normal cells (HFF þ hTERT) along with an increase
in >4n cell population compared with telomerase-negative HFF
cells (Fig. 2C). For HeLa cells, continuous treatment caused a
sharp increase in G2–M, >4n, and sub-G1 cell populations,
indicating aneuploidy and cell death. G2–M fraction increased
after prolonged treatment of HFF cells with 6-thio-dG, likely
due to the accumulation of genomic damage. In contrast to
telomerase-positive cells, no increase in sub-G1 and >4n pop-
ulation was noticed. Interestingly, even when the drug was
removed from the media (Fig. 2B), 6-thio-dG effect on cell-
cycle progression persisted several days after drug withdrawal
in HeLa cells (Fig. 2D). In HFF þ hTERT cells, G2–M and >4n
accumulation decreased over time and the cell-cycle profile
partially reverted to that of the vehicle control. These results
indicate that 6-thio-dG treatment has limited effect in normal
cells (HFF) and causes G2–M arrest, aneuploidy, and cell death
in HeLa cells. This effect was sustained several days after drug
withdrawal in cancer cells but declined in normal telomerase-
positive cells (HFF þ hTERT).

6-thio-dG induces persistent telomere dysfunction in
telomerase-positive cells

Previous studies have shown that 6-thio-dG treatment leads
to TIFs in telomerase-positive cells but not in telomerase-
negative cells (17). We visualized TIFs by FISH combined
staining using gH2AX colocalization with a telomere-specific
PNA probe. As expected, 6-thio-dG caused an acute increase of

the number of cells with TIFs (�25%) in telomerase-positive
cells, HFF þ hTERT, after 2 days (Fig. 3A). TIF formation was
limited in telomerase-negative cells HFF with less than 3% after
2- or 5-day treatment. This effect was amplified over time;
approximately 34% of cells were TIF-positive at 5-day contin-
uous treatment (Fig. 3A). Interestingly, approximately 31% of
cells were still TIF-positive in telomerase-positive cells 3 days
after drug withdrawal while TIFs completely disappeared in
telomerase-negative cells. Furthermore, imetelstat treatment
inhibited 6-thio-dG–induced TIF formation in HFF þ hTERT
(Supplementary Fig. S2D), confirming telomerase dependency
of 6-thio-dG–induced TIFs. As observed in the previous study
(17), 6-thio-dG also caused a modest increase in genomic
DNA damage in telomerase-negative cells. This general damage
was more evident in telomerase-positive cells (Fig. 3A). Impor-
tantly, TIF-negative cells treated with 6-thio-dG displayed
markedly reduced genomic DNA damage, suggesting that TIFs
exacerbate genomic DNA damage (Supplementary Fig. S3A).
Indeed, the inhibition of telomerase using imetelstat reduced
the genomic DNA damage in cells treated with 6-thio-dG
(Supplementary Fig. S3B).

Next, we evaluated the effect of 6-thio-dG treatment in
telomerase-positive primary high-risk group 3 medulloblasto-
ma stem-like cells MB004. Treatment with 3 mmol/L of 6-thio-
dG for 3 days resulted in an increase in sub-G1 and G2–M cell
populations and a total abolition of sphere formation ability
at day 7 (Fig. 3B and C). Of note, at day 3, cells treated with
6-thio-dG were able to form small spheres or "spherelets"

Figure 2.

6-thio-dG induces persistent G2–M cell-cycle arrest in telomerase-positive cells. A, Cell-cycle analysis of HFF, HFF þ hTERT, and HeLa cells treated with
DMSO or with 3 mmol/L of 6-thio-dG for 3 days. B, Schematic of the experimental design of continuous and wash-off treatment. C, Cell-cycle plots of
DMSO controls and 6-thio-dG–treated HFF, HFF þ hTERT, and HeLa cells at days 5, 6, 7, and 8. D, Cell-cycle plots of pretreated HFF þ hTERT and
HeLa with DMSO or 3 mmol/L of 6-thio-dG for 3 days at day 1 to 5 after drug removal. The percentage of cells in sub-G1, G1, S, G2–M, and >4n is indicated
in each plot. Bottom, percent distribution of cell-cycle phases as a function of time. The experiments were conducted at least twice, and the results
shown are representative of the replicates.
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containing 4 to 10 cells. At day 7, these "spherelets" completely
disappeared with 6-thio-dG treatment, while the DMSO-treated
spherelets continued to grow. We then evaluated the effect of
continuous and discontinuous exposure to 6-thio-dG after an
initial treatment of 2 days. Both treatment schemes showed a
robust growth inhibition and sustained TIF formation, indi-
cating that the effect of 6-thio-dG treatment persists several
days after drug withdrawal (Fig. 3D). These data demonstrate
the telomerase-dependent induction of TIFs and their persis-
tence even after the drug is removed, providing a possible
explanation for the sustained G2–M arrest. Together, these
results indicate that 6-thio-dG effect on cell growth is depen-
dent on telomerase-induced TIFs probably in conjunction with
genomic DNA damage, and this compound is active in brain
tumor cells derived from therapy-resistant patients' tumors.

