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Oncogene-induced senescence (OIS) is a critical tumor-suppressing
mechanism that restrains cancer progression at premalignant stages,
in part by causing telomere dysfunction. Currently it is unknown
whether this proliferative arrest presents a stable and therefore
irreversible barrier to cancer progression. Here we demonstrate that
cells frequently escape OIS induced by oncogenic H-Ras and B-Raf,
after a prolonged period in the senescence arrested state. Cells that
had escaped senescence displayed high oncogene expression levels,
retained functional DNA damage responses, and acquired chromatin
changes that promoted c-Myc–dependent expression of the human
telomerase reverse transcriptase gene (hTERT). Telomerase was able
to resolve existing telomeric DNA damage response foci and sup-
pressed formation of new ones that were generated as a conse-
quence of DNA replication stress and oncogenic signals. Inhibition
of MAP kinase signaling, suppressing c-Myc expression, or inhibiting
telomerase activity, caused telomere dysfunction and proliferative
defects in cells that had escaped senescence, whereas ectopic ex-
pression of hTERT facilitated OIS escape. In human early neoplastic
skin and breast tissue, hTERT expression was detected in cells that
displayed features of senescence, suggesting that reactivation of
telomerase expression in senescent cells is an early event during
cancer progression in humans. Together, our data demonstrate that
cells arrested in OIS retain the potential to escape senescence by
mechanisms that involve derepression of hTERT expression.

oncogene-induced senescence | telomerase | telomere | senescence escape |
TERT

Many cancers develop by an evolutionary process as genetic
and epigenetic changes accumulate in somatic cells, allowing

these cells to escape the restraints imposed by tumor suppressive
pathways. In recent years, it has become evident that one critical
barrier to cancer progression is a proliferative arrest termed
cellular senescence. We and others have demonstrated that the
reasons for the inactive nature of certain human cancer pre-
cursor lesions is because cells within these lesions had undergone
cellular senescence (1, 2). However, given that these early and in-
active neoplasms occasionally progress to more advanced cancer
stages, it is possible that cells can escape senescence after a pro-
longed period in a seemingly stable arrested state.
Cellular senescence is generally thought to be an irreversible

proliferative arrest, activated in response to numerous cell intrinsic
and extrinsic signals and stresses (3). In mammals, a primary function
of cellular senescence is to suppress cancer development; however,
other roles for this stress response have also emerged in recent
years (4). Oncogene-induced senescence (OIS) is a response of
cells encountering strong oncogenic signals, such as those initi-
ated by mutant and constitutively active H-RasG12V (5) or the
downstream effector kinase B-RafV600E (6). These oncogenes
constitutively activate a mitogen-activated protein (MAP) kinase
signaling pathway, which leads to an unregulated transcriptional
activation and stabilization of growth promoting genes including
c-Myc (7). Because of resulting hyperproliferative signals, cells
encounter a high degree of DNA replication stress and, as a
result, develop numerous double-stranded DNA breaks (DSBs)

that occur primarily at fragile sites. The ensuing DNA damage
response (DDR) triggers OIS, thereby arresting cells within a few
cell-division cycles after oncogene expression (8, 9). Although most
DSBs in arrested cells are eventually resolved by cellular DSB
repair processes, some persist and consequently convert the other-
wise transient DDR into a more permanent growth arrest. We and
others have demonstrated that the persistent DDR is primarily
telomeric, triggered by irreparable telomeric DSBs (1, 10, 11).
Expressing oncogenes in normal human cells results in large-

scale chromatin rearrangements, culminating in the formation of
senescence-associated heterochromatin foci (SAHFs). Initially
identified by DAPI staining, SAHFs are highly condensed regions
of individual chromosomes that are enriched in heterochromatin
proteins (12, 13). Although previously thought to be structures
exclusive to senescent cells, more recent studies have demonstrated
that SAHFs are features of cells expressing oncogenes, regardless
of whether they are proliferating or senescent (14). In senescent
cells, however, E2F target genes appear to reside within SAHFs,
whereas sites of active RNA transcription are excluded from these
structures. These observations suggest that one function of SAHF
formation is to repress expression of growth-promoting genes
during cellular senescence (12, 13, 15).
Previously, we demonstrated that dysfunctional telomeres

stabilize OIS (1). Telomeres are long and repetitive DNA sequences
that, together with components of the telomeric protein complex
shelterin, suppress DNA repair activities at the ends of linear chro-
mosomes. Telomere length, however, is not static. With every cell-
division cycle, telomeres progressively erode, primarily because of
the inability of cellular DNA polymerases to efficiently replicate re-
petitive chromosome ends. Once they are critically short, telomeres
become dysfunctional and consequently activate a persistent
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DDR, which ultimately leads to telomere dysfunction-induced
cellular senescence (TDIS) (16, 17). Dysfunctional telomeres are
also generated in the absence of significant telomere shortening.
For example, genotoxic stresses that cause breaks in double-stranded
DNA, such as DNA replication stress, also generate dysfunctional
telomeres and trigger TDIS if such breaks occur in telomeric repeats
(10, 11). In fact, telomeres are particularly prone to DNA breakage
because they resemble fragile sites (18, 19). Because oncogenes such
as H-RasG12V and B-RafV600E cause DNA replication stress, they
also generate dysfunctional telomeres in somatic human cells. Im-
portantly, the generation of such dysfunctional telomeres is critical to
stabilize an otherwise transient proliferative arrest in H-RasG12V

– and
B-RafV600E–expressing human somatic cells (1, 20).
To counteract progressive telomere erosion and replication

stress-induced telomeric DSBs, stem and progenitor cells, as well as
a great majority of cancer cells, express telomerase. Consisting of
two core components, a catalytic subunit hTERT and a template
RNA component hTR, telomerase counteracts telomere shorten-
ing by adding de novo telomeric repeats to chromosomal ends (21).
In somatic human cells, however, transcription of telomerase is
suppressed because of a repressive chromatin state at the hTERT
promoter (22, 23). In contrast, cancer cells display a pattern of
active chromatin marks surrounding the hTERT promoter, thereby
allowing transcription factors such as c-Myc to promote expression
of the hTERT gene (24). Recently discovered hTERT promoter
mutations in human cancer cells have been demonstrated to alter

the local epigenetic landscape from a repressive state to open and
transcriptionally active chromatin, providing a mechanism that may
act as an epigenetic switch at the hTERT promoter (25). However,
because most cancers reactivate hTERT gene expression indepen-
dent of promoter mutations (26), other and currently unknown
mechanisms must exist that promote epigenetic changes and
create an active chromatin state at the hTERT promoter during
cancer development in humans.
Although OIS is a critical tumor-suppressing mechanism in mam-

mals, whether it truly presents a stable and irreversible barrier to
cancer progression is unclear. In this study we have characterized the
long-term stability of a proliferative arrest induced by overexpression
of the oncogenes H-RasG12V, B-RafV600E, and Cdc6 and reveal that,
depending on the signaling pathways activated, cells can escape OIS
after a prolonged period of inactivity. Escape from OIS was due to a
combination of events, including a MAP kinase-mediated stabiliza-
tion of c-Myc expression, derepression of the hTERT promoter, and
an ensuing reactivation of telomerase. Importantly, senescent cells of
human melanocytic skin and breast lesions showed enhanced
hTERT expression at early stages during cancer development, sug-
gesting that escape from senescence, facilitated by telomerase
reactivation, contributes to cancer progression in humans.

