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ABSTRACT

Telomeres maintain the integrity of chromosome
ends and telomere length is an important marker of
aging. The epidemiological studies suggested that
many types of stress including psychosocial stress
decrease telomere length. However, it remains un-
known how various stresses induce telomere short-
ening. Here, we report that the stress-responsive
transcription factor ATF7 mediates TNF-a—induced
telomere shortening. ATF7 and telomerase, an en-
zyme that elongates telomeres, are localized on
telomeres via interactions with the Ku complex. In
response to TNF-a, which is induced by various
stresses including psychological stress, ATF7 was
phosphorylated by p38, leading to the release of
ATF7 and telomerase from telomeres. Thus, a de-
crease of ATF7 and telomerase on telomeres in re-
sponse to stress causes telomere shortening, as ob-
served in ATF7-deficient mice. These findings give
credence to the idea that various types of stress
might shorten telomere.

INTRODUCTION

Telomeres, which consist of tandem TTAGGG repeats and
are associated shelterin multi-protein complex, maintain
the integrity of chromosome ends during cell division (1,2).
In most somatic cells, telomere length shortens with each
cell division and is therefore an important marker of ag-
ing (3). Telomeres can be elongated enzymatically by telom-
erase, a complex consisting of a catalytic subunit (TERT)

and an RNA subunit, which counterbalances the effects of
cell division (1,2,4). Telomere shortening and telomerase
mutations are associated with various human diseases, such
as cancers and dyskeratosis congenita (5), as well as changes
in cellular metabolism (6). Several types of stress decrease
telomere length: exposure to psychosocial stress is associ-
ated with telomere shortening (7); prenatal stress exposure
causes shorter telomere length later in life (8); and oxidative
stress shortens telomeres (9). However, it remains unknown
how various stresses induce telomere shortening.

In the yeast Saccharomyces cerevisiae, the Ku complex, a
heterodimer of Ku70 and Ku80 subunits, directly interacts
with the telomerase RNA subunit TLC1 (10), which affects
the association of TERT (Est2 in yeast) with telomeres when
they are normally elongated in late S/G2 phase (11). Fur-
thermore, yeast Ku loads onto telomeres (12), and it was
shown that Ku recruits telomerase to telomere in S. cere-
visiae (13). On the other hand, the role of Ku in the regula-
tion of telomere length has not been demonstrated as clearly
in vertebrates as in yeast. Human Ku is associated with hu-
man TERT (hTERT) (14) and telomeres (15), and condi-
tional loss of human Ku80 causes massive telomere loss in
the human cell line HCT116 (16). However, conflicting re-
sults have been published regarding telomere shortening in
Ku70 or Ku80 knockout mice. Telomere shortening in Ku70-
or Ku80-deficient cells was observed by one group (17), but
another group observed no telomere shortening in Ku80-
deficient MEFs (18). Thus, the role of Ku in the regulation
of telomere length in mammals remains unclear.

We speculated that ATF7, a stress-responsive chromatin
regulator, could be involved in stress-induced telomere
shortening. ATF7 is a vertebrate member of the ATF2
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subfamily of transcription factors, which belong to the
ATF/CREB superfamily of proteins; these proteins are
characterized by the presence of B-Zip DNA-binding do-
mains (19-21). The ATF2 proteins are phosphorylated
by p38 in response to environmental, oxidative, psycho-
logical, and nutritional stress, as well as pathogen infec-
tion (22,23). In the absence of stress, ATF7 silences tran-
scription of target genes, such as the gene encoding sero-
tonin receptor 5b, by recruiting the ESET/SET-DBI his-
tone H3K9 trimethyltransferase to promote formation of
a heterochromatin-like structure (24,25). Social isolation, a
kind of psychological stress, can induce ATF7 phosphory-
lation by p38 in the brain, possibly by elevating the levels of
inflammatory cytokines (e.g., TNF-a) in the periphery (24).
ATF7 phosphorylation causes release of ATF7 and ESET
from their target genes, leading to transcriptional activa-
tion. In mouse macrophages, ATF7 also silences a group
of genes involved in innate immunity by recruiting the his-
tone H3K9 dimethyltransferase G9a (26). Pathogen infec-
tion induces ATF7 phosphorylation via the Toll-like recep-
tors (TLRs)/p38 pathway and releases ATF7-G9a from tar-
get genes, leading to transcriptional activation and long-
term maintenance of the higher basal expression levels.
Drosophila ATF2 (dATF2) and yeast Schizosaccharomyces
pombe Atfl are orthologs of ATF7, and both of these
proteins contribute to heterochromatin formation (27,28).
Environmental stresses, such as heat shock or osmotic
stress, induce dATF2 phosphorylation and cause release of
dATF2 from heterochromatic structures, leading to an in-
heritable disruption of heterochromatin (27).

Recently, we found that in utero TNF-a treatment in-
duces telomere shortening in various tissues of adult mice
in the ATF7-dependent manner (29). Here, we have further
analyzed the mechanism of TNF-a-induced and ATF7-
dependent telomere shortening. Loss of ATF7 shortens
telomere length in mice and that ATF7 and telomerase are
localized on telomere via binding to the Ku complex. Fur-
thermore, TNF-a treatment induces a release of ATF7 and
telomerase through ATF7 phosphorylation by p38, result-
ing in telomere shortening.

MATERIALS AND METHODS
Mice

Mice were maintained under specific pathogen-free condi-
tions on a 12 h light-dark cycle and fed a normal diet (CE-2
from CLEA Inc., composed of 12 kcal% fat, 29 kcal% pro-
tein and 59 kcal% carbohydrates) (Nestle Purina). Congenic
Atf7/-, Tert/~, and Ku70~/~ mice in the C57BL/6 genetic
background were described previously (24,30,31). Experi-
ments were conducted in accordance with the guidelines of
the Institutional Animal Care and Use Committee of the
RIKEN Tsukuba Branch and the National Institute of Ra-
diological Sciences.