Sequential activation of ATR and ATM pathways in response
to 6-thio-dG–induced telomere damage

ATM and ATR kinases are master regulators of DDR signaling.
We and others have shown that telomere dysfunction induces
ATM-dependent DDR (2, 3). To extend our characterization of
6-thio-dG–induced telomere damage, we investigated ATM and
ATR DDR in telomerase-positive cells HFF þ hTERT and in
matched telomerase-negative cells HFF. Both ATM and ATR

signaling pathways were engaged in response to 6-thio-dG treat-
ment in HFF þ hTERT as evidenced by the accumulation of
ATR-T1989 and ATM-S1981 phosphorylation (Fig. 4A), whereas
6-thio-dG treatment in telomerase-negative cells correlated with
the activation of the ATR pathway, probably due to genomic
DNA damage. Timing-wise, the ATR pathway was first activated
then progressively inhibited (Fig. 4A). The decrease in ATR
signaling overlapped with ATM pathway activation. Although
at day 1, we did not observe TIF formation, the number of TIFs
per cell and the number of cells with TIFs markedly increased
from day 1 to day 3 in the HFF þ hTERT cells (Fig. 4B). This
increase correlated with a sustained increase of ATM activation
from day 2 to day 3 and a decrease of ATR activation starting at
day 2. To investigate 6-thio-dG–induced DDR further, HFF þ
hTERT cells were pretreated with a specific ATM or ATR inhibitor
for 2 hours prior to 6-thio-dG treatment for 48 hours. In the
presence of either ATM or ATR inhibitor, we observed a reduc-
tion in the number of cells with TIFs as well as the number of
TIFs per individual cells (Fig. 4C). Compared with ATR inhibi-
tion, ATM inhibition led to lower number of TIFs per individual
cell. We interpret these results to suggest that 6-thio-dG–
induced telomere damage sequentially activates the ATR path-
way followed by ATM activation and the formation of TIFs is
primarily induced by ATM pathway in normal cells.

Figure 3.

6-thio-dG causes sustained telomere damage in telomerase-positive cells. A, HFF and HFF þ hTERT cells were cultured with 3 mmol/L of 6-thio-dG for 2 days
(initial treatment), then continuously for another 3 days (continuous treatment) or 3 days after drug removal (drug wash-off). The number of TIFs per
cell was counted for each treatment (�100 cells/treatment). Bottom, representative images of FISH-immunofluorescence using a telomere-specific
PNA probe (red) and gH2AX staining (green). White arrows indicate colocalization of gH2AX and telomere signals (yellow), indicative of TIFs. DAPI
(blue) indicates nucleus staining. Average values of at least three fields per cell per condition were evaluated. P values are indicated, �� , P < 0.01; ��� , P < 0.001.
B, Cell-cycle plots of MB004 treated with DMSO or 3 mmol/L of 6-thio-dG for 3 days. Percent events of cell-cycle phases are indicated. C, Cell images
of neurosphere formation assay at day 3 and day 7 posttreatment with DMSO or 3 mmol/L of 6-thio-dG. Right, quantification of the number of spheres
at day 3 and 7. Error bars represent the SD generated from triplicates. D, Relative growth of MB004 cells treated with 6-thio-dG to DMSO control.
The cells were initially treated with 3 mmol/L of 6-thio-dG for 2 days followed by 3 days of continuous or discontinuous treatment. Bottom, representative
IF-FISH images. Telomeres (red), gH2AX (green), and TIFs (yellow) are depicted. DAPI (blue) indicates nucleus staining. Error bars represent the SD
obtained from triplicates.
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6-thio-dG induced apoptosis in telomerase-positive cancer
cells and senescence in telomerase-positive normal cells