Results
Cells Can Escape OIS After a Prolonged Period in Senescence. We
previously demonstrated that OIS, induced by constitutively active
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Fig. 1. Human cells can escape OIS after an extended period in a growth-arrested state. (A) Proliferation curve of BJ cells transduced with H-RasG12V (Ras),
B-RafV600E (BRaf), Cdc6, and empty vector control (EV). Values are expressed asmean ± SD. Cumulative population doublings (PDs) were calculated at each passage
(n = 3). (B) Representative images of cells displaying changes in morphology (left column), 53BP1 foci (red, center column), and SAHF (single nucleus shown; right
column) at indicated days (D) after oncogene transduction. (C) Percentage of EdU-positive cells (±SD) at indicated days after oncogene transduction (n = 3). EdU
was added for 48 h before analysis. *P < 0.05 by unpaired t test. (D) Immunoblot showing expression of Ras, B-Raf, and Cdc6 in BJ cells at indicated days after
transductions. γ-tubulin served as a loading control. (E) Percentage of 53BP1 foci colocalizing with telomeric DNA at indicated days after oncogene trans-
duction, as measured by telomere immunoFISH. A minimum of 50 DDR-positive cells were analyzed for each group and each time point. Representative
images of Ras-expressing cells stained 53BP1/telomere colocalizations at indicated days are shown: 53BP1 (green), telomere (red), and nuclear DNA (blue).
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H-RasG12V and B-RafV600E, is triggered as a consequence of DNA
replication stress-induced DSBs and stabilized because of the per-
sistence of telomeric DSBs (1). To test the long-term stability of OIS,
we retrovirally transduced three oncogenes, H-RasG12V, B-RafV600E,
and Cdc6, into somatic human cells and monitored prolifera-
tion rates over a period of 2 mo. Consistent with previous data,
oncogene-expressing cells ceased proliferation 5–10 d after retroviral
transduction, as demonstrated by proliferation curves and 5-ethynyl-
2′-deoxyuridine (EdU) incorporation assays. Arrested cells
displayed an enlarged and flattened morphology and numer-
ous DDR foci, as well as SAHF, demonstrating that cells had
undergone OIS (Fig. 1 A–C).
As we continued to maintain these essentially senescent cells with

regular medium changes in culture, we observed at various frequen-
cies that H-RasG12V

– and B-RafV600E–expressing cells eventually
continued to proliferate, despite retaining high oncogene expression
levels, SAHF, and a senescence-like morphology suggesting that
they had escaped OIS (Fig. 1 A–D). Analysis at the single-cell level
revealed that actively proliferating cells, those that incorporated
EdU, retained H-Ras and B-Raf expression, often at levels higher
compared with nonproliferating cells in the same culture (Fig. S1A).
Overall, 17 of 33 (52%) H-RasG12V transductions and 6 of 17
(35%) B-RafV600E transductions displayed this pattern of senes-
cence induction and escape. Continued proliferation of the cul-
tures was not due to clonal expansion of one or a few cells that had
inactivated the senescence program; rather, it was a consequence
of a larger fraction of cells (>10%) that consistently started to
proliferate throughout the entire senescent culture at approxi-
mately day 28 after oncogene transduction, as demonstrated by
EdU incorporation assays (Fig. S1B). Similar kinetics of OIS es-
cape were also observed in primary human fibroblast GM21, but
not in HSF43, suggesting that not all cell strains are susceptible
to OIS escape (Fig. S1C). In contrast to H-RasG12V

– and
B-RafV600E

–expressing cells, all six transductions conducted by
using Cdc6-expressing retrovirus (100%) resulted in senescent
cultures in which all cells remained stably arrested for at least 2
mo, in all three cell strains tested (Fig. 1 A and Fig. S1C). Our
data therefore demonstrate that OIS is not always stable and that
cells displaying all of the characteristics of senescence retain the
potential to re-engage proliferation after a prolonged period in a
senescence-arrested state.
To characterize the causes for senescence escape in H-RasG12V–

and B-RafV600E expressing cells, we measured telomere dysfunction as
cells entered, remained, and escaped OIS by telomere-immunoFISH
(Fig. 1E and Fig. S1D). Seven days after transducing oncogenes
into somatic human cells, just as cells entered OIS, most DDR
foci did not colocalize with telomeric repeats, which was consistent
with our previous data (1). As cells remained growth-arrested,

between days 10 and 30 after transduction, nontelomeric DDR foci
were progressively resolved, whereas telomeric DDR foci persisted.
This repair of nontelomeric DDR foci resulted in an overall in-
crease in the percentage of 53BP1–telomere colocalizations, also
termed telomere dysfunction-induced DNA damage foci (TIF), in
the senescent cell population (Fig. 1E). However, as H-RasG12V

– and
B-RafV600E–expressing cells escaped OIS, at 30 d after transduction
of the oncogenes, telomeric DDR foci also progressively declined in
abundance. In contrast, Cdc6-overexpressing cells that were stably
arrested continued to resolve primarily nontelomeric DDR foci,
which resulted in a further increase in 53BP1–telomere colocaliza-
tions during the time period analyzed (Fig. 1E and Fig. S1D).

Cells That Escaped OIS Retain Functional DDRs.A progressive reduction
of telomeric DDR foci during the period of senescence escape
could also suggest that H-RasG12V

– and B-RafV600E
–expressing

cells acquired changes that inactivate the DDR, thereby sup-
pressing DNA damage checkpoints and DNA repair activities.
Indeed, OIS can be bypassed by inactivating a number of DDR
and repair factors (8, 9). To test the possibility that cells con-
tinued to proliferate because of DDR inactivation, we treated
cells that had escaped OIS with Zeocin, a potent inducer of
DSBs. Activation of the DNA damage checkpoint was moni-
tored by immunofluorescence analysis of DDR foci formation,
immunoblotting against DDR factors, and EdU incorporation
assays. Four hours after Zeocin treatment, >80% of H-RasG12V

–

and B-RafV600E
–overexpressing cells displayed a minimum of

three DDR foci per cell nucleus, similar to control cells transduced
with empty vector (EV) (Fig. 2A). This increase in DDR foci was in
contrast to untreated cells that infrequently displayed DDR foci.
Similarly, activation of the DDR was equally efficient in Zeocin-
treated EV, H-RasG12V

–, and B-RafV600E
–overexpressing

cells, as demonstrated by immunoblotting against γ-H2AX,
ATM-S1981, phosphor-p53-S15, and p21 (Fig. 2B). Finally, incor-
poration of EdU into nuclear DNA was significantly decreased in
both control and oncogene-expressing cells upon drug treatment,
overall demonstrating that cells that had escaped OIS retained the
ability to undergo a DNA damage checkpoint arrest, similar to
normal somatic human cells (Fig. 2C).