Preparation of MEFs

Mouse embryonic fibroblasts (MEFs) were prepared from
E14.5 embryos from WT and G2 At#f77/~ mice in the
C57BL/6 genetic background. TNF-a (20 pg/kg weight)
was intraperitoneally administered to pregnant mice daily

from E2.5 to E14.5. Congenic Tert /- mice in the C57BL/6
genetic background (30) were interbred, and MEFs were
prepared from E14.5 embryos from G4 Tert/~ mice. Con-
genic Ku70*/~ mice in the C57BL/6 genetic background
(31) were interbred, and WT and Ku70/~ MEFs were pre-
pared from E14.5 embryos.

Cells, ATF7 or Ku70 knockdown, and TNF-« treatment

MEFs, HeLa S3 cells, and Ku70~7~ mouse lung epithelial
(MLE) cells (32) were used. ATF7 or Ku70 knockdown was
performed using siRNA or lentivirus expressing shRNA
(Supplementary Table S1). For telomere length analysis,
HeLa cells were cultured for a further 14 days with or with-
out daily TNF-a (100 ng/ml) treatment after knockdown
of ATF7 or Ku70.

Metaphase analysis to detect end-to-end fusion

MEFs were treated as Q-FISH and stained with modified
giemsa stain solution GS500 (Sigma).

Measurement of telomere length

Telomere length of MEFs and HeLa cells were was analyzed
by Q-FISH, real-time PCR, and TRF (Telomere Restric-
tion Fragment) assay. Q-FISH and image analysis were per-
formed as described previously (33,34). A real-time quanti-
tative PCR method previously described (35,36) was used.
TRF (Telomere Restriction Fragment) assay was performed
using the standard assay using 3*P-labeled oligonucleotide
telomeric probes (Supplementary Table S1).

ATF7 complex purification

The complex was purified essentially as described previ-
ously (37). Nuclear extracts were prepared from HelLa S3
cell clone expressing Flag/HA-tagged ATF7, and the ATF7
complexes were immunopurified using anti-Flag and anti-
HA antibodies. The purified proteins were analyzed by mass
spectrometry.

Analysis of phosphorylation of ATF7 and p38 in response to
TNF-a

After media on HeLa S3 cell cultures was replaced with
fresh medium, the p38 inhibitor SB203580 (20 wM) was
added. Two hours later, the cells were treated with TNF-
a (100 ng/ml) for the indicated period. Cells were washed
with cold PBS three times, and nuclear extracts were pre-
pared according to the Dignam method (38). ATF7 and p38
were detected by western blotting using anti-ATF7 (1A7),
anti-pATF7 (#9225, CST), anti-p38 (#9212, CST), anti-
phospho-p38 (#9211, CST),

Identification of endogenous human TERT

We (Masutomi and colleagues) generated a series of anti-
hTERT monoclonal antibodies (mAb) by immunizing mice
with a recombinant truncated version of hTERT (amino
acids 304-460), and two of them (mAb 10E9-2 and 2E4-2)



were used in this study. Validation of the specificity of mAb
10E9-2 for immunoprecipitation was previously described
(39). To test the specificity of mAb 2E4-2 for the western
blotting, we expressed ATERT-specific siRNAs (40). Ex-
pression of these siRNAs eliminated the signal (Supple-
mentary Figure S7), indicating that the signal corresponds
to endogenous hTERT. HeLa S3 cells were lysed by mild
sonication in 1 ml of Lysis buffer (20 mM Tris—HCI [pH
7.4], 0.5% NP-40, 150 mM NaCl, Protease Inhibitor Cock-
tail [Sigma]). Lysates were immunoprecipitated with anti-
hTERT mAb 10E9-2 followed by addition of protein A-
Sepharose (GE Healthcare). The beads were washed five
times with lysis buffer. Immunocomplexes were resolved
on 8% SDS polyacrylamide gels and analyzed by west-
ern blotting with anti-hTERT mAb 2E4-2 and mouse IgG
TrueBlot® Ultra (Rockland). In some cases, HeLa S3 cells
were transfected with siRNA against hTERT; 5 days later,
cell lysates were prepared and immuno-precipitated, fol-
lowed by western blotting, as described above.

Co-immunoprecipitation of the ATF7/Ku/TERT complex

Lysates from HelLa S3 cells stably expressing Flag-ATF7
were immunoprecipitated using anti-Flag. Immunocom-
plexes were analyzed by western blotting with anti-ATF7,
anti-Ku70, anti-Ku80, anti-TERT monoclonal antibody
2E4-2, or anti-Suv39hl antibodies. In the two-step co-
immunoprecipitation, Flag-ATF7 complexes were first im-
munoprecipitated with anti-Flag. After elution with Flag
peptide, the second immunoprecipitation was performed
using anti-TERT monoclonal antibody 10E9-2.

ChIP /slot-blot hybridization

After MEFs, HeLa S3 cells, or MLE cells were crosslinked,
chromatin was solubilized, and DNA was sheared by son-
ication. Immunoprecipitation was carried out with anti-
ATF7, anti-Ku70, anti-Ku80, anti-TERT mAb 10E9-2,
anti-histone H3, anti-histone H3 K9me3 or anti-Suv39hl
antibodies. DNA was purified from immunocomplexes,
and blotted. Hybridization was done using the **P-labeled
telomeric and Alu probes.

Statistics

We used the Mantel—Cox log-rank test to calculate the sta-
tistical significance (P value) of differences between sur-
vival curves. Results of Q-PCR, qRT-PCR, TRAP assay,
ChIP/slot-blot hybridization, and q-ChIP are presented
as means =+ standard deviation (SD). Differences between
groups were examined for statistical significance using Stu-
dent’s ¢-test. In Q-FISH assay, Fisher’s Z test was used for
comparisons of relationships.

All Materials and Methods are described in detail in Sup-
plementary Data.

