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Telomerase is an enzymatic ribonucleoprotein complex that acts as
a reverse transcriptase in the elongation of telomeres. Telomerase
activity is well documented in embryonic stem cells and the vast
majority of tumor cells, but its role in somatic cells remains to be
understood. Here, we report an unexpected function of telomerase
during cellular senescence and tumorigenesis. We crossed Tert heterozygous knockout mice (mTert+/−) for 26 generations,
during which time there was progressive shortening of telomeres, and obtained primary skin fibroblasts from mTert+/+ and
mTert−/− progeny of the 26th cross. As a consequence of insufficient telomerase activities in prior generations, both mTert+/+ and
mTert−/− fibroblasts showed comparable and extremely short telomere length. However, mTert−/− cells approached cellular senescence faster and exhibited a significantly higher rate of malignant
transformation than mTert+/+ cells. Furthermore, an evident upregulation of telomerase reverse-transcriptase (TERT) expression was detected in mTert+/+ cells at the presenescence stage.
Moreover, removal or down-regulation of TERT expression in
mTert+/+ and human primary fibroblast cells via CRISPR/Cas9
or shRNA recapitulated mTert−/− phenotypes of accelerated senescence and transformation, and overexpression of TERT in
mTert−/− cells rescued these phenotypes. Taking these data together, this study suggests that TERT has a previously underappreciated, protective role in buffering senescence stresses due
to short, dysfunctional telomeres, and preventing malignant
transformation.
telomerase

case, telomerase reactivation or an ALT supports immortalization and the unlimited growth of most cancers.
In the past 2 decades, independent groups have constructed
telomerase-deficient (mTR−/− or mTert−/−) mouse models (20–23).
While those telomerase-deficient mice did not show any noticeable
defects during the early generations of intercross between deficient
mice, late-generation animals show phenotypes, including short
telomere length (TL), shortened lifespan, progressive tissue atrophy, reduced ability for stress response, and notably, spontaneous
malignancies (22, 24–26). Since laboratory mouse models usually
carry very long telomeres in comparison with those of human cells
(27), in the absence of sufficient telomerase activity, it takes many
generations for the telomerase-deficient models to reach a critically
short telomere stage. It appears that the lack of TERT expression
plays a crucial role in causing the above phenotypes in telomerasedeficient mice, as reactivation of TERT expression via an inducible
promotor effectively ameliorates the phenotypes in late-generation
mTert−/− mice (26). Based on this observation, we speculate that
telomerase activity in senescent somatic cells with short telomeres
might have additional roles beyond promoting tumor formation.
Significance
In the classic view, telomerase is silenced in terminally differentiated cells and its reactivation supports immortalization and
unlimited growth of most cancers. Here, we determine the involvement of telomerase during replicative senescence in primary fibroblasts from mouse and human. In both cases, we find
that cells that are unable to produce telomerase approach cellular senescence earlier and exhibit a significantly higher rate of
malignant transformation than the control cells. Furthermore, an
evident upregulation of telomerase expression is detected in
wild-type control cells at the presenescence stage, which is accountable for the protection. In conclusion, this study suggests
that telomerase has a previously underappreciated, protective
role in buffering senescence stresses due to short, dysfunctional
telomeres, thereby preventing malignant transformation.
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elomerase is a ribonucleoprotein complex that protects and
extends the telomeres of the chromosome (1–3). It consists of
2 essential subunits, the template RNA (TR; telomerase RNA)
and the reverse-transcriptase catalytic subunit (TERT; telomerase
reverse transcriptase) (1, 4). Telomerase activity is required for the
maintenance of stemness in stem cells (5), and its expression is
precisely regulated in stem and progenitor cells and generally
suppressed in differentiated somatic cells (6–9). Somatic cells
without telomerase activity exhibit a limited replicative capacity and after a finite number of cell divisions reach a state known
as replicative senescence that can be abrogated by ectopic
telomerase expression (10–12).
Replicative senescence is triggered by critically shortened telomeres and serves as a natural barrier to tumorigenesis (13, 14).
While senescent cells undergo up-regulation of tumor-suppressor
genes and cell cycle inhibitors to arrest cell cycle, they also gradually develop a senescence-associated secretory phenotype
(SASP), which can transform senescent cells into proinflammatory
cells (15, 16). Those cells can escape senescence arrest and undergo continuous proliferation (17), eventually via either an
alternative mechanism of telomere elongation (alternative
lengthening of telomere, ALT) or reactivation of TERT expression to promote malignant transformation (18, 19). In this
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To test this idea, we utilized an experimental system that allows us to conduct direct studies of the function of TERT in
mouse somatic cells with extremely short telomeres. Gender- and
age-matched mouse primary skin fibroblasts were obtained from
mTert+/+ and mTert−/− siblings, which were the progenies from
late-generation (26th) mTert+/− parents with C57BL/6 (B6) genotype (23, 28). mTert+/+ and mTert−/− are not only genotypically identical except for the mTert gene, but also carry similarly
short telomeres. By comparing their senescence and tumorigenesis
behavior in cell culture, we can determine the potential involvement of the mTert gene in genotypically mTert+/+ fibroblasts
during replicative senescence. If mTert is completely silenced or
carries no function during presenescence and senescence stages
(18, 29), we expect to observe no differences between the
mTert−/− and mTert+/+ cells. However, the results of this experiment demonstrate that mTert−/− cells approached cellular senescence earlier and exhibited a significantly higher rate of malignant
transformation than mTert+/+ cells. Furthermore, an evident upregulation of TERT expression was detected in mTert+/+ cells at
the presenescence stage. Moreover, removal or down-regulation
of TERT expression via CRISPR/Cas9 or short-hairpin RNA
(shRNA) in wild-type mouse and human cells recapitulated
mTert−/− phenotypes, and overexpression of TERT in mTert−/−
cells rescued the phenotypes. Taking these data together, this
study suggests that TERT has a previously underappreciated, protective role in buffering senescence stresses due to
short, dysfunctional telomeres, thereby preventing malignant
transformation.
Result
Fibroblasts from Tert+/+ and Tert−/− Offspring of Late-Generation
Tert+/− Breeding Carry Extremely Short Telomeres in Comparison to
Normal Control B6 Fibroblasts. Mice heterozygous for the mTert

