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Abstract

Inactivation of mammalian telomerase leads to telomere attrition, eventually culminating in
uncapped telomeres, which elicit a DNA damage response and cell cycle arrest or death. In some
instances, telomerase modulation evokes a response not obviously attributable to changes in telomere
length. One such example is the suppression of the DNA damage response (DDR) and changes in
histone modification that occur upon repression of the telomerase reverse transcriptase, TERT, in
human primary cells [1]. Here, we evaluate the contribution of TERT to the DDR in murine
Tert ™/~ cells without critically shortened telomeres. We treated mTert ™~ embryonic stem (ES) cells
and murine embryonic fibroblasts (MEFs) with etoposide and irradiation, and assessed the status of
p53PS15 53BP1, ATMPS198L SMC1PS957 and yH2AX by indirect immunofluorescence or western
blotting. In four independently derived mTert/~ ES cell lines, there was no significant difference in
the induction of yH2AX, 53BP1 foci formation, or the phosphorylation of ATM targets (ATM,
SMC1, p53) between wildtype and mTert”~ ES cells and MEFs. A slight difference in post-
translational modification of histones H3 and H4 was observed in a subset of mTert '~ ES cells,
however this difference was reflected in the cellular levels of H3 and H4. Thus, in contrast to previous
studies in human cells, the absence of Tert does not overtly affect the ATM-dependent response to
DNA damage in murine cells.

Introduction

Telomerase, a unique cellular reverse transcriptase present in most eukaryotes, plays a crucial
role in the replenishment of eroded telomeres, which occur as a by-product of the replication
of chromosome termini [2,3]. Purified human telomerase consists of a telomerase reverse
transcriptase (TERT), an integral RNA component (TR), and an associated subunit dyskerin
[4,5]. TERT reverse transcribes a simple G-rich hexanucleotide sequence (TTAGGG in
mammals) onto the 3’ end of chromosomes using TR as an internal RNA template [6]. The
accessibility of telomerase to the telomere is regulated; in the budding yeast Saccharomyces
cerevisiae, telomerase recruitment occurs in late S and G2 phases of the cell cycle [4]. In
addition to a role in modulating access to the telomere, several telomere-associated proteins
serve to protect chromosome ends from inappropriate recognition as a DNA break; these
include Cdc13/Stn1/Tenl in S. cerevisiae, and the shelterin complex in mammals (TRF1,
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TRF2, TIN2, TPP1,POT1, and Rapl) [4,7-9]. TRF1 acts to repress ATM-dependent signaling,
and POT1 represses an ATR-dependent DNA damage response at the telomere [10,11]. In the
ciliate Tetrahymena thermophila, POT1 also appears to play a role in chromosome end
protection similar to humans [12]. In Arabdopsis thaliana POT1 plays a slightly different role,
and appears to coordinate length regulation via an association with telomerase [13,14]. Even
in the absence of environmental or replication-induced DNA damage, a transient activation of
the DNA damage response at the telomere in G2 appears necessary to permit access of
telomerase and telomere-processing activities essential to end protection [15,16].

In most cell types without telomerase activity, telomere erosion eventually results in “critically
short” termini that elicita DNA damage response and permit end-to-end fusions [17]. The latent
induction of the DDR after sufficient telomere erosion is highly conserved from yeast to
humans [18-25]. The definition of a “critically short’ telomere is likely cell-context dependent.
In primary human cells, measurement of the XpYp and 17p telomeres reveals that the majority
of chromosome ends contain between 0-12.8 telomeric DNA repeats at senescence; rarely,
fused ends had lost more than a kilobase of terminal DNA in a manner consistent with
previously documented ‘telomere rapid deletion’ events [26-30]. The hallmarks of a damaged
telomere (whether via uncapping or telomere erosion) include activation of p53-, ATM- and
ATR-dependent targets, and recruitment of phosphorylated H2AX (yH2AX) and 53BP1 [31-
34]. Similar to mammalian cells, in S. cerevisiae critically shortened telomeres coincide with
the onset of a DDR and increased genome instability, including gross chromosomal
rearrangements [35-39]. The concomitant genomic instability that arises in the presence of
damaged telomeres has been suggested to be a driving force during human tumorigenesis
[40,41].