Escape from OIS Is a Consequence of Telomerase Reactivation. We
previously demonstrated that H-RasG12V

– and B-RafV600E–induced
senescence can be destabilized by ectopic expression of the catalytic
subunit of telomerase hTERT before senescence induction (1). By
suppressing DNA replication stress-induced DSB formation in
telomeric repeats, hTERT-expressing cells did not acquire persis-
tent telomeric DDR foci and thus continued to proliferate after a
transient arrest that lasted for∼1 wk. Because hTERT overexpression
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Fig. 2. The DDR is intact in cells that had escaped OIS. BJ cells expressing H-RasG12V and B-RafV600E were treated with 6 μg/mL Zeocin for 4 h.
(A) Quantitation of DDR-positive cells (±SD), defined as a cell nucleus with at least three colocalizations between γH2AX (green) and 53-BP1 (red). Nuclei were
counterstained by using DAPI (blue). At least 150 cells were quantified for each group. *P < 0.05; by paired t test (n = 3). Micrographs show representative
images of cells treated with Zeocin (A, Right Lower) or control treated cells (A, Right Upper) and immunostained using anti-53BP1 (red) and γH2AX (green)
antibodies. (B) Immunoblots showing levels of indicated DDR factors in control (C) and Zeocin (T)-treated cultures. γ-tubulin served as a loading control. BRaf,
cells that had escaped B-RafV600E–induced senescence; EV, presenescent cells expressing EV; Ras, cells that had escaped H-RasG12V–induced senescence. (C) Per-
centage of EdU-positive cells (±SD) after control and Zeocin treatment for 2 h. EdU was incorporated for 48 h. *P < 0.05 by paired t test (n = 3). Micrographs show
representative images of EdU (green)-positive cells. Nuclei were counterstained by using DAPI (blue).

E5026 | www.pnas.org/cgi/doi/10.1073/pnas.1602379113 Patel et al.

D
ow

nl
oa

de
d 

at
 In

st
itu

t P
as

te
ur

 -
 C

eR
IS

 o
n 

Ju
ly

 9
, 2

02
1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602379113/-/DCSupplemental/pnas.201602379SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1602379113


destabilizes OIS, we tested the possibility that senescence escape in
H-RasG12V

– and B-RafV600E–expressing cells was due to activation of
endogenous telomerase activity. Telomerase activity was measured by
TRAPeze assay before cells entered OIS (day 5 after transduction)
and after cells escaped OIS (day 45 after transduction). A dramatic
and significant increase in telomerase activity was indeed detected
in H-RasG12V

– and B-RafV600E–expressing cells that had escaped
OIS, but not in control and Cdc6-expressing cells at any time point
tested (Fig. 3A and Fig. S2 A and B). Endogenous telomerase ac-
tivity was sufficient to allow continuous proliferation of H-RasG12V

–

and B-RafV600E–expressing cells beyond day 200 after transduction
and promoted robust colony formation in soft agar colony formation
assays (Fig. 3B and Fig. S2C). Our data therefore suggest that escape
from OIS was a consequence of spontaneous activation of endoge-
nous telomerase activity.
A primary function of hTERT is to add de novo telomeric re-

peats to short telomeres by using its reverse transcriptase activity
and thereby prevent critical telomere erosion, telomere dysfunc-
tion, and consequently, TDIS. Telomerase, however, also possesses
noncanonical functions that promote cell proliferation and that are
independent of its telomeric role. To discern which of these
functions is promoting OIS escape, we overexpressed a dominant
defective mutant of hTERT (DN-hTERT) in cells that had escaped
senescence, to specifically inhibit telomerase reverse-transcriptase
activity, while leaving the noncanonical functions of hTERT intact
(Fig. S2D) (27). In line with previous observations, expression of
DN-hTERT in normal somatic human cells did not cause imme-
diate proliferative defects, although a modest increase in cells dis-
playing dysfunctional telomeres was detected (Fig. 3C). An increase
in dysfunctional telomeres following inhibition of hTERT is con-
sistent with a proposed role of hTERT in facilitating telomere
replication during the S-phase of the cell cycle in normal human
somatic cells (28). Expression of DN-hTERT in cells that had escaped
OIS, however, triggered a significantly more robust telomeric
DDR, and cells lost viability just 10 d after transduction of the
mutant (Fig. 3 C and D). Consistent with our published data
demonstrating that oncogenes cause telomeric replication defects

and telomere dysfunction in normal somatic human cells (1), in-
hibition of telomerase activity in cells that had escaped H-RasG12V

–

and B-RafV600E–induced senescence caused rapid and stochastic
telomere attrition that was even more severe compared with
presenescent cells expressing these oncogenes (Fig. S2E). The
primary function of telomerase in cells that had escaped H-RasG12V

–

and B-RafV600E
–induced senescence therefore is to prevent

stochastic telomere loss and to suppress a telomeric DDR that
would otherwise be generated as a result of oncogene-induced
DNA replication stress.
The reduction of TIF in cells that had reactivated telomerase

activity suggests that telomerase can repair dysfunctional telo-
meres, thereby destabilizing OIS. To determine whether hTERT
has the ability to resolve TIF after they had been generated, we
developed an inducible hTERT (iTERT) expression system in
human somatic fibroblasts GM21 in which telomerase expression
and activity can be switched on and off by the addition and removal
of doxycycline (dox), respectively (Fig. S3A). Analysis of the ki-
netics of induction revealed that iTERT mRNA and telomerase
activity reach maximum levels 24 h after dox addition, whereas
removal of the drug resulted in a progressive decline of iTERT
mRNA and telomerase activity, returning to background levels
after just 36 h in dox-free medium (Fig. 3 E and F). To cause
replication stress-induced telomere dysfunction, we treated cells
with low levels of aphidicolin for 48 h, which generated both
nontelomeric and telomeric DDR foci (Fig. S3 B and C), followed
by a recovery period in aphidicolin-free medium for an additional
48 h. During the recovery period, cells resolved primarily non-
telomeric DDR foci, thereby enriching them for persistent telo-
meric ones, or TIF. In the absence of iTERT induction, this
procedure resulted in a greater than twofold increase in telomeric
DDR foci (Fig. 3G). Significantly, inducing iTERT expression
during the recovery period, after TIF had been generated, reduced
the percentages of telomeric DDR foci in the cell population by
45% (Fig. 3 G and H). Our data therefore demonstrate that
telomerase can resolve telomeric DDR foci that are generated as a
consequence of DNA replication stress.
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had escaped H-RasG12V– and B-RafV600E–induced senescence 10 d after transduction with DNhTERT. (E) Time-dependent response curve of hTERT mRNA expression
levels and activity in cells expressing hTERT from a dox-responsive promoter after treatment with 100 ng/mL dox, as measured by RT-qPCR and TRAPeze, re-
spectively. (F) Time-dependent recovery curve of telomerase activity after removal of dox. (G) Percentage of TIF-positive cells expressing dox-responsive hTERT (±SD).
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minimum of 50 cells were analyzed for TIF and for each treatment. *P < 0.05 by unpaired t test (n = 3). (H) Micrographs show representative images of cells
displaying TIF at time of analysis: γH2AX (green), telomere (red), and nuclear DNA (blue). Arrows indicate colocalizations of γH2AX with telomeres.
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High Telomerase Activity in Cells That Had Escaped OIS Is Due to
Derepression of hTERT mRNA Expression. An increase in telomerase
activity at the time of OIS escape could be due to a number of
reasons. For example, although hTERT is regulated primarily at the
transcriptional level, its enzymatic activity can also be modulated by
posttranslational modifications or holoenzyme assembly, among
other mechanisms (29). To test whether increased telomerase
activity in cells that had escaped OIS was a result of increased
hTERT expression, we measured mRNA levels in H-RasG12V