RESULTS
Telomere shortening in ATF7-deficient mouse cells

To test whether ATF7 affects the telomere length, we com-
pared the telomere lengths of mouse embryonic fibroblasts
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(MEFs) prepared from WT and G2 A¢f7/~ mice. To mini-
mize mouse-to-mouse variation, telomere length was mea-
sured in three independent MEFs obtained from three inde-
pendent pregnant mice in all experiments. The results ob-
tained using three different methods, namely, quantitative
real-time PCR (Q-PCR), quantitative fluorescence in situ
hybridization (Q-FISH), and telomere restriction fragment
(TRF) analysis, indicated that telomere length was shorter
in Atf7”/~ MEFs than in WT MEFs (Figure 1A, C and E;
Supplementary Figure S1). The Q-FISH data, which were
the most reliable quantitative data, indicated that telom-
ere fluorescence intensity (TFI) was 14.1% lower in A¢f7/~
MEFs than in WT cells. Telomeres showed progressive
shortening with increasing generation time in telomerase
RNA mutant mice, mTR (41), while Q-PCR and Q-FISH
analyses showed that there was no difference in the telomere
length of MEFs of G1 (data not shown), G2 and G12 mice
(Supplementary Figure S2), indicating that the generation-
dependent shortening did not occur in Atf7 /- mice. This
difference could be due to the maintenance of normal levels
of telomerase expression in A¢f7~/~ mice (see Discussion).

TNF-a—induced and ATF7-dependent telomere shortening in
MEFs

To investigate the role of ATF7 in stress-induced telomere
shortening, the telomere lengths of WT and Atf7/~ MEFs
prepared from pregnant mice treated by daily injection of
TNF-a from embryonic day (E) 2.5 to E14.5 were com-
pared. TNF-a is induced by both psychological stress and
pathogen infection (42); TNF-« in turn induces phospho-
rylation of p38 and ATF7 (24). We showed tat TNF-«, at
the dose used, induced several TNF-a—inducible mRNAs,
including Cxcll10, Cxcl9, NF-k B p65 and Cdi4, in the liver
as reported previously (43) (Supplementary Figure S3A).
The results obtained by Q-PCR, Q-FISH and TRF anal-
yses indicated that telomeres were shorter in MEFs pre-
pared from TNF-a-injected mice than in control (i.e. un-
treated) MEFs (Figure 1A, C and E; Supplementary Fig-
ure S1). TFI measured by Q-FISH was 9.3% lower in
MEFs prepared from TNF-a—injected mice than in control
MEFs. However, such TNF-a-induced decrease was not
observed in A¢f7/~ MEFs; in fact, telomeres were longer
rather than shorter in TNF-a-treated A¢/7/~MEFs than
in untreated controls of the same genotype. MEFs from
Tert”/~ mice were used as a control. Telomere length analy-
sis using three different methods indicated that MEFs from
fourth-generation 7ert”/~ mice had shorter telomeres than
WT MEFs, and TNF-a did not affect telomere length in
Tert’~ MEFs (Figure 1B, D and F; Supplementary Fig-
ure S3B-E). This suggested that TNF-a—induced telomere
shortening is telomerase-dependent.

Loss of telomerase RNA in mice is associated with an
increase in the frequency of chromosomal fusions and the
lack of detectable TTAGGG signal on some chromosomes
(44,45). We have also examined whether A#f7/~ MEFs ex-
hibit similar abnormalities. The frequency of chromoso-
mal fusions in A¢f7/~ MEFs (0.64 per metaphase) was 2.7-
fold higher than that in WT MEFs (Figure 2). In addition,
no TTAGGG signal was detected on 1.57% of the chro-
mosomes from Atf7/~ MEFs, which is 4.9-fold higher fre-
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Figure 1. ATF7 is required for TNF-a—induced telomere shortening in MEFs. Telomere length of WT, A¢f7/~ or Tert/~ MEFs prepared from TNF-o—
treated or non-treated pregnant mice were analyzed by Q-PCR (A, B), Q-FISH (C, D), or telomere restriction fragment (TRF) assay using the G24 probe
(E, F). MEFs from G2 Atf7 /- mice and G4 Tert /~ mice were used. Three primary MEFs from independent pregnant mice were used. (A, B) Average T/S
ratio is shown £ SD. * < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. See Supplementary Figure S1A, B for control data. (C, D) Middle lines in the
colored boxes indicate medians; top and bottom edges, 25th and 75th percentiles; and whiskers, 10th and 90th percentiles. Note that data in Figure 2C and
D cannot be directly compared because those experiments were separately performed. See Supplementary Figure S1C, D for raw data. (E, F) In TRF assays
performed using mouse samples, the fragment detected was relatively long, and determination of the precise size was difficult. Therefore, the radioactivity
of each slice in each lane (slice number is shown on the right) was quantitated using Image Analyzer, and the position of mean radioactivity was calculated.
White bars indicate the position (slice number) of mean radioactivity in various samples: E, lanes 1-10; 47.2, 46.4, 49.6, 49.5, 52.0, 54.6, 42.0, 41.6, 58.7
and 57.7, respectively; F, lanes 1-4; 61.9, 61.3, 58.8 and 58.4, respectively. Note that we determined the position of mean length here, because the mouse
telomere size is big and hard to determine precisely, and also the purpose of this experiment is the comparison of telomere size.
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Figure 2. Loss of ATF7 increases the frequency of chromosomal fusions and the lack of detectable TTAGGG signal at the chromosome ends. (A)
Metaphase spreads derived from A¢f7/~ MEFs were examined for abnormal chromosome number. Arrows indicate the chromosomal fusion. (B) Telomere
FISH images of A¢f7 /- MEFs are shown. White arrows indicate the chromosomes which lack fluorescence signal at the chromosome end. (C) Summary
of cytogenetic observations and quantitative FISH data in WT and A#f7 /- MEFs. The frequency of chromosomal fusions and the lack of detectable
TTAGGG signal were examined using three independent WT and A4¢f7 7/~ MEFs obtained from three independent pregnant mice. The number of the
metaphase analyzed was 25, 22 and 20 (total 67) for WT MEFs, while 15, 15 and 14 (total 44) for A¢f7 /- MEFs. Average value is shown 4= SD. *P < 0.05;

**P < 0.01.

quency compared to that in WT cells (Figure 2). The as-
sociated appearance of chromosomal fusions and the loss
of telomere signal indicate that the loss of ATF7 leads to
telomere shortening and chromosome instability.