We have previously demonstrated that ATM activation,
gH2AX-focus formation, and p53 accumulation increased in
presenescent cells (2). Therefore, we sought to investigate the
ultimate fate of cancer telomerase-positive cells, HeLa, MB004,
CCHMC-DIPG-1, and the primary normal human cells: HFF
(telomerase-negative) and HFF þ hTERT (telomerase-positive)
treated with 6-thio-dG. The cells were treated with 3 mmol/L
of 6-thio-dG for 4 or 7 days and were evaluated for apoptosis.
Although HeLa (Fig. 5A), MB004, and CCHMC-DIPG-1
(Fig. 5C) cells showed an increase in cleaved caspase-3 signal,
HFF and HFF þ hTERT did not show any evidence of apoptosis
(Fig. 5A and B). We further evaluated the effect of long-term
exposure of HFF and HFF þ hTERT cells to 6-thio-dG. The cells
were incubated with 3 mmol/L of 6-thio-dG for 23 days.
Prolonged exposure to 6-thio-dG induced a senescence phe-
notype in 30% of HFF þ hTERT cells as assessed by staining
for senescence-associated b-galactosidase activity (SA-b-gal),
whereas only 7% of HFF cells were SA-b-gal-positive (Fig. 5D),
suggesting that the senescence observed in HFF þ hTERT cells
was due to 6-thio-dG–induced telomere dysfunction. Thus,
short-term treatment with 6-thio-dG causes apoptosis in
telomerase-positive cancer cells, and the long-term treatment

leads to senescence in telomerase-positive normal cells. These
results are reminiscent of replicative senescence caused by persis-
tent telomere damage. Interestingly, unlike cancer telomerase-
positive cells, fast growing telomerase-negative cancer cells,
U2OS, treated with 6-thio-dG, predominantly did not die (Sup-
plementary Fig. S4A–S4C). After an initial growth inhibition,
probably to repair the genomic DNA damage, the cells resumed
cell growth several days after drug removal (Supplementary
Fig. S4B). Finally, we did not observe any DNA fragmentation
after treatment with 6-thio-dG (Supplementary Fig. S4D). These
data indicate that the cell death observed in telomerase-positive
cancer cells is not due to cell growth kinetics or genomic DNA
fragmentation but rather due to telomere damage probably in
combination with genomic DNA damage.

6-thio-dG treatment inhibited tumor growth in pediatric
high-risk group-3 medulloblastoma xenografts by inducing
an increase in in-tumor telomere dysfunction, a decrease of
tumor mitotic index, and apoptosis

To evaluate the in vivo activity of 6-thio-dG, we sub-
cutaneously injected primary patient-derived stem-like cells
MB004 in athymic nude mice (1 � 104 cells/mouse). We pre-
viously observed that these cells form aggressive and fast
growing tumors in mice. Tumors were established at 24 days

Figure 4.

Sequential activation of ATR and ATM in response to 6-thio-dG. A, Western blot analysis of ATR-T1989P, total ATR, ATM-S1981P, and total ATM in HFF,
and HFF þ hTERT cells at day 1, 2, and 3 posttreatment with 3 mmol/L of 6-thio-dG. d, day. b-Actin served as a loading control. Irradiated HFF cells
with 5 Gy were used as a positive control for ATM and ATR activation. Bar diagrams (bottom) show the quantification of ATR-T1989P, and ATM-S-1981P
phosphorylation levels relative to the corresponding DMSO. O.D. (optical density) was measured by densitometry analysis using ImageJ software.
Band intensities were normalized to total ATR or total ATM as applicable. Average values of two independent experiments were evaluated. B,
Quantification of IF-FISH data in HFF þ hTERT cells treated or untreated (DMSO) with 3 mmol/L of 6-thio-dG for 1 to 3 days. Representative images of
cells (bottom) are shown with TIFs (yellow foci denoted by white arrows), telomeres (red), gH2AX (green), and nucleus (DAPI in blue). C, Immunoblot
analyses of ATR-T1989P, ATR, ATM S1981-P, ATM, CHK2 T68-P, CHK2, CHK1 S345-P, and CHK1 in HFF þ hTERT cells treated with 10 mmol/L of ATM or
50 nmol/L ATR specific inhibitors for 2 hours prior to and in combination with DMSO (control) or 3 mmol/L of 6-thio-dG for 2 days. IF-FISH was
performed to assess the number of TIFs in 200 to 300 cells (right). Error bars are the SD of at least three fields per condition (50 or more cells/field).
P values are indicated; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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postimplantation, at which point, the tumor volumes ranged
from 100 to 200 mm3. A mixture of DMSO and PBS solution
was used as vehicle control in 6 mice. To monitor 6-thio-dG
toxicity in mice, we weighed both treated and untreated mice.
We did not observe a noticeable weight difference between
the two groups of mice, and no dehydration or clinical symp-
tom of sickness were observed in the treated group, indicating
that this 6-thio-dG regimen is not toxic (Fig. 6A). Tumor
growth kinetics showed the majority of treated mice had a
slower tumor growth rate compared with the untreated group
(Fig. 6B). Four of 6 treated mice had reduced or delayed tumor
growth. Two of 6 treated mice showed fast tumor growth, most
likely due to the tumor aggressive nature and bigger tumor
volume at the start of 6-thio-dG treatment. IHC of cleaved
caspase-3 was performed in five tumors from each group to
evaluate in-tumor apoptosis. Compared with the control
group, we observed a significant increase in apoptosis in the
treated group with a higher increase in tumors with slower
growth (Fig. 6B and C). Accordingly, hematoxylin and eosin
staining (H&E) showed a significant decrease in the number of
mitotic figures and an increase in apoptotic bodies in 6-thio-
dG–treated mice compared with untreated group (Fig. 6D).
FISH staining using a combination of a telomeric probe and
53BP1 immunostaining showed a marked in-tumor increase of
TIFs compared with untreated tumors (Fig. 6E). More than 21%
of cells showed at least 1 to 3 TIFs in the 6-thio-dG group,