–

and B-RafV600E
–expressing cells by quantitative RT-PCR

(RT-qPCR) at regular intervals after oncogene transduction.
Although hTERT mRNA levels could not be detected in control
EV expressing somatic human cells, a modest, yet statisti-
cally significant, increase in hTERT mRNA was detected in
H-RasG12V

–expressing cells 1 and 5 d after transduction, the period
before undergoing OIS (Fig. 4A). Similar results were obtained
in B-RafV600E

–expressing cells. This modest increase in hTERT
mRNA levels, however, was not associated with an increase in
telomerase activity (Fig. 4B). Between days 10 and 30, as cells
remained in a senescent state, no significant increase in hTERT
mRNA levels or telomerase activity could be detected. In con-
trast, at the time when H-RasG12V

– and B-RafV600E
–expressing

cells escaped OIS, hTERT mRNA levels and telomerase activity
increased progressively and dramatically and reached levels of
95- and 25-fold above controls, respectively, at day 60 after
transduction of the oncogenes (Fig. 4 A and B). In cells that
had escaped OIS, hTERT mRNA levels and telomerase activity
were well within the range of five commonly studied cancer cell
lines (Fig. S4 A and B). Furthermore, lentivirus-mediated over-
expression of hTERT in fully senescent H-RasG12V

–expressing
cells potentiated escape from OIS, demonstrating that hTERT
expression and increased telomerase activity in senescent cells are
a driver, and not a consequence, of senescence escape (Fig. S4C).
Analysis of mRNA expression levels on the single cell level

using RNA-FISH revealed a heterogeneous and mosaic hTERT
gene expression pattern. Although some cells expressed very low

amounts of hTERT mRNA, others, including those with large
cell nuclei as well as prominent and discrete SAHF, displayed
high levels of hTERT mRNA (Fig. 4C). A similar staining pattern
was observed by using an antibody specific to hTERT protein (Fig.
4C). This heterogeneity in hTERT expression levels was in contrast
to cultures that expressed hTERT from a transgene, in which all
cells expressed similar levels of hTERT, based on the staining in-
tensity of the RNA-FISH probe and anti-hTERT antibodies (Fig.
4C and Fig. S4D). Transcriptionally active alleles of hTERT,
characterized by a discrete and prominent focus within the cell
nucleus, did not overlap with SAHF, but, rather, localized to
their periphery, suggesting that the hTERT promoter resides
outside of senescence-associated heterochromatic regions in
cells that had escaped OIS (Fig. 4D). Indeed, although the
hTERT promoter in somatic cells is in a repressive chromatin
state (23), cells that had escaped OIS displayed an active chro-
matin state characterized by the presence of H3K9Ac, H3K4me3,
and AcH4, but absence of the repressive mark H3K9me3, as
demonstrated by quantitative ChIP (qChIP) (Fig. 4 E and F).
Thus, our data not only demonstrate that the increase in hTERT
mRNA levels, protein levels, and telomerase activity coincides
precisely with the time of OIS escape, but they also suggest that
H-RasG12V

– and B-RafV600E
–expressing cells can escape OIS as

a result of chromatin changes that permit transcriptional acti-
vation of the hTERT gene.
Because not all oncogene transductions resulted in senescent

cultures that eventually escaped OIS, we tested whether the
long-term stability of OIS was dependent on expression levels of
hTERT. As demonstrated in Fig. 4G, none of the transduced cell
cultures in which hTERT mRNA levels were less than eightfold
above normal levels were able to escape OIS. In addition, none
of the senescent cell cultures that displayed H-Ras levels
>20-fold above those of endogenous H-Ras escaped OIS. Our
data therefore suggest that OIS becomes unstable only when
telomerase expression reaches levels that are high enough to repair
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from SAHF and enrichedwith active chromatin marks. (A) Time course analysis of hTERT mRNA expression in BJ cells retrovirally transduced with H-RasG12V (Ras) and
B-RafV600E (BRaf) as measured by RT-qPCR. Data were normalized to GAPDH levels, and fold expression was compared with BJ-EV. *P < 0.05 by unpaired t test (n =
3). (B) Time course analysis of telomerase activity in BJ cells transduced with H-RasG12V (Ras) and B-RafV600E (BRaf) as measured by TRAPeze. *P < 0.05 by unpaired t
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H3K4Me3, H3K9Ac, and AcH4 at the hTERT proximal (Upper) promoter and distal (Lower) promoter as analyzed by using ChIP-qPCR. *P < 0.05 by unpaired t test
(n = 3). (F) CHIP-qPCR analysis of trimethylated H3K9 at the hTERT proximal (Upper) promoter and distal (Lower) promoter. *P < 0.05 by unpaired t test (n = 3).
(G) Scatter plot of hTERT mRNA levels compared with H-RasG12V mRNA levels for a total of 30 individual experiments. ●, cultures that had escaped H-RasG12V–
induced senescence; ○, cultures that remained senescent beyond 30 d after entry into OIS.
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existing TIF and suppress formation of new dysfunctional telomeres
generated as a result of oncogene-induced DNA replication stress.