The TNF-a-induced telomere lengthening was observed
only in Atzf7/"MEFs, but not in WT cells. We have
analyzed this mechanism. Because it was reported that
TNF-a promotes nuclear import of TERT together with
NF-kB-p65 (46), TNF-a—induced telomere lengthening in

Atf7/"MEFs might have resulted from increased levels of
TERT in the nucleus. To test this, using the HA-tagged
TERT expression vector (47), TERT and NF-kB-p65 lev-
els were measured in nuclear and cytosolic fractions from
MEFs treated with TNF-a with HeLa cells as the control.
In MEFs, the nuclear translocation of both TERT and NF-
kB-p65 increased at 1 h after the addition of TNF-a, and
this increase was maintained at 2 h after TNF-a addition
(Supplementary Figure S4A). However, in HeLa cells, nu-



4492 Nucleic Acids Research, 2018, Vol. 46, No. 9

clear translocation of TERT was only slightly induced at
1 h after the addition of TNF-«a, and this induction was
not maintained at 2 h after TNF-a addition. These results
indicated that the enhancement of nuclear entry of TERT
induced by TNF-a treatment was more evident in MEFs
than in HeLa cells. Thus, in HeLa cells, TNF-a-induced
telomere lengthening, which might be caused by the TNF-
a-induced nuclear entry of TERT, may not be observed (see
below). The molecular mechanism underlying the differ-
ent degree of TNF-a-induced nuclear transfer of NF-kB-
p65 between MEFs and HeLa cells is unknown at present.
However, increasing evidences indicated that the TNF-« re-
sponsiveness varies among different cell types, which de-
pends mainly on the signaling pathway downstream of the
TNF-a receptor. For instance, it was shown that the level
of IKKy/NEMOA is much higher in HeLa S3 cells com-
pared to that in MEFs (48). IKKy /NEMOA binds to both
IKK-a and B, and inhibits the TNF-a-induced NF-kB ac-
tivation as a dominant-negative form. Such difference may
explain the weaker TNF-a responsiveness of HeLa S3 cells
compared to MEFs.

TNF-a—induced and ATF7-dependent telomere shortening in
HelLa cells

To test whether ATF7 also mediates TNF-a-induced
telomere shortening in human cells, we used HeLa cells,
in which the nuclear translocation of TERT induced by
TNF-a treatment was not evident. ATF7 in HeLa cells was
knocked down using siRNA (Figure 3A) or lentivirus ex-
pressing sShRNA (Supplementary Figure S4B), and telom-
ere length was measured by Q-PCR, Q-FISH, and TRF af-
ter culture for 14 days with daily TNF-a treatment. Sim-
ilar results were obtained using the three different meth-
ods, and TNF-a induced telomere shortening in control
HeLa cells but not in ATF7-knockdown cells (Figure 3B—
D and Supplementary Figure SSA-D). Unlike in the case
of Atf7/~MEFs, no telomere lengthening was induced by
TNF-a in ATF7-knockdown HelLa cells, which is consis-
tent with the observation that an enhancement of the nu-
clear translocation of TERT induced by TNF-a treatment
was not evident in HeLa cells (Supplementary Figure S4A).
After multiple passages, HeLa cells showed telomere short-
ening in ATF7-knockdown but not in control cells (Figure
3E and Supplementary Figure SSE and F).

Association of ATF7 with Ku70/80 and TERT

ATF7 recognizes the cCAMP response element (CRE: 5'-
TGACGTCA-3"), which is not localized at telomere repeats.
Our RNA expression data obtained in WT and A¢#f7/~ mice
indicated that ATF7 does not regulate the transcription of
genes involved in the regulation of telomere length (24,26).
To investigate a possible mechanism underlying the TNF-
a-induced and ATF7-dependent telomere shortening, we
first tested whether ATF7 regulates telomerase activity.
Analysis of telomerase activity using the TRAP (Telomeric
Repeat Amplification Protocol) assay in extracts from nor-
mal, ATF7-knockdown, and ATF7-overexpressing HelLa
cells showed no differences between the different cell types
(Supplementary Figure S6A). We then examined whether

TNF-a treatment induces replication fork stalling by mod-
ulating heterochromatin structure via ATF7, resulting in
telomere shortening. TNF-a treatment did not induce ATR
phosphorylation, a hallmark of replication fork stalling (49)
(Supplementary Figure S6B). This indicated that the effect
of TNF-a treatment on telomere shortening was not medi-
ated by the induction of replication fork stalling.

To understand how ATF7 regulates telomere length in
particular, we purified the ATF7 complex by two-step
immuno-purification, using anti-Flag and anti-HA anti-
bodies, from nuclear extracts prepared from HeLa cells
expressing Flag/HA-tagged ATF7. Mass-spectrometric
analysis of the purified ATF7 complex revealed that
it contained two subunits of the Ku complex, Ku70
and Ku80 (Figure 4A). Since human Ku is associ-
ated with TERT (14) and telomeres (15), we examined
the interaction of ATF7, Ku complex and TERT by
two-step co-immunoprecipitation. When lysates of HeLa
cells expressing Flag-ATF7 were immunoprecipitated with
anti-Flag-antibody, Ku70, Ku80 and TERT were co-
immunoprecipitated with Flag-ATF7 (Figure 4B, left). The
immune-complexes were released by Flag peptide, and im-
munoprecipitated with anti-hTERT monoclonal antibody
(mAb) 10E9-2 (39). We tested whether the anti-hTERT
mADbs 10E9-2 can really immunoprecipitate endogenous
TERT in HeLa cells. A 130 kD band was detected by im-
munoprecipitation of HeLa cell lysate with anti-hTERT
mADb 10E9-2 followed by immunoblotting with anti-hTERT
mAb 2E4-2, and this band was disappeared following ex-
pression of two kinds of siRNA against hTERT (Supple-
mentary Figure S7), indicating that it corresponds to en-
dogenous hTERT. Two subunits of Ku complex and Flag-
ATF7 were co-immunoprecipitated with TERT (Figure 4B,
right). These results demonstrated that ATF7, Ku70,/80 and
TERT form a complex (Figure 4B).