deletion (mTert+/−) were bred for 25 consecutive generations,
with progressive telomere shortening occurring this time, as
previously reported (28). Skin fibroblasts were isolated from ear
punches of mTert+/+ and mTert−/− juvenile offspring of the 26th
intercross and cultured in vitro for 8 mo (Fig. 1A). Fibroblasts
from age- and gender-matched normal B6 (NB6) mice were used
as controls (30). During the culturing process, cell pellets were
collected, and TL was determined by the multiplexed qPCR and
telomere Q-FISH analyses (23, 28, 31). Based on the relative cell
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proliferation rate (SI Appendix, Fig. S1A) and p16 expression
levels (SI Appendix, Fig. S1B) in mTert+/+ and mTert−/− cells, the
in vitro cell-culturing process was grouped into 4 distinct stages:
Early stage (E), middle stage (M), late stage (L), and final stage
(F) (SI Appendix, Fig. S1C). Each stage lasted at least 10 passages.
In comparison to NB6, both mTert+/+ and mTert−/− showed
significantly shorter TL at the beginning of cell culture (Fig. 1B
and SI Appendix, Fig. S2 A–C). Although mTert+/+ has the wildtype genotype, its telomeres were at a similar length as those in
mTert−/− cells and significantly shorter than NB6 due to the
haploinsufficient telomerase activity in their ancestors (28). During the cell culture, the TL in mTert+/+ and mTert−/− only decreased slightly by 10 to 20% (Fig. 1B and SI Appendix, Fig. S2 D
and E). In contrast, NB6 showed a drastic reduction in TL during
the same process (SI Appendix, Fig. S2F). Its TL was shortened by
almost 50% from E to L stage and became comparable with the Estage TL in mTert+/+ and mTert−/− cells (Fig. 1B).
mTert−/− Fibroblasts Prematurely Commit to Replicative Senescence
and Cancer Transformation at the M Stage. To monitor the cell

senescence and transformation behavior of mTert−/− and
mTert+/+ cells, we analyzed 3 groups of molecular biomarkers,
including tumor suppressors/senescence biomarkers, DNA damage response (DDR) factors, and checkpoint proteins (32–35). In
mTert−/− cells, the levels of the senescence biomarkers p53 and
p21 were increased sharply at the M stage (Fig. 2A), in response to
critically shortened telomeres at the same stage (SI Appendix, Fig.
S2D). DDR factors ataxia telangiectasia mutated (ATM) and
poly(ADP-ribose) polymerase (PARP)1 and checkpoint protein
CHK1 are typically triggered when senescence biomarkers P53/
p21 become activated (36–43). Unexpectedly, in mTert−/− cells, we
observed a significant delay for over 10 passages in the upregulation of the expression of ATM, PARP1, and CHK1; their
expressions were kept at the basal level at the M stage and became
up-regulated at the L stage (Fig. 2B). In contrast, ALT cancer
biomarkers promyelocytic leukemia (PML) and MRE11, which
are generally at basal expression in normal somatic cells (44–47),
were drastically increased at the M stage, suggesting that some
mTert−/− cells have adopted a telomerase-independent mechanism to immortalize and transform at the M stage (Fig. 2 C and
D). This ALT-mediated mechanism was further confirmed by the
detection of significant up-regulation of the C-circle, the only