Transcriptional Activation of hTERT Expression in Cells That Had
Escaped OIS Is a Consequence of MAP Kinase-Dependent Regulation
of c-Myc Levels. A number of transcription factors have been
demonstrated to activate expression of hTERT mRNA in
mammalian cells (30). One transcription factor that not only
regulates hTERT expression, but also is frequently amplified in
human cancer, is c-Myc (23). Analysis of c-Myc mRNA levels by
RT-qPCR revealed a spike of expression that was significantly
higher compared with proliferating control cells soon after
transducing the oncogenes H-RasG12V and B-RafV600E and as
these cells were in a hyperproliferative state (Fig. 5A). As cells
entered and remained in senescence, 10–25 d after transduction,
c-Myc mRNA levels declined, yet they remained higher com-
pared with proliferating control cells at all times analyzed. At the
time of senescence escape, and coinciding precisely with hTERT
mRNA expression (Fig. 4A), c-Myc mRNA expression further
increased, reaching levels that were 10- to 15-fold greater com-
pared with controls. Lentiviral transduction of shRNA targeting
c-Myc at day 18 after H-RasG12V transduction stabilized OIS,
demonstrating a direct involvement of c-Myc in escape from OIS
(Fig. S5 A and B). Furthermore, given the synchronous timing of
progressively increasing c-Myc and hTERT expression levels as
cells escaped OIS, our data suggest that c-Myc may be directly
involved in transcriptional activation of the endogenous hTERT
promoter in cells that had escaped OIS. Indeed, we demonstrate
that c-Myc directly and specifically associates with the hTERT
promoter in cells that had escaped OIS, but not in controls, as
demonstrated by qChIP analysis (Fig. 5B).
To directly test whether c-Myc transactivates hTERT expres-

sion, we suppressed its levels in cells that had escaped OIS by
using shRNA (Fig. S5A). Significantly, stable knockdown of c-Myc
dramatically reduced hTERT mRNA expression levels (Fig. 5C),

reduced telomerase activity to background levels (Fig. 5D), and
rapidly triggered TDIS in cells that had escaped OIS, but not in
controls (Fig. 5 E and F). Our data therefore demonstrate that
spontaneous activation of hTERT expression as well as activity is a
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direct consequence of high c-Myc expression levels in cells that had
escaped H-RasG12V

– and B-RafV600E–induced senescence.
Signaling through the H-Ras and B-Raf MAP kinase pathway

can regulate c-Myc expression and protein stability, thereby
promoting transactivation of a number of c-Myc–regulated genes
(7). Not surprisingly, cells that had escaped H-RasG12V

– and
B-RafV600E

–induced senescence and continued proliferating
with high oncogene levels also displayed hyperphosphorylated
MAP kinase ERK, in addition to high c-Myc and hTERT levels,
demonstrating a constitutively active MAP kinase signaling
pathway in these cells (Fig. 6A). Pharmacological inhibition of
this pathway by using U0126, a specific inhibitor of the upstream
MAP kinase MEK1/MEK2 that did not affect expression of
H-Ras and B-Raf (Fig. S6A), not only stabilized OIS when added
to senescent cell cultures before escape (Fig. S6B), but it also
diminished phosphorylation of ERK and reduced c-Myc and
hTERT mRNA expression to almost background levels in cells
that had escaped OIS (Fig. 6 B and C). In these cells, treatment
with U0126 resulted in low telomerase activity (Fig. 6D), pro-
moted rapid telomere dysfunction (Fig. 6E), and caused cells to
re-enter cellular senescence as demonstrated by EdU incorporation
assays (Fig. 6F). Our data therefore demonstrate that constitutive
MEK/ERK MAP kinase signaling promotes escape from OIS
and that expression and activity of hTERT is dependent on an
active Ras/B-Raf MAP-kinase signaling pathway in cells that had
escaped OIS.

Cancer Cells with Deregulated ERK/MAP Signaling Pathway Are
Sensitive to Telomerase Inhibition. The observations that H-RasG12V

–

and B-RafV600E–expressing cells depend on high telomerase activity
to suppress rapid TIF formation and promote cell survival (Fig. 3)
raises the possibility that cancer cells with deregulated MAP kinase
signaling pathways are sensitive to telomerase inhibition. Indeed,
the colon cancer cell lines HCT116 and the fibrosarcoma cell line
HT1080, as well as the breast cancer cell line MDA-231, all har-
boring Ras/B-Raf mutations (Fig. S7A), were sensitive to
hTERT inhibition using either DN-hTERT or shRNA targeting
hTERT and developed dysfunctional telomeres 3 wk after treat-
ment (Fig. 7 A and B, and Fig. S7 B–D). In contrast, the cancer cell
line MDA468 with characterized mutation in the PTEN signaling
pathway did not develop a significant increase in TIF during this time
(Fig. 7 A and B) despite efficient telomerase inhibition (Fig. S7 C and
D). In addition, the sensitivity of cancer cells with deregulated MAP
kinase signaling pathways to telomerase inhibition could be increased
significantly by additionally elevating the levels of DNA replication
stress using hydroxyurea (Fig. 7C). Our data suggest that cancer
cells with deregulated MAP kinase signaling pathways are particu-
larly sensitive to telomerase inhibition, especially when combined
with drug treatment that causes DNA replication stress.

Regions Resembling Senescence-Escape Are Detected in Early Stage
Skin and Breast Cancers. The great majority of human cancers
acquire changes that result in reactivation of telomerase expres-
sion. Because telomerase-positive cancers, including melanoma
and ductal breast carcinomas, can develop from precursor lesions
that comprise senescent cells, it is possible that reactivation of
telomerase in these senescent cells can also destabilize OIS in
human cancer precursor lesions, thereby promoting cancer pro-
gression. Immunostaining human skin and breast tissues at various
stages during cancer development using antibodies against and
HP1β, a heterochromatin protein whose abundance increases as
cells undergo senescence (31), as well as antibodies against hTERT
revealed a protein expression pattern that is consistent with this
hypothesis. In ductal breast hyperplasias and dysplastic nevi, benign
neoplastic lesions that comprise cells with features of TDIS (1),
abundance of hTERT protein was generally low, whereas HP1β
levels were high (Fig. 8). Regions in which cells displayed high
hTERT expression levels could be detected in intermediate stages
of cancer development, such as ductal carcinoma in situ and mel-
anoma in situ. In these lesions, cells with high levels of hTERT also
displayed high levels of HP1β, which is in line with the model that
telomerase-positive cells emerged from cells that were previously
senescent (Fig. 8). High levels of hTERT and HP1β were also de-
tected in ductal carcinomas and melanomas, but not in normal
tissue, suggesting that these cancers also developed from cells that
may have initially been senescent (Fig. 8 and Fig. S8). Interestingly,
we did not detect any cells that displayed high hTERT and low
HP1β levels in analyzed lesions. Our data are consistent with the
model that derepression of hTERT expression also promotes escape
from cellular senescence during cancer progression in humans.