Despite unequivocal evidence for the physiological function of telomerase in chromosome end
maintenance, other potential roles for telomerase have emerged [42]. In S. cerevisiae,
overexpression of the genes encoding the telomerase RNA, TLC1, or telomerase reverse
transcriptase, EST2, suppress the temperature or damage-induced sensitivity of rad504,
yku804, xrs24, and mre11' strains [43,44]. In yku804 cells, the suppression of temperature
sensitivity by EST2 or TLC1 did not overtly affect overall telomere length [44]. In mice,
overexpression of Tert in the skin leads to reversible neoplastic changes, increased wound
healing, and stimulation of hair growth [45-48]. In neuronal cells, TERT (but not telomerase
RNA) overproduction protects cells from stress-induced apoptosis [49-51] and, conversely,
early generation (G1) mTert ™~ MEFs are sensitive to apoptosis after treatment with
staurosporine or N-methyl-D-aspartic acid [52]. TERT induction also leads to changes in
cellular proliferation and expression of growth-promoting factors in primary human cells
[53], and stimulates the tumorigenic potential of cells that already possess a telomerase-
independent means of telomere length maintenance [54]. Since TERT is normally expressed
at very low levels in primary cells, it remains unclear whether the phenotypes associated with
TERT overexpression reflect a physiological role related to telomere maintenance. For
example, the hair overgrowth in mTert transgenic animals is unaffected in a background lacking
the telomerase RNA (mTerc ") [45]. In contrast, the dermal hyperplasia associated with
mTert overexpression is attenuated in an mTerc™~ background, despite the absence of overt
differences in telomere length [55].

Inhibition of telomerase, on the other hand, frequently results in latent phenotypes consistent
with a role in telomere integrity. For example, mice lacking one or both copies of mTert or
mTerc are initially normal, however progressive telomere attrition eventually leads to end-to-
end fusions, chromosome instability, infertility and loss of cell viability in various tissues
[56-61]. Similarly, haploinsufficiency of human TERT or TR leads to aplastic anemia and
dykeratosis congenita, which are associated with bone marrow failure and short telomeres
[57,62-71]. Although inhibition of hTR in some human cancer cell lines elicits an immediate
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apoptotic response without detectable changes in telomere integrity, one study suggests these
effects appear dependent upon the telomere-elongation activity of telomerase [72,73]. In
addition to the examples mentioned above, another recent study suggests a role of TERT in
the DNA damage response independent of measurable effects on telomere maintenance [1].
Targeted degradation of h TERT mRNA results in a decreased DDR after treatment with
irradiation and etoposide in two human fibroblast cell lines, without a noticeable effect upon
telomere length [1]. In addition, the suppression of " TERT also induces changes in nucleosomal
packaging, including post-translational modification of histones H3 and H4, suggesting that
hTERT itself might modulate the DDR at telomeres via effects upon chromatin remodeling
[1]. In mice, however, loss of the telomerase RNA component does not sensitize animals or
cells to ionizing irradiation [74]. These results prompted us to test whether the loss of Tert in
mice might specifically affect the ATM-dependent response to exogenous DNA damage.

Results and Discussion

To avoid the complication of critically shortened telomeres on induction of the DDR, we
analyzed the DDR in MEFs and ES cells lacking mTert that had not undergone significant
telomere erosion, as judged by a robust telomeric DNA signal at chromosome ends, and the
lack of detectable genome instability or chromosome end-to-end fusions [61,75,76].

For the analysis of MEFs, we chose two independently derived mTert/~ MEF lines at early
passage (mTert’~aand mTert”~ b, passage 2-5) whose telomere lengths were slightly shorter
than an mTert wildtype cell line, but did not exhibit an increase in genetic instability or end-
to-end fusions relative to wildtype cells (Fig. 1A and data not shown). We tested whether
mTert "~ MEFs exhibited any difference in the DDR upon treatment with 15 pg/mL etoposide
(a topoisomerase 11 inhibitor) or 3 Gy gamma irradiation (Fig. 1B, C). At every timepoint
analyzed after irradiation, both mTert™~ cell lines exhibited a similar induction of
ATMPS198I (data not shown), p53BP1, and yH2AX foci compared with wildtype cells (Fig.
1C). Quantification of the 53BP1 foci revealed no difference in the percentage of cells
containing five or more foci between genotypes (Fig. 1B, and data not shown). Similar
observations were noted at other doses of irradiation and etoposide (data not shown). In human
and murine cells, yH2AX is enriched at short telomeres [31,32,34,77], and this recruitment is
suppressed by ectopic hTERT expression [31]. However, we also observed no apparent
difference in the overlap of yH2AX at telomeres in mTert /= MEFs compared with wildtype
MEFs (data not shown). Thus, we conclude that the absence of mTert in MEFs without critically
shortened telomeres does not alter the extent of induction, or temporal regulation, of foci
containing 53BP1 or yH2AX in response to two different types of DNA damage.