B

Fig. 1. mTert+/+ and mTert−/− mouse skin fibroblasts have extremely short telomeres in comparison to NB6 control fibroblasts. (A) Tert-heterozygous mice
(mTert+/−) were intercrossed for 26 generations. Primary skin fibroblasts were cultured from ear punches from mTert+/+ and mTert−/− progenies of the 26th
intercross. (B) Telomere length at E and L stages measured by the multiplexed qPCR analysis. Relative telomere length was shown as the T/S ratio. mTert+/+
and mTert−/− fibroblast cells showed significantly shorter telomere length than NB6 at the E stage. There was a slight decrease in mTert+/+ and mTert−/− TL
from E to L. NB6 telomeres dramatically shortened from E to L stages. T/S ratio: The ratio of telomere repeat copy number to single-copy gene copy number.
Error bars represent SD between 3 independent biological repeats (n = 3). Statistical significance was determined using a 2-way ANOVA with Bonferroni’s
posttest. N.S., not significant; *P < 0.05; **P < 0.01; ****P < 0.0001.
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Fig. 2. mTert−/− fibroblasts prematurely committed to replicative senescence and transformation at the M stage. (A) Western blotting analysis to detect the
protein level of p53 and p21 in mTert−/− cells. Normalized relative p53 and p21 protein levels from E to F stages are shown in the lower graph. Two technical
repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). (B) Western blotting analysis to
detect the protein level for ATM, PARP1, and CHK1 in mTert−/− cells. Normalized relative ATM, PARP1, and CHK1 protein levels from E to F stages are shown in
the lower graph. Two technical repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3).
(C) Western blotting analysis to detect the protein level of PML in mTert−/− cells. Normalized relative PML protein levels from E to F stages are shown in the
lower graph. Two technical repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). (D)
Western blotting analysis to detect the protein level of MRE11 in mTert−/− cells from E to F stage. Normalized relative MRE11 protein levels from E to F stages
are shown in the lower graph. Error bars represent the SD of 3 biological repeats (n = 3). (E) The C-circle assay was conducted to determine ALT transformation in mTert−/− cells. The relative C-circle level was detected by qPCR in mTert−/− cells from E to F stage. NB6-E is used as a negative control, and U2OS
as a positive control. Error bars represent the SD of 3 biological repeats (n = 3). (F) Western blotting analysis to detect the protein level for CHK2 in mTert−/−
cells. Normalized relative CHK2 protein levels from E to F stages are shown in the lower graph. Two technical repeats are shown at each stage and quantified
by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). Statistical significance in A to F was determined using a 1-way ANOVA with
Tukey’s posttest. N.S., not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

known ALT-specific molecule (Fig. 2E) (48). Consistently, at
the M stage, mTert−/− cells showed a gradual loss of the checkpoint protein CHK2, a dominant tumor suppressor at the DNA
damage checkpoint (49–51), further supporting the notion that
some mTert−/− cells have surpassed replicative senescence and
initiated transformation at the M stage (Fig. 2F).
Taken together, these results suggested that once mTert−/− cells
reached critically shortened TL at the M stage, some quickly
transformed into ALT cancer cells. This process is accompanied by the loss of CHK2 that allows cells to escape senescence
arrest. Moreover, the delayed up-regulation of DDR factors (especially PARP1) until the L stage implies activation of ALTnonhomologous end-joining repair in mTert−/− cells, which may
Sun et al.

further induce genome instability and tumorigenesis in the absence of CHK2.
mTert+/+ Fibroblasts Showed Delayed Replicative Senescence and
Reduced Transformation in Comparison with mTert−/− Cells. Simi-

larly, we monitored the behavior of mTert+/+ cells using the 3
groups of molecular biomarkers. At the M stage, consistent with
mTert−/− cells, senescence markers p53/p21 were activated in
mTert+/+ cells (Fig. 3A), due to their critically short telomeres
(SI Appendix, Fig. S2E). However, unlike mTert−/− cells, the
activation of the p53/p21 pathway in mTert+/+ cells immediately
triggered the DDR response and up-regulated the expression of
ATM, PARP1, and CHK1 at the M stage, and their elevated
PNAS | September 17, 2019 | vol. 116 | no. 38 | 18985

expressions were maintained through the L stage (Fig. 3B). In
addition, CHK2 levels were relatively stable (Fig. 3C), suggesting
that the vast majority of mTert+/+ cells did not transform at the M
stage. In support of this notion, SASP marker IL6 was maintained
at the basal level at the M stage and became activated at the L
stage (SI Appendix, Fig. S3A) (16). Side-by-side Western blotting
analysis confirmed that DDR factors ATM, PARP1, and CHK1
and CHK2 were much lower in mTert−/− cells than in
mTert+/+ cells at the M stage (SI Appendix, Fig. S3B). Furthermore,
when M stage mTert+/+ cells were treated with ATM or PARP1
inhibitors for 72 h, senescence rapidly occurred, as indicated by a
significant up-regulation of p16 (SI Appendix, Fig. S3 C and D).
Interestingly, this observation indicates that mTert+/+ cells
behaved differently from mTert−/− cells in response to short
telomere-induced DNA damage signals. Both cells can detect
telomere-induced DNA damage efficiently by activating the p53/
p21 pathway. mTert−/− cells committed to replicative senescence
immediately upon critically short telomeres and a detectable
fraction of mTert−/− cells transformed subsequently. In contrast,
mTert+/+ cells were able to mediate the telomere stress by upregulating DDR factors and postponing replicative senescence
and transformation.