Discussion
In this study, we demonstrate that cells can escape OIS after they
had remained in a seemingly stable senescence arrest for long
periods. To escape OIS, cells had to overcome the barriers that
suppress telomerase expression, including epigenetic silencing of
the hTERT promoter and a tight regulation of transcription
factors that promote hTERT gene expression (23, 24). We show
that cells that had remained in H-RasG12V

– and B-RafV600E
–

induced senescence for at least 1 mo acquired changes that
allowed them to break these two barriers. Although derepression
of the hTERT promoter was facilitated by oncogene-induced
chromatin reorganization, an ERK/MAP kinase-dependent sta-
bilization and expression of c-Myc promoted transcriptional ac-
tivation necessary to synthesize the rate-limiting component of
telomerase, hTERT. Consistent with our previous data (1), high
hTERT expression levels and telomerase activity consequently
destabilized an otherwise robust proliferative arrest caused by
overexpression of H-RasG12V and B-RafV600E.
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Since first described almost two decades ago, cellular senes-
cence induced by oncogenic H-Ras, as well as by downstream
mediators and effectors, has been evaluated in numerous studies
that collectively have contributed to uncovering the mechanistic
details of this tumor-suppressing mechanism (5). Because most
studies did not report on the long-term stability of H-RasG12V

–

and B-RafV600E
–induced cellular senescence, it remained un-

clear whether cells actually arrested irreversibly or, alternatively,
whether they entered a state of quasi-senescence from which
they eventually could escape. Although our data provide strong
evidence that epigenetic changes facilitate a true escape from
H-RasG12V

– and B-RafV600E–induced cellular senescence, we cannot
rule out the possibility that some or all of the oncogene-expressing
cells never underwent a stable senescence arrest before re-
entering the cell-division cycle. Furthermore, it is unclear whether
senescence induced by these or other oncogenes is inherently
less stable compared with, for example, replicative senescence
in which cells can remain stably arrested for at least 3 y (32).
Therefore, a deeper understanding of what characterizes a fully
executed senescence program is needed, not only to better define
different states of cellular senescence, but also to develop senes-
cence lineage tracer models that can reliably track cells that
had escaped OIS.
c-Myc transactivates hTERT expression by binding to E-boxes

in the promoter region of the hTERT gene (33, 34). Because of a
repressive chromatin state at the hTERT promoter and low
abundance of the c-Myc protein, however, levels of hTERT are
generally very low in somatic human cells. Significantly, signaling
through the Ras/B-Raf MAP kinase pathway increases c-Myc
protein levels, not only by suppressing its degradation (35, 36),
but also by promoting c-Myc gene expression (37). Surprisingly,
yet consistent with our data, c-Myc mRNA levels remain ele-
vated in human cells that had undergone H-RasG12V

–induced
senescence, despite their exit from the cell-division cycle (38).
Cells that had undergone H-RasG12V

– and B-RafV600E–induced se-
nescence therefore continuously synthesize a transcription factor
capable of promoting hTERT gene expression.
Chromatin changes associated with cellular senescence are

thought to repress expression of growth-promoting genes, while
derepressing genes required for senescence induction, mainte-

nance, and cell survival (39). Significantly, our data demonstrate
that these changes eventually also cause derepression of hTERT,
as evidenced by increased hTERT gene expression and increased
telomerase activity, a switch from repressive to active chromatin
marks at the hTERT promoter, and the exclusion of sites of
hTERT transcription from SAHF. These changes may be specific
for oncogene-expressing cells, because derepression of hTERT
transcription is not observed in cells that had undergone repli-
cative senescence, even for prolonged periods (40). Further-
more, derepression of hTERT transcription is a process that
develops over time, because hTERT transcripts, protein, and
activity can be detected at the earliest only after ∼1 mo in OIS.
Supporting this interpretation are data demonstrating absence of
increased hTERT expression at time points earlier than 30 d
(38), which is consistent with our data. Our results therefore
suggest that the chromatin landscape in cells that had undergone
OIS is constantly changing, thereby placing these cells at risk for
escaping an otherwise stable proliferative arrest. In senescent cells
that are primed for hTERT expression because of continuous
expression and stabilization of c-Myc, including those that express
H-RasG12V and B-RafV600E, such chromatin changes would ulti-
mately result in reactivation of telomerase activity.
In addition to its ability to suppress telomere erosion by

extending short telomeres, telomerase can synthesize new telo-
meric sequences at DSBs by a process termed chromosome
healing (41). Given that chromosome healing occurs at much
greater frequencies at DSBs generated in subtelomeric regions
compared with interstitial regions, it is likely that this activity of
telomerase evolved as a mechanism to facilitate repair of DNA
lesions in telomeric repeats. A critical question that remains
unanswered, however, is whether telomeric DSBs, or dysfunc-
tional telomeres, can be repaired by telomerase, even after they
have activated a persistent DDR. If telomerase indeed could
repair dysfunctional telomeres, cells that had undergone senes-
cence due to telomere dysfunction—such as those comprising a
number of distinct human cancer precursor lesions including
melanocytic nevi, ductal hyperplasias of the breast, and colonic
adenomas (1)—would retain the potential to continue pro-
liferating after years in senescence, thereby posing a risk to af-
fected patients. Our data demonstrate that reactivation of
telomerase expression can significantly reduce the abundance of
telomeric DDR foci in human cells after they had been gener-
ated, suggesting that telomerase can indeed repair dysfunctional
telomeres. Recent studies that demonstrate a requirement for
DNA damage checkpoint kinases ATM and ATR for extending
telomeric repeats after DSB formation and DNA replication
fork stalling, respectively, support our conclusions that telo-
merase is also recruited to telomeric lesions after DNA damage
checkpoint kinases become activated (42, 43).
Recently discovered hTERT promoter mutations have been

shown to promote telomerase expression by creating additional
consensus binding sites for ETS family transcription factors and
by triggering an epigenetic switch from inactive to active chro-
matin at the hTERT promoter (25, 26, 44). Most cancers, how-
ever, reactivate telomerase expression by mechanisms that are
independent of promoter mutations. Our data provide an addi-
tional mechanism for transcriptional activation of hTERT during
cancer progression in humans—one that may be independent of
promoter mutations and that requires cells to first undergo
chromatin changes associated with OIS. In line with this in-
terpretation are our observations that hTERT-positive cells in
intermediate- and late-stage human breast and melanocytic skin
cancers also display high levels of HP1β, a heterochromatin
protein whose abundance peaks in senescent cells (31). Because
we did not detect any cells that simultaneously displayed high
levels of hTERT and low levels of HP1β, our data suggest that
cancer cells emerged from HP1β-positive and therefore senes-
cent somatic cells in analyzed lesions. This interpretation is
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Fig. 8. Telomerase-positive cells that retain high levels of HP1b are detected in
precursor lesions to melanoma and breast carcinomas. (A) Tissue sections from
ductal hyperplasia (DH) of the breast, ductal carcinoma in situ (DCIS), and invasive
breast carcinomas were immunostained with antibodies against hTERT (red; Left)
and HP1β (green; Right). (B) Tissue sections from dysplastic nevi, horizontal
spreading melanoma, and melanoma in deep soft tissue were immunostained
with antibodies against hTERT (red; Left) and HP1β (green; Right). (A, Insets, and
B, Insets) Enlarged version of areas indicatedwith dashed lines. (Scale bars: 10 μm.)
A minimum of three patient samples was analyzed for each cancer grade.
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consistent with linear melanoma and breast cancer progression
models and is supported by clinical observations that certain
premalignant breast and melanocytic skin lesions, which are
composed of senescent cells (1), can reside nonrandomly and in
close proximity to their malignant cancer counterparts (45–49).
Our data demonstrating that cells can eventually escape cel-