Ku70 and Ku80 are abundant proteins (50) and
are frequently contaminants during purification. There-
fore, we carefully tested whether the observed inter-
action between Ku proteins and ATF7 was specific.
When co-immunoprecipitation using anti-Flag antibody
was performed using HeLa cells expressing Flag-Ski co-
repressor under the same conditions of two-step co-
immunoprecipitation described above, Ku70/80 were not
co-immunoprecipitated (Supplementary Figure S§A), sup-
porting the idea that ATF7 interacts specifically with the
Ku complex. In addition, we used GST pull-down assays
to examine the ATF7-Ku interaction as described (51).
The results of binding assays using GST-ATF7 and HeLa
cell lysates containing endogenous Ku70 indicated that the
DNA-binding B-Zip domain of ATF7 binds to Ku70 (Sup-
plementary Figure S§B-D). To test whether ATF7 directly
binds to the Ku complex, EGFP-Ku70 was overexpressed in
293T cells, immune-purified using anti-GFP antibody, and
used for the GST pull-down assay. Results indicated that
EGFP-Ku70 bound to GST-ATF7-b-Zip, but not to GST
(Supplementary Figure S§E), indicating that the ATF7 di-
rectly interacts with the Ku complex. Furthermore, Ku70
bound to the B-Zip domain of ATF7 but not to that of
CREB (Supplementary Figure S9A and B), suggesting that
the Ku complex specifically interacts with the surface of
DNA-binding domain of the ATF7 dimer. In addition, the
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results of binding assays using GST-ATF7 and 293T cell
lysates with exogenously expressed EGFP-Ku70 fusion pro-
tein containing a series of C-truncated Ku70 (52) indicated
that the C-terminal 390 amino acid region of Ku70 is im-
portant for interaction with ATF7 (Supplementary Figure
S9C and D). This C-terminal region of Ku70 contains the
SAP (after SAF-A/B, Acinus and PIAS) domain, which is
thought to be involved in protein-protein interactions (53)
in addition to DNA binding (54), and the Ku core domain,
which is responsible for heterodimerization with Ku80 and
binding to free DNA ends (55). This suggests that ATF7
binds to the SAP domain of the Ku heterodimer.

When Flag-ATF7 was immunoprecipitated by Flag an-
tibody, Ku70/80 and TERT were co-precipitated (Figure
4C). When HeLa cells were exposed to TNF-a for 15 or 45
min, amount of co-precipitated Ku70/80 and TERT was de-
creased, indicating that TNF-«a disrupted this ternary com-
plex. It was also observed that ATF7 is phosphorylated by
TNF-a treatment for 15 min, which was significantly re-
duced by the p38 inhibitor SB203580 (Figure 4D). It was
reported that Thr-51 in ATF7 is phosphorylated by p38,
whereas phosphorylation of Thr-53 by an unknown kinase
is a prerequisite for p38 recruitment (56). ATF7 was tran-
siently phosphorylated at 15 min after TNF-a addition,
and phosphorylated ATF7 (pATF7) was not detected at 45
min after TNF-a addition (Figure 4D). Nevertheless, the
ternary complex of ATF7, Ku70/80, and TERT was not de-
tected at 45 min after TNF-« addition (Figure 4C), suggest-
ing that this ternary complex is not re-formed immediately
once it is disrupted.

Localization of ATF7 and TERT to telomere via binding to
the Ku complex

Since human Ku is associated with TERT (14) and telom-
eres (15), we examined whether ATF7 and TERT local-
ize on telomere via binding to the Ku complex in HeLa
cells using chromatin immunoprecipitation (ChIP) followed
by slot-blot hybridization. Results using anti-ATF7 mAb
2F10 and anti-hTERT mAb 10E9-2, which was confirmed
to immunoprecipitate endogenous hTERT (Supplementary
Figure S7), demonstrated that ATF7 and TERT are local-
ized on telomeres (Figure 5B). Knockdown of Ku70 using
siRNA decreased the level of ATF7 and TERT on telomere
(Figure 5A and B).

To further test this, MEFs from Ku70/ mice were
used. Since disagreeing results have been published regard-
ing telomere shortening in Ku70 or Ku80 knockout mice
(17,18), we made our own measurements by Q-PCR and
Q-FISH. Results using both methods indicated that telom-
eres in Ku70-deficient MEFs were shorter than those in
WT MEFs (Figure 5C and D and Supplementary Fig-
ure S10). To determine whether ATF7 localizes to telom-
eres via binding to Ku, we examined the amount of ATF7
on telomeres in Ku70"/~ and Ku70~/~ mouse lung epithe-
lial (MLE) cell line derived from Ku70 knockout mice (32)
(Figure 5E). ChIP-seq/hybridization analysis revealed that
less ATF7 was present on telomeres in Ku70-deficient cells
than in Ku70"/~ cells (Figure 5F), supporting a model in
which ATF7 localizes to telomeres via binding to Ku (Fig-
ure 5G, left). Since Ku forms a complex with TRF1 (57)
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and TRF2 (58) at telomeres, Ku could be recruited to
telomeres by interacting with TRF1 and TRF2, which di-
rectly binds to telomeres. In Ku70-deficient cells, about half
amount of ATF7 was still retained on telomeres, suggest-
ing the presence of another mechanism(s) underlying ATF7
is localized on telomeres. Since ATF7 interacts with his-
tone tri-methyltransferase Suv39hl and affects the level of
H3K9me3 on telomeres (see below, Figure 8 and Supple-
mentary Figure S12), ATF7 might be localized via unchar-
acterized factor(s) with Suv39hl and histones (Figure 5G,
right). This may be the reason why 60% of ATF7 is retained
at telomeres in Ku70-deficient cells. We could not examine
the amount of TERT on telomeres in those cells because no
anti-mouse TERT antibody suitable for immunoprecipita-
tion is currently available.