A

Cell Cycle Analysis Supported Premature Senescence and Transformation
in mTert−/− Cells. To further elucidate the difference between

mTert+/+ and mTert−/− cells in handling telomere stress, we performed cell cycle analysis at the M, L, and F stages. mTert+/+ and
mTert−/− cells at different stages were blocked at the entrance of S
phase by aphidicolin treatment for 24 h, then released by changing
into the fresh medium. We then harvested cells after release at
different time intervals (S3, 3 h; S5, 5 h; S7, 7 h). The harvested
cells were stained with propidium iodide (PI) to reveal DNA
content and sorted with flow cytometry. We expect that the cells in
active cell cycle will be arrested with aphidicolin at the G1/S
junction, which will be reflected by accumulation at S3, and move
gradually to G2/M and G1 at the S5 and S7 time points.
Indeed, in M-stage mTert+/+ cells, we found 66% cells at the S
phase, 24% cells at the G2/M phase, and 10% at the G1 phase at
S3 (Fig. 4 A and C). At S5 and S7, a decrease in S phase population and a corresponding increase in G2/M was observed; G2/
M phase cells accumulated from 24% in S3 to 55% in S7, and G1
phase cells were also increased from 10% in S3 to 27% in S7.
Taking these data together, this experiment suggests that at the M
stage, the majority of mTert+/+ cells were in the active cell cycle
and responded to the drug arrest, despite the presence of short

B
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Fig. 3. mTert+/+ fibroblasts showed delayed replicative senescence and reduced transformation in comparison with mTert−/− cells. (A) Western blotting
analysis to detect the protein level of p53 and p21 in mTert+/+ cells. Normalized relative p53 and p21 protein levels from E to F stages are shown in the lower
graph. Two technical repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). (B)
Western blotting analysis to detect the protein level of ATM, PARP1, and CHK1 in mTert+/+ cells. Normalized relative ATM, PARP1, and CHK1 protein levels
from E to F stages are shown in the lower graph. Two technical repeats are shown at each stage and quantified by the mean value. Error bars represent the SD
of 3 biological repeats (n = 3). (C) Western blotting analysis to detect the protein level for CHK2 in mTert+/+ cells. Normalized relative CHK2 protein levels
from E to F stages are shown in the lower graph. Two technical repeats are shown at each stage and quantified by the mean value. Error bars represent the SD
of 3 biological repeats (n = 3). Statistical significance in A to C was determined using a 1-way ANOVA with Tukey’s posttest. N.S., not significant; *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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mTert−/− Cells Showed a Higher Transformation Rate than mTert+/+
Cells. To study the rates of transformation, we conducted the soft

agar colony formation assay (52). After 4-wk growth in soft agar,
only immortalized cells with the capability of proliferation can
form large cell aggregates (Fig. 5A). To define the immortalized
cells, we measure the area of a normal single cell in soft agar for
mTert+/+ and mTert−/− at the E stage (SI Appendix, Fig. S4A).
Based on these data, an mTert+/+ colony is defined as an aggregate with an area over 212.5 μm2 and an mTert−/− colony with
an area over 250 μm2 (SI Appendix, Fig. S4A). Here, we applied a
more stringent criterion for mTert−/− colony definition due to the
slightly larger cell size of mTert−/− cells.
Next, at the beginning of M, L, and F stages, we seeded the cells
in soft agar and measured the area of every cell aggregate in
mTert+/+ and mTert−/− samples 4 wk after seeding (Fig. 5B).
Consistent with previous observations (Figs. 2–4), the soft agar
assay revealed that mTert+/+ cells had few, sporadic transformation events during the M and L stages, and the transformation rate significantly increased to about 10% at the F stage
(Fig. 5C). In contrast, the transformation rate of mTert−/− cells was
much higher: More than 10% at the M stage and 30% at the L
stage. At the F stage, more than half of the mTert−/− cells showed
the transformation capability (Fig. 5C). Moreover, when the size of
the colonies is compared, mTert−/− showed significantly larger
colonies than mTert+/+, implying their more aggressive or invasive
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Fig. 4. Cell cycle analysis supported delayed senescence and transformation in mTert+/+ cells. (A, B, D, E, G, and H) Cell cycle analysis in mTert+/+ and mTert−/−
cells from M to F stage. The released cells from 12-h aphidicolin treatment were harvested at 3 h (S3), 5 h (S5), and 7 h (S7) time points. The x axis and y axis
represent cell number and DNA content, respectively. (C, F, and I) The relative percentage of cells at G1, S, and G2/M phase of the cell cycle at given time
points in mTert+/+ and mTert−/− cells.
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telomeres and activated p53/p21. In contrast, in the M-stage
mTert−/− cells, only about 31% cells were in S phase at S3, and
more than 50% of mTert−/− cells remained in G1 during S3, S5,
and S7 (Fig. 4 B and C). Thus, at any time points during the 7-h
release, only about less than 50% of mTert−/− cells were in the
cell cycle, which could also include the population of transformed
ALT cancer cells. Thus, this cell cycle study supported the molecular biomarker analysis (Figs. 2 and 3) and indicated that
significantly more mTert−/− cells were at replicative senescence
arrest than mTert+/+ cells at the M stage.
Next, we conducted the same analysis for L-stage mTert+/+ and
mTert−/− cells. Differing from the results at the M stage, nearly
half of mTert+/+ cells stayed in G1 phase at every time point (S3,
S5, and S7) (Fig. 4 D and F), suggesting cell cycle arrest and
replicative senescence. In contrast, the majority of mTert−/− cells
(over 65%), which likely had escaped replicative arrest at this
point, reentered the “normal” cell cycle (Fig. 4 E and F). At the F
stage, both mTert+/+ and mTert−/− cells showed a similar pattern
as the L-stage mTert −/− cells (Fig. 4 G–I).
Taking these data together, the cell cycle analysis supported
that mTert−/− cells showed a premature onset of replicative senescence and transformation, suggesting that the presence of the
mTert gene alters the DDR and checkpoint responses to short
telomere-induced DNA damages.