Given that the response to DNA damage may differ between cell types, we also examined four
mTert ™~ ES cell lines for their response to exogenous DNA damaging agents. Two ES cell
lines heterozygous for mTert were independently generated via integration of an mTert
disruption cassette [75,76]. From each heterozygous line (A, B), two nullizygous mTert lines
were then selected via incubation at increased concentrations of G418 (cell lines 1, 2 derived
from line A, and lines 3, 4 derived from line B) [75,76]. Although each mTert”~ ES cell line
exhibited slightly different telomere length distributions (and all were shorter than wildtype
ES cells), all lines contained <0.5% telomere signal-free ends and one or zero end-to-end
fusions per metaphase preparation (Fig. 2A, data not shown). In addition, the cell growth and
cell cycle profiles (by FACS analysis of asynchronous populations) were indistinguishable for
all five genotypes (wt, and mTert ™~ lines 1-4, data not shown). Cell lines heterozygous for
mTert exhibited no differences in the DDR relative to wildtype ES cells (data not shown).
Quantitative analysis of four mTert /= ES cell lines showed a robust induction of yH2AX after
treatment with irradiation or etoposide, and no significant difference compared to wildtype
cells (Fig. 2B and 2C, p>0.2 see Materials and Methods for statistical methods). Indirect
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immunofluorescence of yH2AX in mTert '~ ES cells after irradiation and etoposide treatment
was also performed (but not quantified due to poor foci resolution in ES cells) and no overt
differences were noted compared with wildtype ES cells (data not shown). Consistent with
these findings, we observed no significant difference in the ability to phosphorylate three other
ATM targets in response to DNA damage: ATM (pS1981), SMC1 (pS957), and p53 (pS15)
(Fig. 2C). We also noted no difference in the response of mTert/~ cell lines to hydroxyurea,
or in the phosphorylation of another ATM target, Chk1 (pS317), upon treatment with
hydroxyurea, etoposide, or irradiation (data not shown).

In human fibroblasts expressing sShRNAs against hTERT, the suppression of an ATM-
dependent response was accompanied by alterations in certain histone post-translation
modifications, such as a decrease in dimethylated H3K9 (dmH3K9) and acetylated H4
(AcH4K12), and an increase in acetylated H3 (AcH3K?9) [1]. Upon normalizing to total H3
and H4 levels, we observed no consistent difference between mTert ™~ ES cell lines in H3 or
H4 post-translational modifications relative to wildtype cells (Fig 2D) (at 5 Gy irradiation,
mTert ™~ line 1 exhibited a slight reduction in acetylated H3K9, p<0.05, and mTert ™/~ lines 2—
4 a slight reduction in dimethylated H3K9, p<0.05). Thus, we cannot conclude with any
statistical confidence that there exists a difference in the relative induction of these histone
modifications in response to DNA damage.

In conclusion, we do not find a role of murine Tert in the ATM-dependent response of
fibroblasts and embryonic stem cells to exogenous DNA damage. Our data is in agreement
with Wong et al., who observed an enhanced mortality in mTerc-deficient animals after
exposure to irradiation only when telomeres became critically short, and not in early

mTerc ™/~ generations [74]. By analogy, it is possible the recently reported sensitivity of early
generations of mTert-deficient MEFs to staurosporine and NMDA may not be the direct result
of increased sensitivity to reactive oxygen species released during apoptosis [52]. The complete
disruption of mTert does not mimic the effects upon the DDR observed in human cells
expressing sShRNA againsthTERT [1]. This difference could be reflected in the two approaches:
shRNA and gene disruption each has potential disadvantages, namely non-specificity and
adaptation, respectively. It is also plausible to suppose a species-specific difference in the DDR
upon telomerase suppression between murine cells and human cells. Differences in the
response between murine and human cells to telomere dysfunction have been previously
described [78]. More generally, murine embryonic stem cells also do not possess a canonical
G1 checkpoint and are inherently hypersensitive to DNA damage [79-82]. Thus, the
attenuation of the ATM-dependent DDR in the absence of TERT appears unconserved across
mammalian species [1].