whereas only approximately 6% in the control group (Fig. 6E).
Moreover, a population of cells with 4 to 6 TIFs per cell was
detected only in treated tumors. The probability of animal
survival was significantly higher in 6-thio-dG–treated mice
compared with the vehicle group upon reaching the tumor
volume at a size of 1,500 mm3 (�6 times of initial volume)
considered to be a tumor burden (Supplementary Fig. S5).
Together, these data can be interpreted to indicate that 6-thio-dG
treatment inhibits the growth of therapy-resistant MB004 tu-
mors by inducing telomere dysfunction, inhibition of cell growth,
and apoptosis.

6-thio-dG reached the tumor site and induced intratumoral
TIFs in an orthotopic patient-derived xenograft model of
diffuse intrinsic pontine glioma

To investigate the penetration and activity of 6-thio-dG in
patient-derived brain tumors xenografted into mice, we inject-
ed intracranially luciferase-positive DIPG patient-derived pri-
mary cancer stem-like cells, CCHMC-DIPG-1, into the pons of
the mouse brain using a stereotactic device. Tumor growth was
monitored by bioluminescence imaging of the mouse brain
(Fig. 6F). Upon tumor establishment at 8 to 10 days post-
implantation, 6-thio-dG or DMSO-PBS administration was
started by intraperitoneal injection. The mice were treated for
7 to 8 days (4–5 doses in total). Mouse brains were collected
for analyses after animal euthanasia. The tumors were highly

Figure 5.

6-thio-dG induces apoptosis in telomerase-positive cancer cells and senescence in telomerase-positive normal cells. A, Representative IF images of
cleaved caspase-3 (green) in HFF, HFF þ hTERT, and HeLa cells treated with DMSO or 3 mmol/L of 6-thio-dG for 4 days. DAPI (blue), nucleus staining.
B, Corresponding immunoblot analysis of cleaved caspase-3. b-Actin was used as a loading control. C, Representative IF images of cleaved caspase-3
(green) in MB004, and CCHMC-DIPG-1 cells treated with DMSO or 3 mmol/L of 6-thio-dG for 4 and 7 days. Nucleus in blue (DAPI). D, Senescence-
associated b-gal assay. Senescent HFF cells (HFF-S) at 70 population doublings (PD 70) were used as positive control for senescence (replicative
senescence). Senescent cells are stained in blue. X-gal (þ) and (�) indicate X-gal was added or not, respectively. Early-passage HFF (negative control)
and HFF þ hTERT were treated with 3 mmol/L of 6-thio-dG or DMSO for 23 days. The plot on the right represents the quantification of the number of cells
SA-b-gal-positive (senescent). Error bars represent the SD generated from triplicates. P value is indicated; � , P < 0.05. Each experiment was performed
at least twice.
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aggressive and histopathologic staining using H&E and Ki67
indicated high cellularity and proliferation of tumor tissue
compared with matched normal brain (Fig. 6F). Telomerase
activity was retained in the xenograft relative to the patient-
derived neurosphere cells (Supplementary Fig. S6A). FISH
analyses of 6-thio-dG–treated orthotopic tumors revealed an
increase in the number of cells with genomic DNA damage and
TIFs as well as higher number of TIFs per cell compared with
untreated tumors (Fig. 6G). TIFs and genomic DNA damage
was not observed in normal mouse brain (Supplementary Fig.
S6B). This indicates that 6-thio-dG reached the tumor in the
pons, and induced TIFs and genomic DNA damage with no
obvious effect on normal brain tissue. Because of the aggres-
siveness of the tumors, further in vivo studies in orthotopic
models of pediatric brain tumors are warranted to evaluate the
long-term effect of 6-thio-dG on tumor growth and mouse
overall survival.