A

B

C

Fig. 5. mTert−/− cells showed a higher transformation rate than mTert+/+ cells. (A) Cell suspension containing mTert+/+ and mTert−/− cells were cultured in
soft agar medium for 30 d. Representative single-cell and colony images of mTert+/+ and mTert−/− samples are shown; 3 biological experiments (n = 3). (B)
Quantification of the areas of cell/colony size in mTert+/+ and mTert−/− cells. n > 300 for each sample; t3 biological experiments (n = 3). Statistical significance
was determined using a 1-way ANOVA with Tukey’s posttest. ***P < 0.001, ****P < 0.0001. (C) Comparison of percentage of colonies identified in B in
mTert+/+ and mTert−/− samples. Error bars represent the SD among 3 biological experiments (n = 3). Statistical significance was determined using a 2-way
ANOVA with Bonferroni’s posttest. ***P < 0.001, ****P < 0.0001.

characteristics (Fig. 5B). This experiment further implies that
the presence of the mTert gene protects mTert+/+ cells from
tumorigenesis.
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mTert+/+ Cells Up-Regulated TERT Expression at the M Stage. Thus far,

the results suggest that mTert+/+ cells have a delayed onset of replicative senescence and a reduced rate of transformation. To understand how the presence of the mTert gene affects those responses
in mTert+/+ cells, particularly at the M stage, we determined the
expression of TERT by qRT-PCR in mTert+/+ cells. mTert−/− was
included as a negative control. Interestingly, up-regulation of mTert
mRNA was observed around the M stage when shortened telomeres
trigger DDR responses in mTert+/+ cells (Fig. 6A), and NB6 showed
a lower, basal level of mTert mRNA expression relative to the E
stage mTert+/+ (SI Appendix, Fig. S4B). Consistent with the genotype, mTert−/− cells showed no mTert mRNA expression (Fig. 6A).
Furthermore, Western blotting revealed that TERT protein
exhibited a weak signal at the E stage, was elevated at the M stage,
and became reduced during the L and F stages (Fig. 6B).
It is known that telomerase activity and cell cycle progression
are linked, and telomerase is preferentially up-regulated and
recruited to the telomeres at the middle to late S phase (53). Thus,
we synchronized the M stage mTert+/+ cells with aphidicolin and
released the cells at S3, S5, and S7 and analyzed telomerase
protein expression. Indeed, Western blotting revealed an evident,
cell cycle-dependent up-regulation of TERT protein at S3 and S5
(Fig. 6C), suggesting TERT is up-regulated at the M stage when
the critically short telomeres trigger the senescence and DDR
responses (Fig. 3A). To determine the telomerase activity, we
applied the TRAP assay (54) in NB6, mTert−/−, and mTert+/+ cells
at the M stage, together with a positive control provided by the kit.
18988 | www.pnas.org/cgi/doi/10.1073/pnas.1907199116

Consistent with the genotype, mTert−/− cells were devoid of
telomerase activity. mTert+/+ cells showed a robust telomerase
activity, similar to the level of the positive control. NB6 also
showed a basal level activity (Fig. 6D). While much less abundant
in comparison to that in mouse cells, hTERT mRNA was also
detected in primary human fibroblast cells at the presenescence
stage, using nested-PCR (Fig. 6 E–G). Together, these data suggested that wild-type cells induced hTERT expression and activity
at the presenescence, which may provide a protective role in
buffering senescence stress and reducing transformation.
CRISPR/Cas9 and shRNA of mTert Confirmed the Protective Role of
Telomerase in Mediating Telomere Stress in mTert+/+ Cells. To de-