Materials and Methods

Cell Lines and Telomere Length Analysis

Murine embryonic fibroblasts (MEF; C57BL/6J mTert/~ and wild-type) were derived
according to standard protocols from 13.5-day-old embryos whose parents were G10-
mTert*~ (i.e. after 10 generations of breeding between +/— and +/+) [83]. The wildtype and
mTert/~ MEFs used in this study were not immortalized (e.g. were used between passages 3—
5). Telomere length was measured using quantitative fluorescence in situ hybridization (Q-
FISH) (Fig. 1A) [84,85]. Embryonic stem cells (wildtype, mTert*~, mTert /") have been
previously described and characterized [75,76]. In this study, mTert”~ ES cells were used
between passages 25-30, at which time >99% chromosome ends possessed detectable
telomeric DNA as measured by Q-FISH (Fig. 2A and data not shown).
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DNA Damage

For environmental damage, cells were irradiated with 3, 5, 8 or 10 Gy and incubated for the
indicated times at 37°C (1 hr, unless otherwise indicated). For replicative damage, cells were
treated with hydroxyurea (2.5 mM) or etoposide (indicated dose) for 1 hour at 37°C. For
western analysis, cells were lysed in radio-immunoprecipitation assay (RIPA) buffer (7 M urea,
2 M thiourea, 1% C7Bz0O, 40 mM Tris-HCI pH 7.5, 1 mM NazgVO,, 10 mM NaF) and 50 pug
(histones) or 100 pg (p53-pS15, SMC1-pS957, ATM-pS1981) total protein was analyzed in
each sample. After resolution on a 16% (histones), 4-12% (p53-pS15, SMC1-pS957) or 3-8%
(ATMpS1981) wiv acrylamide gel (Invitrogen) and transfer to PVDF membrane (Invitrogen),
blots were incubated with two or more of the following primary antibodies in TBST (Tris-
buffered saline containing 0.1% Tween-20): rabbit anti-actin (Sigma-Aldrich), murine anti-y-
tubulin (Sigma-Aldrich), rabbit anti-H2AX (Novus), mouse anti-yH2AX, rabbit anti-dimethy!|
H3 (K9), rabbit anti-acetyl H3 (K9), rabbit anti-acetyl H4 (K12), murine anti-H3, and rabbit
anti-H4 (Upstate Biotech), rabbit anti-p53 (Santa Cruz Biotechnology), rabbit anti-p53-pS15,
mouse anti-SMC1-pS957 (Cell Signaling) and mouse anti-ATMpS1981 (Rockland
Immunochemical Inc.). Immunoblots were incubated with a 1:15,000 dilution of IRDye680-
conjugated anti-rabbit IgG and/or IRDye800CW-conjugated anti-mouse 1gG for 1 hour at room
temperature, then scanned and quantified on a Licor Odyssey Infrared Imaging System (LI-
COR Biosciences, Lincoln, Nebraska).

Image Quantification and Statistics

For each set of treatment conditions exhibited in Figures 2 and 3, numerous replicates were
carried out for all five respective genotypes (n=4-7). Individual sample values were normalized
via the ratio difference between the actin (or tubulin) average (across all 5 genotypes) and raw
intensity value in each lane. Between blots, sample values were similarly normalized against
the wildtype ‘normalized” values (hence the slightly lower standard deviation attributed to all
wildtype samples). To calculate statistical significance, a one-way ordinary ANOVA (across
all 5 cell lines) was performed on the ratio of each histone modification (H2AX, H3, or H4)
relative to total protein levels for each treatment condition. Except where noted in the text, the
ANOVA analysis failed to detect a significant difference between mTert ™~ lines and wild-type
cells. ANOVA is preferable to a student’s t-test because it takes into account the unequal
variation across all five genotypes, and reduces the likelihood of statistical errors when
comparing many different treatment groups.