Discussion
Telomerase activity is present in most human cancers but is

undetectable in the majority of normal human somatic cells,
supporting the rationale of targeting telomerase and telomeres
to treat cancer. Our previous clinical trial of imetelstat, a potent
direct inhibitor of telomerase, proved intolerable and ineffec-
tive in children with recurrent CNS malignancies. We believe
that this was due, at least in part, to toxicities, such as throm-
bocytopenia, which led to CNS bleeding that prevented more
frequent dosing of imetelstat to allow sustained inhibition
of telomerase. Mender and colleagues reported that no ani-
mal deaths or weight loss were observed in mice treated with
6-thio-dG. Moreover, the treatment did not cause any toxic
effects on hematologic counts, liver, and kidney functions (17).

Using a lung cancer model, the previous study has demon-
strated that 6-thio-dG caused both in vitro and in vivo telomere

Figure 6.

6-thio-dG treatment inhibits tumor growth in pediatric high-risk group 3 medulloblastoma and induces TIFs in DIPG xenografts. A, Average weight of
mice treated with DMSO-PBS (vehicle) or 6-thio-dG. MB004 tumor cells were injected subcutaneously in the mouse flank and intraperitoneally injected
when tumor was established with DMSO-PBS (vehicle) or 2.5 mg/kg of 6-thio-dG every 2 days for the indicated period of time. The arrow indicates
the time of the tumor establishment and the start of the treatment. Error bars, SD from 6 mice per group. B, Tumor growth kinetics. Each line denotes
tumor growth per mouse. Blue and red lines indicate vehicle and 6-thio-dG treatments, respectively. C, Representative IHC images indicating cleaved
caspase-3 staining (brown) in FFPE sections from MB004 tumors treated with vehicle or 6-thio-dG. The plot on the right shows percent in-tumor apoptotic
cells (cleaved caspase-3 positive). Each dot represents average percent of apoptotic cells per individual tumor per mouse. P value is indicated; � , P < 0.05.
Circles in B and C correspond to the same tumors showing slower growth kinetics (B) and higher apoptosis (C). D, Quantification of in-tumor mitotic
bodies (left), and apoptotic bodies (right) from FFPE sections stained with H&E. Average values of at least three fields per mouse were evaluated. P values
are indicated; ��� , P < 0.001. E, The number of in-tumor telomere damage (TIFs) were counted and expressed as percent of cells with TIFs. Vehicle
indicates tumor from mice treated with DMSO-PBS, and 6-thio-dG indicates tumor from mice treated with 6-thio-dG. Error bars were generated from
SD of at least three fields (50 cells or more/field) per mouse. P value is indicated; ��� , P < 0.001. On the right, representative images of TIF analysis in 6-thio-dG
and vehicle-treated tumors. Telomeres are in red, 53BP1 (green), and DAPI (blue). White arrows, TIFs (yellow). F, Diagrammatic workflow showing
detection of CCHMC-DIPG-1 orthotopic xenograft by luminescence imaging followed by resection and histologic staining with H&E and Ki67 of
collected tumors and matched normal tissue. Tumor and normal tissues are indicated. Circles indicate the tumor location in the brain. G, Representative
images of tissue IF-TIF analysis in 6-thio-dG and vehicle-treated tumor. White arrows indicate TIFs (yellow), telomeres (red), and 53BP1 (green). DAPI,
blue. On the right, quantification of TIFs. Error bars were generated from SD of at least three fields (50 cells or more/field) counted per mouse.
Significance between vehicle- and 6-thio-dG–treated tumors is indicated by P value; �� , P < 0.01.
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damage (TIFs) and induced rapid cancer cell death, likely due
to telomerase-dependent telomere uncapping and dysfunction
caused by 6-thio-dG treatment (17). In the current study, we
sought to evaluate the effect of 6-thio-dG in telomerase-pos-
itive primary pediatric brain tumor cells derived from patients
with high-risk and treatment-resistant tumors. We found that
treatment with 6-thio-dG caused telomere dysfunction and
cell growth inhibition in a telomerase-specific manner within
one week. Interestingly, both cell lines derived from the same
patient at diagnosis and at recurrence after chemo- and radio-
therapy were sensitive to 6-thio-dG, demonstrating that cells
from previously treated and recurrent tumors remain sensitive
to 6-thio-dG.

Mechanistically, we showed that 6-thio-dG induced G2–Mcell-
cycle arrest in both telomerase-positive normal (HFF þ hTERT)
and cancer cells (HeLa and MB004). G2–M arrest was sustained
after 6-thio-dG removal and was associated with apoptosis in
cancer cells. Long-term exposure of telomerase-positive normal
cells to 6-thio-dG induced senescence, probably due to telomere
dysfunction previously shown to be also associated with replica-
tive senescence (2). Interestingly, our data can be interpreted to
suggest that 6-thio-dG–induced senescence is initiated in the G2–

Mphase, whereas senescent cells are usually in the G1 phase (32).
However, recent publications also support the initiation of senes-
cence from G2 (33–35).