termine directly whether expression of TERT is a primary cause
of the difference in response to short telomere stress between
mTert+/+ and mTert−/− cells, we removed the mTert gene in
mTert+/+ cells using CRISPR/Cas9 technology with an mTertspecific single-guide RNA (sgRNA) at the E stage. After puromycin selection, we identified 2 single-cell clones, mTert+/+–ΔTERT-1
and mTert+/+–ΔTERT-2, which showed internal deletions in both
mTert alleles and a subsequent premature translational termination
(SI Appendix, Figs. S5 and S6 A and B). A control sgRNA was
used to generate an mTert+/+-Con cell line that underwent the
same experimental procedure as mTert+/+-ΔTERT. We found that
the mTert mRNA was significantly decreased in mTert+/+-ΔTERT,
compared with mTert+/+-Con (Fig. 7A). Moreover, similar to
mTert−/− cells, mTert+/+-ΔTERT showed reduced expression of
DDR factors (ATM, PARP1, and CHK1) at the presenescence
stage (Fig. 7B and SI Appendix, Fig. S6C).
We also knocked down TERT expression by an shRNA method.
After mTERT-shRNA retrovirus transfection, mTERT-shRNA
Sun et al.
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Fig. 6. Detection of telomerase expression in mTert +/+ and human primary fibroblast cells. (A) qRT-PCR analysis reflecting the significantly up-regulated expression of mTERT mRNA in mTert+/+ cells from the M to L stage. Consistent with the genotype, mTert−/− fibroblasts showed no mTERT expression. Two technical
repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). (B) Western blotting analysis to
detect the protein level for mTERT in mTert+/+ cells. Normalized relative mTERT protein levels from E to F stage are shown in the lower graph. Two technical
repeats are shown at each stage and quantified by the mean value. Error bars represent the SD of 3 biological repeats (n = 3). (C) Western blotting analysis to
detect the protein level for TERT at G1, S3, S5, and S7 time points in mTert+/+ cells during the M stage. HeLa, a telomerase-dependent cancer line, was included as
a positive control. Normalized relative TERT levels at M stage are shown in the lower graph. Error bars represent the SD among 3 independent experiments (n =
3). Statistical significance in A tIo C was determined using a 1-way ANOVA with Tukey’s posttest. N.S., not significant; *P < 0.05; **P < 0.01; ****P < 0.0001. (D)
Estimation of telomerase activity by TRAP. Representative profiles of TRAP assay performed using cell lysates from NB6, mTert+/+ and mTert−/− cells at the M
stage. Each lysate was tested for unheated (-) activation and heated (H) inactivation. (E) Human TERT mRNA expression was detected by RT-PCR analysis in a
human primary fibroblast line AG11651 from passage 15 (P15) to passage 19 (P19). PCR products amplified by hTERT-F/R primers were loaded 50 μL and separated
by 1.5% agarose gel. The size of the amplified fragments was 113 bp. (F) Nested-PCR was conducted to enhance the signals of hTert; 200 μL of hTERT-F/R PCR
products was separated by 1.5% agarose gel, purified, and used as the template for PCR with hTERT-nested-F/R primer. The nested-PCR products were loaded 10
μL and detected by 1.5% agarose gel. The size of the amplified fragments was 106 bp. (G) The sequencing alignment analysis for hTERT-nested PCR products. The
nested-PCR products of AG11651-P19 were cloned into TA vector and transformed into the DH5α competent cells. The plasmids were extracted from clone-1 to
clone-7 to sequence them. The alignment between hTERT–Exon11-13 and clone sequences showed that the nested-PCR products were the hTERT sequence.

reduced mTert mRNA (SI Appendix, Fig. S7A). We then performed single-colony selection and found that the N4 colony
showed significantly down-regulated mTert mRNA in comparison
to control shRNA (N2) (SI Appendix, Fig. S7B). Again, consistent
with the CRISPR study (Fig. 7 A and B), the expression of ATM,
PARP1, and CHK1 were dramatically reduced at the M stage in
N4 cells (SI Appendix, Fig. S7C). Furthermore, overexpression of
mTert in the M-stage mTert−/− cells with retroviruses rescued the
DDR phenotype, leading to an increase in the expression of ATM,
PARP1, and CHK1(Fig. 7 C and D).
Significantly, in primary human fibroblasts, when hTERT gene is
knockdown via CRSPR/Cas9 (Fig. 7E and SI Appendix, Fig. S7D),
we observed a similar down-regulation of PARP1 and CHK1 as in
mTert+/+-ΔTERTcells (Fig. 7F). We also found a similar upSun et al.