TNF-a releases ATF7 and TERT from telomere through
ATF7 phosphorylation

We next examined the effect of TNF-a on the levels of
ATF7, TERT, and Ku70/Ku80 on telomeres by ChIP/slot-
blot hybridization in HeLa cells, using specific antibodies
against those proteins. TNF-a treatment induced a release
of ATF7 and TERT, but not the Ku complex, from telom-
eres (Figure 6). In these experiments, we used the Alu re-
peat probe as a negative control and found that the ATF7,
hTERT, and Ku70/80 signals on Alu repeats are much
weaker than those on telomeres, indicating that those pro-
teins on telomeres were specifically immunoprecipitated. At
45 min after TNF-«a addition, a release of both ATF7 and
TERT was observed, but only ATF7, but not TERT, was re-
leased at 15 min after TNF-« addition (Figure 6A and B).
This suggests the presence of another mechanism of TERT
recruitment to telomeres. It was reported that TERT is re-
cruited to telomeres mainly through TPP1 (59-62). There-
fore, since a role of ATF7 to recruit TERT to telomeres is
relatively minor, TERT was not released from telomeres at
15 min after TNF-a addition even though some amount of
ATF7 was released (see Discussion).

To further test whether ATF7 is really localized on
telomeres, we performed the co-immunoprecipitation ex-
periments of ATF7 and TRF2. Since the Ku complex
was reported to bind to TRF1 (57) and TRF2 (58) on
telomeres, ATF7 may indirectly interact with TRF2 via
the Ku complex. Whole cell lysates were prepared from
HeLa S3 cells expressing Flag-ATF7, and used for co-
immunoprecipitation assays. Anti-Flag antibody, but not
control IgG, co-immunoprecipitated TRF2 (Supplemen-
tary Figure S11). TNF-« treatment for 45 min reduced the
amount of co-immunoprecipitated TRF2 by anti-Flag an-
tibody. These results support the notion that ATF7 is local-
ized on telomeres and is released by TNF-« treatment.

To investigate the potential effects of ATF7 phospho-
rylation on the level of TERT on telomeres, as well
as the TNF-a-induced release of TERT from telomeres,
we co-expressed HA-tagged TERT with ATF7 WT or
T51/53A mutant, in which two phosphorylation sites were
mutated to Ala, and then subjected the expressing cells
to ChIP/slot-blot hybridization. Exogenous expression of
ATF7 T51/53A blocked the TNF-a—induced release of
TERT from telomere, although it decreased the level of
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TERT on telomeres (Figure 7). Consistent with these re-
sults, exogenous expression of the ATF7 mutant T51/53A
blocked the TNF-a—induced disruption of the complex
containing ATF7, Ku complex, and TERT (Supplemen-
tary Figure S12A). In the absence of TNF-a treatment,
the amount of ATF7 mutant T51/53A in the complex with
Ku (Supplementary Figure S12A) was smaller than that
of WT ATF7. This may suggest that the T51/53A muta-
tion may slightly reduce the interaction with the Ku com-
plex, which might also explain why expression of ATF7 mu-
tant T51/53A decreased the level of TERT on telomeres.
The slightly weaker interaction of T51/53A mutant with
Ku70 compared to WT ATF7 was further supported by the
GST pull-down assay (Supplementary Figure S12B). Thus,
ATF7 is phosphorylated in response to TNF-a, resulting in
release of ATF7 and TERT from telomeres and ultimately
leading to telomere shortening.

TNF-« reduces the H3K9me3 level on telomere via ATF7
phosphorylation

MEFs lacking two histone H3K9 tri-methyltransferases,
Suv39h1 and Suv39h2, have longer telomeres than WT cells
(63), suggesting that reduction of the H3K9me3 level in-
duces telomere lengthening. Because the Drosophila and
yeast orthologs of ATF7 (dATF2 and Atfl) regulate the
H3K9me3 level on heterochromatin (27,28), we investigated
the possibility that ATF7 mediates telomere shortening
by affecting H3K9me3 levels on the telomeres. Quantita-
tive ChIP assays using anti-histone H3 and anti-H3K9me3
antibodies revealed that the H3K9me3 level on telom-
eres and centromeric heterochromatin was lower in A¢f7 /-
MEFs than in WT MEFs (Figure 8A and Supplementary
Figure SI3A). TNF-a treatment decreased the H3K9me3
level on telomeres and centromeric heterochromatin in WT
MEFs, but not in A#f7/~cells (Figure 8A and Supplemen-
tary Figure SI3A). TNF-«a also reduced the H3K9me3 level
on telomeres in Hela cells (Figure 8B). Consistent with
this, the intensity of H3K9me3 immunostaining was lower
in Atf7/"MEFs than in WT cells (Supplementary Figure
S13B). Furthermore, co-immunoprecipitation experiments
revealed that ATF7 interacts with Suv39h1; this interaction
was not disrupted following TNF-a treatment (Figure 8C
and Supplementary Figure S13C). The results of ChIP/slot-
blot hybridization demonstrated that Suv39hl is local-
ized on telomeres in WT MEFs, but not in 4#/7/ MEFs
(Figure 8D), suggesting that Suv39hl binds to telomeres
via ATF7. Furthermore, in WT MEFs, Suv39hl was re-
leased from telomeres by TNF-a (Figure 8D), suggest-
ing that ATF7 and Suv39hl are released together from
telomeres in response to TNF-a treatment. The ChIP as-
says showed that ATF7 also binds to pericentromeric hete-
rochromatin regions, and that both ATF7 and Suv39hl are
released from pericentromeric heterochromatin by TNF-
a (Supplementary Figure S13D). In light of the observa-
tion that Suv39h1/2 mutations induce telomere lengthen-
ing (63), it is possible that the TNF-a—induced decrease
in H3K9me3 on telomeres may cause telomere lengthening
in a similar manner. Together, these findings suggest that
TNF-a-induced telomere shortening is caused by release

of ATF7/TERT from telomeres, rather than by altering the
level of H3K9me3.