6-thio-dG treatment–induced G2–M arrest and TIFs forma-
tion was sustained several days after drug withdrawal, suggest-
ing that a short exposure time in a clinical setting may be
sufficient to have a therapeutic effect. It would be informative
to investigate a combination treatment with 6-thio-dG and
G2–M checkpoint inhibitors already tested in clinical trials
such as AZD0156 (ATM inhibitor), VX-970 (ATR inhibitor),
and AZD1775 (WEE1 inhibitor; ref. 36). The expectation is that
the cells will progress to the M-phase, causing mitotic catas-
trophe and massive cell death. 6-thio-dG treatment sequential-
ly activates ATR and ATM DDR pathways. 6-thio-dG activated
the ATR but not the ATM pathway in normal telomerase-
negative cells. In contrast, 6-thio-dG activated ATR and then
ATM in normal telomerase-positive cells, suggesting that the
6-thio-dG–induced genomic DNA damage activates ATR and
then 6-thio-dG–induced telomere damage activates the ATM
pathway. However, TIFs could be induced by either pathway if
ATR or ATM is inhibited. Thus, it would be informative to
evaluate the cell-cycle progression in the presence of 6-thio-dG
and ATM or ATR inhibitors. Importantly, 6-thio-dG treatment
completely abolished neurosphere formation ability, suggest-
ing that self-renewal and stemness are potential targets of
6-thio-dG. Given the extensive genomic DNA damage in telo-
merase-positive cells, we are not ruling out the possibility that
both genomic and telomeric damage contribute to the ultimate
fate of the cells in the context of the presence of 6-thio-dG–

induced TIFs. Of note, it is well accepted that unlike genomic
DNA damage, replicative senescence or apoptosis due to telo-
mere dysfunction does not necessarily depend on the extent
of the damage (number of TIFs), but rather on the telomeric
localization of the DNA damage. Future studies are required
to investigate the link between 6-thio-dG–induced telomere
damage and genomic DNA damage.

Using an orthotopic mouse model for DIPG, we showed that
6-thio-dG provided by intraperitoneal injection reached the

tumor site in the pons and induced telomere damage in the
tumor, demonstrating that 6-thio-dG crossed the blood–brain
barrier. Importantly, we did not observe any adverse effects of
6-thio-dG on normal mouse brain or mouse behavior. In
addition to an increase in telomere damage, we also observed
an increase in genomic DNA damage, indicating an enhance-
ment of general damage initiated by the 6-thio-dG–induced
telomere dysfunction as shown previously (17, 37). In future
studies, we will optimize the number of injected brain tumor
cells in the pons, the dose, and the timing of 6-thio-dG
administration to evaluate the effect of 6-thio-dG on mouse
survival. As this compound is not currently in clinical trials,
further testing in multiple animal models is required to fully
evaluate efficacy and toxicity.

In conclusion, our findings document that 6-thio-dG is a
promising novel approach to treat therapy-resistant pediatric
brain tumors and provides a rationale for 6-thio-dG testing as
a single agent or in combination, with G2–M checkpoint inhibi-
tors already in clinical trials to treat children with high-risk
pediatric brain tumors.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: S. Sengupta, R. Drissi
Development of methodology: S. Sengupta, R. Drissi
Acquisition of data (provided animals, acquired and managed pati-
ents, provided facilities, etc.): S. Sengupta, K. Lee, S.S. Kumar, C. Fuller,
J.W. Shay
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. Sengupta, M. Sobo, K. Lee, S.S. Kumar, A.R. White,
J.W. Shay, R. Drissi
Writing, review, and/or revision of the manuscript: S. Sengupta, K. Lee,
S.S. Kumar, A.R. White, I. Mender, C. Fuller, M. Fouladi, J.W. Shay,
R. Drissi
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): S. Sengupta, M. Sobo, A.R. White, L.M.L. Chow,
J.W. Shay
Study supervision: J.W. Shay, R. Drissi

Acknowledgments
This work was supported by CancerFree KIDS Pediatric Cancer Research

Alliance (to R. Drissi and S. Sengupta), by the Division of Oncology, and
by the Brain Tumor Center, Cincinnati Children's Hospital Medical
Center. We thank D.D. Bigner (Duke University) for kindly providing us
with D-425 and D-458 cell lines, Y.-J. Cho (Oregon Health & Science
University) for MB004 cell line, X.-N. Li (Baylor College of Medicine) for
R0315-GBM cell line, M. Monje (Stanford University) for SU-DIPG-VI cell
line, and N. Oatman and B. Dasgupta (CCHMC) for technical assistance
and for luciferase labeling of CCHMC-DIPG-1 cells. We thank the Com-
prehensive Mouse and Cancer Core, and J. Mulloy laboratory, CCHMC for
providing the Athymic Ncr-nu/nu and NRG mice, respectively.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received August 20, 2017; revised January 3, 2018; accepted March 15, 2018;
published first April 13, 2018.