regulation of PML and p16 as in mTert−/− cells (SI Appendix,
Fig. S7 E and F, respectively), suggesting that human cells
might use the same mechanism and need the function of TERT
at the presenescence stage.
It is known that ATM is required to assemble at the telomeres
to recruit telomerase in telomerase+ cells (55, 56). Here, we found
that in the absence of telomerase, the ATM-mediated DDR
pathway in response to dysfunctional telomere is also impaired.
We further tested the involvement of ATM as a downstream effector of TERT induction at presenescence. We knocked out both
alleles of the ATM gene with the CRISPR/Cas9 method (SI Appendix, Fig. S8 A–C) and conducted single-cell colony selection. In
the representative colony mTert+/+-ΔATM, the level of ATM
mRNA and protein appeared significantly lower than mTert+/+-Con
PNAS | September 17, 2019 | vol. 116 | no. 38 | 18989
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Fig. 7. CRISPR/Cas9 knockout/knockdown and overexpression (O/E) of TERT confirmed the protective role of the TERT expression in mediating telomere stress.
(A) CRISPR/Cas9/sgRNA lentivirus was introduced in mTert+/+ cells. The single-cell cloning lines of mTert+/+-Con, mTert+/+-ΔTERT, and mTert−/− were used for qRTPCR analysis to check mTERT mRNA expression. mTert+/+-Con: Control sgRNA introduced into mTert+/+ cells; mTert+/+-ΔTERT: TERT sgRNA introduced into mTert +/+
cells. Error bars represent the SD among 3 independent experiments (n = 3). Statistical significance was determined using a 1-way ANOVA with Tukey’s
posttest. ****P < 0.0001. (B) Western blotting analysis to detect the protein level for DDR factors (ATM, PARP1, and CHK1) in mTert+/+-Con and mTert+/+-ΔTERT
at E and M stages. Normalized relative ATM, PARP1, and CHK1 levels from E to M stages are shown in the lower graph. Error bars represent the SD among 3
independent experiments (n = 3). (C) Overexpression of mTERT by retroviruses in mTert−/− cells at the M stage. The expression of mTERT mRNA in mTert−/−-Con
and mTert−/−-TERT(O/E) was examined by qRT-PCR. mTert−/−-Con: Control retrovirus; mTert−/−-TERT(O/E): The retrovirus carrying the mTert gene. Error bars
represent the SD among 3 independent experiments (n = 3). Statistical significance was determined using a 2-tailed t test. ****P < 0.0001. (D) Western blotting
analysis to detect the protein level of DDR factors (ATM, PARP1, and CHK1) in mTert−/−-Con and mTert−/−-TERT(O/E) at the M stage. Normalized relative ATM,
PARP1, and CHK1 levels from E to F stages are shown in the lower graph. Error bars represent the SD among 3 independent experiments (n = 3). (E) Nested qRTPCR analysis showing the down-regulated expression of hTERT mRNA in hTERT-KD cells in comparison with normal cells. CRISPR/Cas9/sgRNA lentivirus was introduced in AG11651. hTERT mRNA was detected by nested qRT-PCR in the puromycin-selected cell population of normal and hTERT-KD at passage 16 (P16) and
passage 19 (P19). Normal: Control sgRNA (Ctr2) introduced into AG11651; hTERT-KD: hTERT-Ex2 sgRNA introduced into AG11651. (F) Western blotting analysis to
directly compare the protein level of PARP1, and CHK1 between normal and hTERT-KD. Normalized relative PARP1and CHK1 levels are shown in the lower graph.
Error bars represent the SD between 3 independent experiments (n = 3). (G) CRISPR/Cas9/sgRNA lentivirus was introduced in mTert+/+ cells. The single-cell cloning
population from mTert+/+-Con and mTert+/+-ΔATM were selected for qRT-PCR analysis to check ATM mRNA expression. mTert+/+-Con: Control sgRNA introduced
into mTert+/+ cells; mTert+/+-ΔATM: Mouse ATM sgRNA introduced into mTert+/+ cells. Error bars represent the SD among 3 independent experiments (n = 3).
Statistical significance was determined using a 2-tailed t test. ****P < 0.0001. (H) Western blotting analysis to detect the protein level for DDRs (ATM, PARP1, and
CHK1) in mTert+/+-Con and mTert+/+-ΔATM at the E and M stages. Normalized relative ATM, PARP1, and CHK1 levels from E to F stages are shown in the lower
graph. Error bars represent the SD among 3 independent experiments (n = 3).

(Fig. 7 G and H). Correspondingly, PARP1 could not be promptly
activated at the M stage in mTert+/+-ΔATM cells (Fig. 7H). Similar
to the results in SI Appendix, Fig. S3C using ATM inhibitor, premature senescence is observed in in mTert+/+-ΔATM cells (SI
Appendix, Fig. S8D).
Discussion
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somatic cells that can be grown in culture undergo cellular senescence in vitro. In most cases, telomerase activity is missing
and its reactivation may result in indefinite cell proliferation (7,
12, 57–59). In contrast, the view of telomere shortening-mediated
senescence response in mouse cells has been evolving. In the first
study to describe the removal of telomerase in mice, Blasco et al.
(20) demonstrated that mTR−/− fibroblasts remained capable of
18990 | www.pnas.org/cgi/doi/10.1073/pnas.1907199116

bypassing crisis and of exhibiting cellular transformation in vivo.
These results led to the notion that murine cells do not exhibit the
same senescence response to telomere dysfunction as human cells.
Along this line, Smogorewska and de Lange (32) showed a fundamental difference in telomere damage signaling in human and
mouse cells, mostly involving the p16/RB response to telomere
dysfunction. Interestingly, more recent work reported that mouse
telomeres shorten ∼100 times faster than human telomeres, and
demonstrated that short telomeres have a direct and similar impact
on longevity in both human and mouse cells (60). Here, we report
that telomerase is transiently up-regulated at the presenescence
stage in both murine and human cells (Fig. 6), and the cells that
are unable to induce telomerase expression approach senescence
earlier and exhibit a significantly higher rate of transformation
(Figs. 2, 5, and 7). In light of the previous findings, this study
Sun et al.

The Basal Level of Telomerase Expression in Mouse and Human Cells.

In mouse fibroblast cells, there is a low but detectable basal
expression of mTERT (Fig. 6 and SI Appendix, Fig. S4B). In SI
Appendix, Fig. S4B we directly compared the mRNA levels of
mTERT in NB6 with that in the E-stage mTert+/+ cells. This
experiment indicated that in mouse wild-type primary fibroblast
NB6, basal expression of telomerase is detectable. Consistently,
in Fig. 6D a weak telomerase activity was detected in NB6 cells.
However, this basal level of telomerase appears not able to
prevent telomere from shortening, as shown in Fig. 1B and SI
Appendix, Fig. S2 E and F, and progressive telomere erosion
occurred in both NB6 and the E-stage mTert+/+ cells. Moreover,
a comparable rate of TL reduction is observed in mTert−/− and
mTert+/+ cells at the E stage, further supporting that the basal
dosage of TERT is not sufficient to prevent telomere shortening.
There have been precedents for insufficient expression of telomerase in primary human cells/tissues (5, 61). For example, human
T lymphocytes express telomerase upon activation but its expression is insufficient to grant immortality, resulting in a limited
replicative life span of T cells (61). Interestingly, blockage of endogenous hTERT expression by ectopic expression of dominantnegative hTERT led to precocious senescence and cytogenetic
abnormalities in T lymphocytes. These results are in agreement
with our findings and suggest that while transient and limited expression of TERT cannot prevent overall telomere shortening, it
has a major influence on cell longevity (61).
The Acute Up-Regulation of Telomerase at the Presenescence Stage.