DISCUSSION

Mechanism of TNF-a-induced telomere shortening and its
significance

In this study, we demonstrated that ATF7 and telomerase
localize to telomeres by direct binding to the Ku com-
plex under unstressed conditions, thus preventing telomere
shortening (Figure 9A, left). It is well known that telom-
erase is mainly recruited to telomeres through and inter-
action between the TEN domain of telomerase and the
TEL patch of TPP1 (Figure 9A, right) (59-62). There-
fore, the role of ATF7-Ku pathway may be a relatively
minor to recruit telomerase to telomeres, which is consis-
tent with the mild telomere shortening caused by a loss of
ATF7 and TNF-«a treatment. However, this pathway may
have the important physiological role. In response to TNF-
o treatment, ATF7 is phosphorylated and released from
telomeres together with telomerase. Thus, ATF7 knock-
out or knockdown mimics the stressed state. Results of co-
immunoprecipitation experiments suggested that the Ku-
ATF7-telomerase ternary complex does not re-form imme-
diately after it is disrupted. This suggests that daily TNF-
a treatment of pregnant mice or cultured cells generates
telomeres with decreased telomerase for prolonged periods,
which leads to telomere shortening. Shorter telomeres in
Atf7/~cells than in WT cells may support this model.

The TNF-a treatment induced a decrease in H3K9me3
on telomeres, which is caused by a release of the ATF7-
Suv39hl complex. This may cause telomere lengthening,
because Suv39h1/2 mutations induce telomere lengthening
(63) (Figure 9B, right). Thus, the TNF-a treatment may
induce telomere shortening and lengthening by a release
of ATF7-telomerase and ATF7-Suv39hl, respectively (Fig-
ure 9B). The observation that the TNF-« treatment caused
telomere shortening, not telomere lengthening, may indi-
cate that the degree of telomere shortening is bigger than
that of telomere lengthening.

Physiological role of mild telomere shortening in Azf7/~
mice is unknown at present. Since telomere shortening is as-
sociated with changes in cellular metabolism (6), such mild
telomere shortening may also affect metabolism and asso-
ciated phenotype(s). A¢f7/~ mice exhibited slightly lower
body weight compared with that of WT mice, and resisted
diet-induced obesity (64), which may suggest the possibility
that the involvement of telomere shortening in adipocyte
differentiation and/or maintenance and metabolism. Fur-
ther analysis is required for understanding the physiological
role of telomere shortening in A#f7/~ mice.

ATF7 is required for heterochromatin formation by re-
cruiting histone H3K9 trimethyltransferase Suv39hl and
for the formation of heterochromatin-like structure in eu-
chromatin region by recruiting histone H3K9 dimethyl-
transferase G9a (26). ATF7 also protects the telomere
and prevents its shortening by recruiting telomerase. Thus,
ATF7 contributes to make the silent and tight chromatin
structure at both heterochromatin and telomeres. On the
other hand, ATF7 has seemingly opposite roles in tight
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chromatin structure formation and mediates the stress-
induced disruption of heterochromatin and the TNF-a-
induced telomere shortening. It is interesting why the organ-
isms have such system in which ATF7 has opposite roles.
One possibility is that this system may be selected dur-
ing evolution because of its beneficial role in the genera-
tion of diversity, followed by selection. The ATF7-mediated
heterochromatin disruption and telomere shortening in re-
sponse to various stresses may accelerate the rate of muta-
tion including chromosome structure changes, which might
enhance the diversity of the genome. In fact, a disrup-
tion of heterochromatin causes transposon mobilization
(65), while telomere shortening increases mutation rate
and chromosome instability (66). In additon, the ATF7-
mediated change of chromatin structure in response to var-
ious types of stress could be beneficial to adapt to envi-
ronmental conditions and have an advantage to survive.
The pathogen infection-induced and ATF7-mediated dis-
ruption of heterochromatin-like structure in macrophages
is retained for long period and increases the resistance to
pathogen attack (26). The stress-induced telomere shorten-
ing may be also maintained for long period. It was shown
that telomere shortening decreases mitochondrial biogen-

esis and gluconeogenesis (6). The decrease in metabolism
might play a positive role to survive after receiving stress.

Anxiety has been associated with accelerated aging (67).
Epidemiological studies have also suggested that some so-
cial stressors shorten telomere length (7,8). However, a rig-
orous connection has not been established between these
two phenomena. In part, this is because the relationship be-
tween social stress and telomere length has not been widely
accepted, due largely to the fact that the mechanism is un-
known. The prtesent study clarifies the mechanism by which
certain types of stress might shorten telomere length, giv-
ing credence to the idea that various types of stress might
shorten telomere length. Thus, clarification of the mecha-
nism of stress-induced telomere shortening contributes to
understanding of the relationship between stress and telom-
ere shortening.

Reliability of telomere shortening and association among
ATF7, Ku70/80 and TERT

The degree of telomere shortening by a loss of ATF7 or
by TNF-a treatment was mild, raised the possibility that
this might be within the measurement error. To test whether
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Figure 9. Model of TNF-a—induced telomere shortening. (A) Schematic showing the release of ATF7 and telomerase from telomeres following TNF-«
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ATF7 is phosphorylated and released from telomeres together with telomerase. (Right) In addition, telomerase is mainly recruited to telomeres through
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this measurement of telomere shortening was correct, we
used three independent MEF preparations from indepen-
dent pregnant mice to eliminate the effects of mouse-to-
mouse variation. We also used MEFs from the fourth gen-
eration of Tert”/~ mice as a control to show that TNF-a—
induced telomere shortening is telomerase-dependent. Fur-
thermore, we used not only MEFs but also HeLa cells, and
measured telomere length using three different methods, Q-
FISH, Q-PCR, and TRF assays.