lular senescence due to oncogene-induced derepression of
hTERT expression have important clinical implications. De-
regulation of the Ras–MAP kinase pathway, either because of
aberrant activation of upstream receptor-mediated signaling cas-
cades or as a consequence of mutations directly in Ras and
downstream effector kinases, is observed in most human cancers
(50). If these are driver mutations that cause cells to first hyper-
proliferate and then undergo a senescence response that is stabi-
lized due to the formation of dysfunctional telomeres—similar to
what is observed in melanocytic nevi, ductal breast hyperplasias,
and colonic adenomas (1)—patients affected by such cancer pre-
cursor lesions may be at risk for developing more advanced-stage
cancers because of the potential of telomerase reactivation and
senescence escape. However, because these cells may still retain
DDRs, they are still targetable using DNA-damaging agents, as we
demonstrate in this study. In addition, because Ras–MAP kinase
signaling is essential for hTERT expression in cells that had es-
caped OIS, conventional inhibitors of this signaling pathway may
even be effective in inhibiting telomerase activity in early trans-
formed human cancer cells, as our data would suggest (51).

Materials and Methods
Cell Culture and Reagents. Human diploid dermal fibroblasts (HSF43), BJ (ATCC),
and GM21808 (Coriell) were cultured in Ham’s F-10 medium (Life Technologies)
supplemented with 15% (vol/vol) batch-tested FBS (Atlanta Biologicals). Human
breast cancer cell lines (MDA-MB-231 and -468), a colon cancer cell line (HCT116),
and a fibrosarcoma cell line (HT-1080) were grown in Dulbecco’s modified Eagle
medium (Life Technologies) supplemented with 10% (vol/vol) FBS (Atlanta Bio-
logicals). All cell lines were maintained at 37 °C in an atmosphere of 5% CO2.
Growth curves were generated by using a hemocytometer and the formula PD =
log2(Nfinal/Ninitial), where Ninitial is the number of cells seeded at each passage and
Nfinal is the number of cells recovered from the dish. To measure cellular senes-
cence, proliferating cells were labeled with 10 μM EdU for 24 h, and EdU-positive
cells were detected by using the ClickiT EdU Alexa Fluor 488 imaging kit (Invi-
trogen) according tomanufacturer’s instructions. Drugs Zeocin (Life Technologies),
hydroxyurea (Sigma-Aldrich), and aphidicolin (Sigma-Aldrich) were directly added
to the culturemedium.MEK1/2 inhibitor U0126was obtained from Sigma-Aldrich.

Cell Viability Assay. Cells were seeded at equal density, and after drug
treatment, cell numbers and percentage viability were measured by auto-
matic cell counting using the Vi-CELL XR cell counter (Beckman Coulter). The
cell counter discriminates dead and viable cells using the trypan bluemethod.

Plasmid and Transduction. pBABE-Puro H-RasG12V (Addgene plasmid 1768),
pBABE-puro- B-RafV600E (Addgene plasmid 17544), pBabe-puro (Addgene
plasmid 1764), CDC6, pLenti-sh1368 knockdown c-Myc (Addgene plasmid
29435), pBabe-puro hTERT (Addgene plasmid 1771), pBabe-puro-DNhTERT
(Addgene plasmid 1775), pMKO.1 puro hTERT shRNA (Addgene plasmid
10688), and pMKO.1 puro GFP shRNA (Addgene plasmid 10675) were used.
By using the calcium phosphate precipitation method, retroviral particles
were produced by transfecting the packaging cell lines, Platinum-A (Cell
Biolabs) with the vector of interest. After transfection, viral supernatants
were collected, and target cells were transduced with virus. Cells were se-
lected with 1 μg/mL puromycin (Sigma-Aldrich) for 48 h.

Immunoblotting. Protein extracts were prepared in radioimmunoprecipitation
assay lysis buffer (Thermo Scientific) containing 500 μMPMSF and 1:100 protease
inhibitor mixture. A total of 20 μg of whole cell lysates were resolved on
SDS/PAGE (8% or 12%), and proteins were transferred to PVDF membranes (Pall
Life Sciences) and probed as described (1). The following primary antibodies
were used: ATM-s1981, p21 (C-19; Santa Cruz); anti–p53-S15 (Cell Signaling
Technology); γH2AX(S139) (Upstate); anti-Ras (BD Transduction Laboratories);
Cdc6 (180.2) sc-9964 and Raf-B (F-7) sc-5284 (Santa Cruz); and γ-tubulin
(Sigma-Aldrich), and HRP-conjugated goat anti-rabbit (PerkinElmer) or
mouse antibodies (Cell Signaling) were used as secondary antibodies.

RNA-FISH. Cultured cells were fixed with 4% (wt/vol) paraformaldehyde (PFA)
for 10 min, permeabilized with 70% (vol/vol) ethanol for 1 h followed by
overnight hybridization with 20 μL of TERT-RNA FISH probe (Stellaris no. VSMF-
2410-5) at 37 °C. Coverslips were subsequently incubated with wash buffer A
(Stellaris no. SMF-WA1-60) containing DAPI (5 ng/mL) for 30 min followed by
a 5-min wash with wash buffer B (Stellaris no. SMF-WB1-20) and mounted
with Vectashield mounting medium (Vector Laboratories).

Immuno-FISH. To detect TIF, cells were fixed, permeabilized, and blocked as
above and subsequently serially dehydrated by placing them in 70%, 80%, and
95% (vol/vol) ethanol for 3 min each. After air-drying, nuclear DNA was
denatured for 5 min at 80 °C in hybridization buffer containing Cy3-conju-
gated telomere-specific PNA [Cy3-(C3TA2)3; Panagene] at a concentration of
0.5 μg/mL, 70% (vol/vol) formamide, 12 mM Tris·HCl (pH 8.0), 5 mM KCl, 1 mM
MgCl2, 0.08% Triton X-100, and 0.25% acetylated BSA (Sigma-Aldrich), fol-
lowed by incubation in the same buffer overnight at room temperature. Cov-
erslips were washed sequentially with 70% (vol/vol) formamide/0.6× SSC
[90 mM NaCl, 9 mM Na–citrate (pH 7); three times for 15 min each], 2× SSC
(15 min), and [PBS + 0.1% Tween 20 (PBST); 5 min] followed by immunostaining
for DSBs by using the indicated primary antibodies (53BP1 or γH2AX) and sec-
ondary Alexa Fluor 488-conjugated goat anti-rabbit antibodies (Invitrogen).

Telomere Length Measurements Using qFISH. Relative telomere lengths were
assessed by quantification of telomeric signal fluorescence intensities of cells
processed by immuno-FISH using the ImageJ software (Version 1.45) and the
object counter 3D plugin on images acquired by using a Zeiss Axiovision 200M
microscope equipped with ApoTome as described (1, 10).