Immunofluorescence

MEFs (mTert ™~ and wild-type, at passage 5) were grown on chamber slides and fixed with
100% v/v ice-cold methanol for 10 minutes at —20°C. Fixed cells were incubated with primary
antibodies overnight at 4°C, followed by the appropriate fluorochrome-conjugated secondary
antibody for 1-2 hours at room temperature and mounted in Vectashield with DAPI (Vector
Laboratories, Inc.). Images were captured on a Leica microscope with Volocity acquisition
software (Improvision Inc.). Cells were scored positive if they displayed 5 or more discrete
foci of 53BP1. At least 100 cells were analyzed for each treatment. Primary antibodies used
were rabbit anti-53BP1 (Cell Signaling, at 1/1000 dilution) and mouse anti-yH2AX (Upstate
Biotechnology, at 1/4000 dilution), and secondary antibodies included Alexa Fluor 546 goat
anti-rabbit 1gG and Alexa Fluor 488 donkey anti-mouse 1gG (Invitrogen, at 1/1000 dilution).
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Fig. 1. The DNA damage response in two independently derived mTert™~ MEF cell lines
(A) Quantitative telomeric FISH (Q-FISH) analysis of wild-type (black), mTert™~ cell line
a” (grey), and mTert™'~ cell line “b” (light grey) MEFs, at passage 3 after isolation. Each
mTert~ MEF line was derived from an embryo from different parents (see Materials and
Methods). Y-axis, events per category (where each ‘event’ is a metaphase telomere), and x-
axis, telomere signal intensity in arbitrary fluorescence units. Each histogram represents the
accumulation of data for 1600 chromosome ends (400 metaphase chromosomes). For
consistency, all samples in the same diagram were prepared and analyzed in the same
experiment, along with a standardized control sample from a wildtype C/57BI6 animal to
monitor reproducibility between experiments. (B) Quantification of the percentage of cells in
which >5 distinct 53BP1 foci were observed (see Materials and Methods), in each genotype,
and as shown in panel C. At least 100 cells were counted for each sample. (C) Indirect
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immunofluorescence of cells treated with 3 Gy irradiation (genotype as indicated as above),

at passage 5 after isolation. From left to right under each genotype: DAPI (blue) and YH2AX
(green), DAPI (blue) and 53BP1 (red). The time at which cells were fixed post-irradiation is
indicated at left.
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Fig. 2. Induction of yH2AX after DNA damage in wildtype and mTert™~ ES cells

(A) Q-FISH analysis of wild-type (black), two mTert~ ES cell lines derived from one
mTert*’~ founder ES cell line A (1, 2; dark grey), and two mTert/~ ES cell lines derived from
an independently derived mTert*/~ founder ES cell line B (3, 4; light grey). Each histogram
represents the accumulation of data for 1600 chromosome ends (400 metaphase chromosomes).
The mean telomere signal intensity is indicated with an arrow. Y-axis, events per category,
and x-axis, telomere signal intensity in arbitrary fluorescence units. (B) The same ES cell lines
as in Fig. 2A were exposed to the indicated treatment, and the lysates examined by western
blotting for the levels of alpha-actin (upper panel), yYH2AX (middle panel), and H2AX (lower
panel). One representative western blot of at least n=4 replicates is shown. (C) Quantitative
analysis of n=4-7 replicates for each treatment and genotype as in panel B, as described in
Materials and Methods. On the y-axis, each horizontal line marks 0.2 arbitrary units; maximum
y-axes values are kept constant within a particular treatment. (D) The same ES cell lines as in
A were examined for the induction of ATMPS1981 (2nd panel), SMC1PS957 (34 panel) and
p53PS15 (Jower panel) after treatment with etoposide and irradiation, and normalized to gamma-
tubulin (top panel) in a manner similar to Fig. 2B. One representative western blot of n=3-5
is shown. The total cellular levels of p53 remained unaltered before or after DNA damage in
all genotypes (data not shown). (E) Quantitative analysis of n=3-5 replicates for each treatment
and genotype as in panel D. On the y-axis, each horizontal line marks 2 arbitrary units;
maximum y-axes values are kept constant within a particular treatment.
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Fig. 3.

(A) The levels of di-methylated H3K9 (panel b), acetylated H3K9 (panel c), were normalized
to actin (panel a) and total H3 (panel d), and the levels of acetylated H4K12 (panel e),
normalized to actin and total H4 (panel f) after the indicated treatments in wildtype and four
mTert ™~ ES cell lines. One representative western blot (of n=4-7) is shown. (B) Quantitative
analysis of the histone modifications, a representative blot of which is shown in panel A. The
asterisks indicate treatment conditions that demonstrated a statistically significant decrease in
modified histone H3 (normalized to total H3) in mTert/~ ES cell lines compared to wildtype
cells (p<0.05).
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