Induction of Telomere Damage to Treat Pediatric Brain Tumors

www.aacrjournals.org Mol Cancer Ther; 17(7) July 2018 1513

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/7/1504/1858995/1504.pdf by guest on 19 M
ay 2023



References
1. Palm W, de Lange T. How shelterin protects mammalian telomeres.

Annu Rev Genet 2008;42:301–34.
2. Bakkenist CJ, Drissi R, Wu J, Kastan MB, Dome JS. Disappearance of the

telomere dysfunction-induced stress response in fully senescent cells.
Cancer Res 2004;64:3748–52.

3. d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von
Zglinicki T, et al. A DNAdamage checkpoint response in telomere-initiated
senescence. Nature 2003;426:194–8.

4. Takai H, Smogorzewska A, de Lange T. DNA damage foci at dysfunctional
telomeres. Curr Biol 2003;13:1549–56.

5. Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, et al.
Specific association of human telomerase activity with immortal cells
and cancer. Science 1994;266:2011–5.

6. Shay JW, Bacchetti S. A survey of telomerase activity in human cancer.
Eur J Cancer 1997;33:787–91.

7. Barthel FP, Wei W, Tang M, Martinez-Ledesma E, Hu X, Amin SB, et al.
Systematic analysis of telomere length and somatic alterations in 31 cancer
types. Nat Genet 2017;49:349–57.

8. Smith MA, Seibel NL, Altekruse SF, Ries LA, Melbert DL, O'Leary M, et al.
Outcomes for children and adolescents with cancer: challenges for the
twenty-first century. J Clin Oncol 2010;28:2625–34.

9. Cooney T, Lane A, Bartels U, Bouffet E, Goldman S, Leary SES, et al.
Contemporary survival endpoints: an International Diffuse Intrinsic
Pontine Glioma Registry study. Neuro Oncol 2017;19:1279–80.

10. Dorris K, Sobo M, Onar-Thomas A, Panditharatna E, Stevenson CB,
Gardner SL, et al. Prognostic significance of telomere maintenance
mechanisms in pediatric high-grade gliomas. J Neurooncol 2014;117:
67–76.

11. DikmenZG,Gellert GC, Jackson S,Gryaznov S, Tressler R,DoganP, et al. In
vivo inhibition of lung cancer by GRN163L: a novel human telomerase
inhibitor. Cancer Res 2005;65:7866–73.

12. Hochreiter AE, Xiao H, Goldblatt EM, Gryaznov SM, Miller KD, Badve S,
et al. Telomerase template antagonist GRN163L disrupts telomere main-
tenance, tumor growth, and metastasis of breast cancer. Clin Cancer Res
2006;12:3184–92.

13. Salloum R, Hummel TR, Kumar SS, Dorris K, Li S, Lin T, et al. A molecular
biology and phase II study of imetelstat (GRN163L) in children with
recurrent or refractory central nervous system malignancies: a pediatric
brain tumor consortium study. J Neurooncol 2016;129:443–51.

14. Djojosubroto MW, Chin AC, Go N, Schaetzlein S, Manns MP, Gryaznov S,
et al. Telomerase antagonists GRN163 and GRN163L inhibit tumor
growth and increase chemosensitivity of human hepatoma. Hepatology
2005;42:1127–36.

15. Gellert GC, Dikmen ZG, Wright WE, Gryaznov S, Shay JW. Effects of a
novel telomerase inhibitor, GRN163L, in human breast cancer. Breast
Cancer Res Treat 2006;96:73–81.

16. Wang ES, Wu K, Chin AC, Chen-Kiang S, Pongracz K, Gryaznov S, et al.
Telomerase inhibition with an oligonucleotide telomerase template
antagonist: in vitro and in vivo studies in multiple myeloma and
lymphoma. Blood 2004;103:258–66.

17. Mender I, Gryaznov S, Dikmen ZG, Wright WE, Shay JW. Induction of
telomere dysfunction mediated by the telomerase substrate precursor
6-thio-20-deoxyguanosine. Cancer Discov 2015;5:82–95.