Immunostaining Cells and Tissue. Cultured cells were fixedwith 4% (wt/vol) PFA,
permeabilized with PBS containing 0.2% Triton X-100 for 20 min each, and
blocked with 4% (wt/vol) BSA in PBST for 30 min. Primary antibodies anti-53BP1
(Novus; 1:1,000), anti-γH2AX(S139) (Upstate; 1:1,000), anti-TERT (Abcam; 1:500),
or anti-HP1β (EMDMillipore; 1:50) were incubated for 2 h at room temperature
or overnight at 4 °C in block buffer. After three 10-min washes with PBST, cells
were incubated with secondary antibodies as indicated for 1 h at room tem-
perature. Slides were washed three times for 10 min with PBST, air-dried, and
mounted by using DAPI-containing mounting medium (Vector Laboratories).

Archival and paraffin embedded tumor tissue was obtained from the tumor
tissue bank at New Jersey Medical School with the approval of the local in-
stitutional review board committee. Four-μm tissue sections were deparaffinized
and incubated in sodium citrate buffer (10mMNa–citrate, 0.05% Tween 20, pH 6)
at 95 °C for 45 min to retrieve antigens. Tissue sections were subsequently rinsed
with water and incubated overnight with block buffer (4% BSA in PBST). Tissue
sections were incubated with primary antibodies Tert and HP1β for 2 h at 37 °C in
block buffer. After three 10-min washes with PBST, tissue sections were incubated
with secondary antibodies as indicated (1:1,000 in block buffer) for 1 h at 37 °C.
Slides were washed three times for 10 min with PBST, rinsed with water, and
mounted by using DAPI-containing mounting medium (Vector Laboratories).

Microscopy. Images were acquired using a Zeiss Axiovert 200M microscope, an
AxioCamMRm camera (Zeiss), and AxioVision software (Version 4.6.3; Zeiss). To
analyze and quantitate colocalization between telomere signals and DSB foci,
images were acquired as z-series (three to five images, 0.5-μm optical slices)
using a motorized stage, a 63×/1.4 oil immersion lens, and an ApoTome (Zeiss).
ApoTome microscopy eliminates out-of-focus light and generates shallow focal
planes (0.5 μM using a 63× oil objective). To quantitate DDR foci, random im-
ages were acquired by using a 63×/1.4 oil immersion lens.

Generation and Expression of Dox-Controlled hTERT (iTERT). iTERT was gen-
erated by using Retro-XTM Tet-On 3G inducible expression system (catalog
no. 631188; Clontech). hTERT cDNA was excised from pBabe-puro hTERT and
subcloned into the multiple cloning site of pRetroX TRE 3G vector. Retro-
viruses were generated according to manufacturer’s protocol. GM21 human
dermal fibroblasts were transduced simultaneously with pRetroX TRE 3G
hTERT and pRetroX Tet 3G retroviruses twice per day and repeated for 3 d.
Cells were selected with neomycin and puromycin. The cells were main-
tained either in the presence or absence of indicated amounts of dox.

Telomerase Activity. Telomerase activity was measured by the TRAPeze RT
Telomerase detection Kit (EMD Millipore), using PCR and Amplifluor
primers according to the manufacturer’s instructions. Pelleted cells were
resuspended in CHAPS lysis buffer, incubated on ice for 30 min, and spun
to collect the supernatant. A total of 250 ng of protein lysates was used to
detect telomerase activity using the Real-Time PCR system (Bio-Rad).
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Quantitative values of the telomerase activity were obtained from a
standard curve generated by using dilutions of control template provided
by the kit.

Real-Time qPCR. Total RNA was isolated from cells by using RNeasy (Qiagen)
according to themanufacturer’s instructions and treatedwith RNase-free DNase
(Qiagen) before reverse transcription. Then, 1 μg of total RNA was reverse-
transcribed by using the iScriptTM cDNA synthesis kit (Bio-Rad). qPCR was
performed by using specific primers with the iTaq Universal SYBR green
supermix (Bio-Rad) on a CFX96 Touch Real-Time PCR detection system (Bio-Rad).
Samples were analyzed in duplicates, and GAPDH levels were used for nor-
malization. Primer sequences for RT-qPCR were as follows: c-Myc: forward
primer, 5′-ACCACCAGCAGCGACTCTGA-3′, and reverse primer, 5′-TCCAGCA-
GAAGGTGATCCAGACT-3′; hTERT: forward primer, 5′-CGGAAGAGTGTCTG-
GAGCAA-3′, and reverse primer, 5′-TGACCTCCGTGAGCCTGTC-3′; Ras: forward
primer, 5′-CCAGCTGATCCAGAACCATT-3′, and reverse primer, 5′-GGTATCCAG-
GATGTCCAACAG-3′; and GAPDH: forward primer, 5′-CTCTCTGCTCCTCCTGT-
TCGAC-3′, and reverse primer, 5′-TGAGCGATGTGGCTCGGCT-3′.

Colony Formation Assay. Approximately 5,000 cells were mixed with a final
concentration of 0.3% agar and F-10 medium containing 10% FBS and plated
in triplicates onto six-well dishes containing a basal layer of 0.8% agar
containing F-10 medium and 10% FBS. The plates were kept in a humidified
incubator at 37 °C with 5% CO2 for 3 wk, and fresh medium was added every

4 d. After 3 wk, digital images of 10 random fields were acquired by using a
microscope (EVOS), and colonies were counted manually.

qChIP Assay. The ChIP assay was carried out according to the protocol from
EMD Millipore. Cells were cross-linked by incubating them in 1% (vol/vol)
formaldehyde containing medium for 10 min at 37 °C and then sonicated six
times for 5 s each to obtain DNA fragments of 200–1,000 bp in length.
Antibodies against Acetyl H4 (EMD Millipore catalog no. 06-866), H3K9Me3
(EMD Millipore catalog no. 07-442), H3K9Ac (EMD Millipore catalog no.
07-352), H3K4Me3 (EMD Millipore catalog no. 07-473), or c-Myc (Santa Cruz
catalog no. sc-40x) were used to precipitate DNA fragments, and the pro-
tein–DNA complex was collected with protein-G Sepharose beads, eluted,
and reverse cross-linked. Extracted samples were then purified by using spin
columns, and recovered DNA was used for qPCR. Primer sequences for the
hTERT promoter were 5′-CCA GGC CGG GCT CCC AGT GGA T-3′ (forward)
and 5′-GGC TTC CCA CGT GCG CAG CAG GA-3′ (reverse). Primers for GAPDH
were 5′-AAA GGG CCC TGA CAA CTC TT-3′ (forward) and 5′-GGT GGT CCA
GGG GTC TTA CT-3′ (reverse). Primers for the hTERT distal promoter were
5′-GCT TGC AGA GGT GGC TCT-3′ (forward) and 5′-GCT GTG GTT TGG GAG
ACT AAA-3′ (reverse).
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