Downloaded by guest on October 5, 2020

Besides the basal level of TERT expression, in mTert+/+ cells, we
report an acute up-regulation of TERT at the M stage followed
by significant down-regulation at the L stage (Fig. 6 A and B).
The quick down-regulation of mTERT at the L stage implies that
the induction of TERT expression at the M stage is a transient
event, not a result of the gradual expansion of transformed cells.
Otherwise, we would expect a progressive increase in TERT at
the L stage. Furthermore, IL-6, the major biomarker of SASP,
was absent at the M stage and drastically activated at the L stage
in mTert+/+ cells, supporting the induction of telomerase indeed
happened at presenescence.

When this up-regulation occurred in mTert+/+ cells, concomitantly, mTert−/− cells started behaving differently in terms of
delayed DDR, premature senescence, and increased transformation (Fig. 2). Moreover, when TERT is knockdown in human
fibroblast cells using CRISPR/Cas9, an increase in senescence and
transformation markers, p16 and PML respectively, was observed
at the presenescence stage (SI Appendix, Fig. S7 D–F). Together,
these results support that the transient induction of telomerase
at presenescence is of importance in cellular senescence and
transformation.
The Protective Role of Telomerase in Cellular Senescence. A number
of previous studies have explored the transient and limited expression of telomerase in mammalian systems. In 2000, Steinert
et al. (62) showed that the transient induction of hTERT in normal human BJ cells led to a significant extension in the subsequent number of replicative passages prior to senescence. In an
mTert+/− murine model, despite haploinsufficiency for maintaining
long telomeres, the heterozygous progenies were protected from
germline exhaustion and bone marrow failure compared to their
homozygous mTert−/− littermates (63, 64). These results have led
to the speculations that low levels of telomerase may offset the
effects of tissue aging in vivo. Indeed, adeno-associated viral
vectors carrying the telomerase gene (AAV9-Tert) has been shown
promising efficacy in mouse models of cardiac infarct, aplastic
anemia, and pulmonary fibrosis (65–67).
In this study, we demonstrate an acute up-regulation of TERT
expression at the presenescence stage in Tert+/+ cells. In comparison with their littermate Tert−/−cells, it is clear that TERT
expression is required in properly activating the short-telomere–
induced DDR pathway, buffering short telomere stress and reducing transformation (Fig. 8). Furthermore, in Q-FISH analysis
(SI Appendix, Fig. S2), about 3 to 4% of telomere signal-free ends
were detected in mTert+/+ and mTert−/− cells at the E stage. Previous works have shown unequivocally that is the presence of
critically short telomeres that dictate the cellular phenotypes in
telomerase-deficient models (23, 63, 68). We speculate that the
transiently up-regulated TERT in mTert+/+ cells may function to
extend the telomere signal-free ends and direct proper DDR on
those ends. Future work on how TERT expression is triggered,
where the induced TERT locates relative to the telomere signalfree ends, and DDR pathway factors will be required to fully
appreciate the role of telomerase in cellular senescence.

Fig. 8. A working model. The results from this study support a model that in comparison to mTert+/+ cells, mTert−/− cells approached cellular senescence
earlier and exhibited a significantly higher rate of transformation. This phenotype is tightly associated with the expression and activity of telomerase, possibly
through a TERT-mediated activation of ATM.
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suggests that, at the cellular level, there may be more commonalities between murine and human senescence than previously
appreciated.

Materials and Methods
Mouse. Mice were bred and maintained in our animal facility in accordance
with US National Institutes of Health guidelines. All animal experiments were
approved by the National Cancer Institute and Animal Care and Use Committees and carried out according to the National Institutes of Health Guide
for Care and Use of Laboratory Animals (69).
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Cell Lines and Cell Culture. Fig. 1A shows the strategy used in the breeding of
Tert+/− mice. Ear skin explants (1- to ∼2-mm2 pieces) from control normal C57
BL/6 (NB6) or from the 26th generation of juvenile Tert+/− crossed mice were
excised, placed in a 100-mm dish, and cultured in DMEM (#12-614Q; Lonza)
supplemented with 2 mM glutamine (#25-005-CI; Corning) and 10% FBS
(#97068-085; VWR) at 37 °C in a humidified atmosphere of 5% CO2. The
normal human skin fibroblast (AG11651) was bought from the Coriell Institute
and cultured as the same condition as mouse fibroblast. When fibroblasts had
reached confluence in the dish, the explant was removed, and the cells were
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