Ku70/80 are the abundant proteins, raised the possi-
bility that Ku70/80 were non-specifically associated with
ATF7 during purification of the ATF7 complex. How-
ever, Ku proteins were not detected in the Ski corepres-
sor complex, which was purified using the same 300 mM
salt condition (37), suggesting that the Ku complex specif-
ically associates with ATF7. To further demonstrate that
Ku is not a contaminating protein, we used HeLa cells ex-
pressing Flag-Ski transcriptional corepressor as the con-
trol for co-immunoprecipitation experiments. Under the
same co-immunoprecipitation conditions, Ku proteins co-
precipitated with ATF7, but not with Ski, suggesting that
Ku specifically interacts with ATF7. It was shown that Ku
proteins are localized on telomeres in human cells using
ChIP assay (15,17). Although such data has not been ob-
tained using mouse cells, we have now shown that Ku pro-
teins are localized on telomeres in mouse lung epithelial
cells using ChIP. These results support the notion that Ku
proteins are localized on telomeres also in mice. Further-
more, to determine whether ATF7 localizes to telomeres via

binding to Ku, we have shown that less ATF7 was present
on telomeres in Ku70-deficient mouse lung epithelial cells
than in WT cells, supporting a model in which ATF7 local-
izes to telomeres via binding to Ku. Ku localizes to the nu-
cleus and has many functions including DNA repair. Since
Ku forms a complex with TRF1 and TRF2 at telomeres
(57,58), small amount of Ku could be specifically recruited
to telomeres by interacting with TRF1 and TRF2, which
directly binds to telomeres. Such mechanism may help the
interaction between some fraction of abundant Ku proteins
with small amount of telomerase.

TERT is not abundant, and western and ChIP of TERT
have not been trustable as shown by many groups. We
(Masutomi and colleagues) recently generated a series of
mADbs against hTERT (39), and have confirmed that en-
dogenous hTERT can be detected by immunoprecipitation
with anti-hTERT mAb 10E9-2 followed by immunoblot-
ting with anti-hTERT mAb 2E4-2. Using these antibodies,
we confirmed the association among hTERT, ATF7, and
Ku70/80, and performed ChIP to show that hTERT is lo-
calized on telomeres. We also found that the ATF7, hTERT,
and Ku70/80 signals on A/u repeats are much weaker than
those on telomeres, supporting the notion that TERT on
telomeres were specifically immunoprecipitated.

Difference between A¢f7- and telomerase-deficient mice

The length of telomeres in telomerase-deficient mice de-
creases with increasing generations, and skin lesions in epi-
dermal hyperplasia and hyperkeratosis as well as the failure
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of neural tube closure are evident in the fourth to sixth gen-
eration (G4-G6) of telomerase-deficient mice (41,68). How-
ever, the degree of telomere shortening in A#f7/~ mice did
not increase with increasing generations, and no abnormal-
ity such as skin lesions or failure of neural tube closure was
observed even in the 12th generation (G12) of A#f7~/~ mice.
This may be because normal levels of telomerase expres-
sion are maintained and telomerase is recruited to telom-
eres via TPP1 in A¢f7/ mice (Figure 9A, right), despite
a reduced amount of telomerase on telomeres in Atf7/~
mice. Telomere length is reset during mouse early embryoge-
nesis through both telomerase-dependent and telomerase-
independent mechanisms via recombination (ALT: alterna-
tive lengthening of telomeres) (69,70). This process may re-
set telomere length that is mildly shortened by stress or loss
of ATF7, and resetting of telomere length might be abro-
gated or only partial in telomerase-deficient mice. Thus, we
speculate that continuous crossing of A¢f7/~ mice do not
exacerbate telomere shortening because these animals have
normal level of telomerase expression which is recruited to
telomeres via TPP1.

Mixing of information obtained using different systems

Originally, the psychological stress-induced telomere short-
ening was suggested by the epidemiological studies of hu-
man being. In the present study, we first used mice to ex-
amine the TNF-a-induced telomere shortening, and then
used human cells to analyze the mechanism. This was be-
cause the antibody to detect endogenous mouse TERT is
not available at present, and our monoclonal antibodies
can detect only hTERT, but not mTERT. It is potentially
dangerous to mix information obtained using different sys-
tems. However, to elucidate the mechanism of a complex
phenomenon, such as psychological stress-induced telom-
ere shortening, a model system such as mouse is very useful.
For this reason, here we used TNF-a injection into mice,
because many papers reported that various psychological
stresses increase the TNF-a level in peripheral tissues (42).
Thus, in this study, we combined the role of psychological
stress (mimicked by TNF-a), Ku complex, and ATF7 in the
mouse system. The role of Ku complex in recruiting TERT
to telomere was clearly demonstrated in yeast, whereas it
remains unclear whether the complex plays a similar role in
mice and human. However, it was shown that Human Ku is
associated with human TERT (hTERT) (14). Furthermore,
localization of the Ku complex on telomeres in human cells
was shown by ChIP assay (15,17), possibly via TRF1 and
TRF2 (57,58). We have also demonstrated that Ku is local-
ized on telomeres in mouse cells by ChIP assay in this study.
Disagreeing results have been published regarding telom-
ere shortening in Ku70 or Ku80 knockout mice (17,18). To
test whether a loss of Ku70 causes telomere shortening, we
made our own measurements by Q-PCR and Q-FISH, and
found that telomeres in Ku70-deficient MEFs were shorter
than those in WT MEFs, providing independent confirma-
tion that Ku is involved in the regulation of telomere length
in mice. Thus, based on those evidences, we speculated that
the results from mouse and human cells are interchangeable.

The members of the ATF2 subfamily of transcription fac-
tors, including ATF7, are phosphorylated in response to a

variety of stresses (23). Therefore, it is likely that telomere
shortening is induced by various stresses through similar
mechanisms. Further studies will be required to understand
whether stress-induced telomere shortening is linked to spe-
cific diseases.
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