18. Mender I, Gryaznov S, Shay JW. A novel telomerase substrate pre-
cursor rapidly induces telomere dysfunction in telomerase positive
cancer cells but not telomerase silent normal cells. Oncoscience
2015;2:693–5.

19. Bandopadhayay P, Bergthold G, Nguyen B, Schubert S, Gholamin S,
Tang Y, et al. BET bromodomain inhibition of MYC-amplified medul-
loblastoma. Clin Cancer Res 2014;20:912–25.

20. Ivanov DP, Coyle B, Walker DA, Grabowska AM. In vitro models of
medulloblastoma: choosing the right tool for the job. J Biotechnol 2016;
236:10–25.

21. Grasso CS, Tang Y, Truffaux N, Berlow NE, Liu L, Debily MA, et al.
Functionally defined therapeutic targets in diffuse intrinsic pontine glioma.
Nat Med 2015;21:827.

22. Kumar SS, Sengupta S, Lee K, Hura N, Fuller C, DeWire M, et al. BMI-1 is a
potential therapeutic target in diffuse intrinsic pontine glioma. Oncotarget
2017;8:62962–75.

23. Monje M, Mitra SS, Freret ME, Raveh TB, Kim J, Masek M, et al. Hedgehog-
responsive candidate cell of origin for diffuse intrinsic pontine glioma.
Proc Natl Acad Sci U S A 2011;108:4453–8.

24. Friedman HS, Colvin OM, Kaufmann SH, Ludeman SM, Bullock N, Bigner
DD, et al. Cyclophosphamide resistance in medulloblastoma. Cancer Res
1992;52:5373–8.

25. Bigner SH, FriedmanHS,Vogelstein B,OakesWJ, BignerDD.Amplification
of the c-myc gene in human medulloblastoma cell lines and xenografts.
Cancer Res 1990;50:2347–50.

26. Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr AI, et al.
Identification and characterization of a novel and specific inhibitor of the
ataxia-telangiectasia mutated kinase ATM. Cancer Res 2004;64:9152–9.

27. Fokas E, Prevo R, Pollard JR, Reaper PM, Charlton PA, Cornelissen B,
et al. Targeting ATR in vivo using the novel inhibitor VE-822
results in selective sensitization of pancreatic tumors to radiation.
Cell Death Dis 2012;3:e441.

28. Charrier JD, Durrant SJ, Golec JM, Kay DP, Knegtel RM, MacCormick S,
et al. Discovery of potent and selective inhibitors of ataxia telangiectasia
mutated and Rad3 related (ATR) protein kinase as potential anticancer
agents. J Med Chem 2011;54:2320–30.

29. Herbert BS, Gellert GC, Hochreiter A, Pongracz K, Wright WE, Zielinska D,
et al. Lipid modification of GRN163, an N30!P50 thio-phosphoramidate
oligonucleotide, enhances the potency of telomerase inhibition.Oncogene
2005;24:5262–8.

30. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, Dirks PB. Tumour-
initiating cells: challenges and opportunities for anticancer drug discovery.
Nat Rev Drug Discov 2009;8:806–23.

31. He XM, Ostrowski LE, von Wronski MA, Friedman HS, Wikstrand CJ,
Bigner SH, et al. Expression of O6-methylguanine-DNAmethyltransferase
in six human medulloblastoma cell lines. Cancer Res 1992;52:1144–8.

32. Jacobs JJ, de Lange T. Significant role for p16INK4a in p53-independent
telomere-directed senescence. Curr Biol 2004;14:2302–8.

33. Johmura Y, Shimada M, Misaki T, Naiki-Ito A, Miyoshi H, Motoyama N,
et al. Necessary and sufficient role for a mitosis skip in senescence
induction. Mol Cell 2014;55:73–84.

34. Krenning L, Feringa FM, Shaltiel IA, van den Berg J, Medema RH.
Transient activation of p53 in G2 phase is sufficient to induce sen-
escence. Mol Cell 2014;55:59–72.

35. Mullers E, Silva Cascales H, Jaiswal H, Saurin AT, Lindqvist A. Nuclear
translocation of Cyclin B1 marks the restriction point for terminal cell
cycle exit in G2 phase. Cell Cycle 2014;13:2733–43.

36. Brown JS, O'Carrigan B, Jackson SP, Yap TA. Targeting DNA repair in
cancer: beyond PARP inhibitors. Cancer Discov 2017;7:20–37.

37. Feldser DM, Hackett JA, Greider CW. Telomere dysfunction and the
initiation of genome instability. Nat Rev Cancer 2003;3:623–7.

Mol Cancer Ther; 17(7) July 2018 Molecular Cancer Therapeutics1514

Sengupta et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/7/1504/1858995/1504.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




