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Protection of telomeres through independent control
of ATM and ATR by TRF2 and POT1

Eros Lazzerini Denchi' & Titia de Lange'

When telomeres are rendered dysfunctional through replicative
attrition of the telomeric DNA or by inhibition of shelterin’, cells
show the hallmarks of ataxia telangiectasia mutated (ATM) kinase
signalling®™. In addition, dysfunctional telomeres might induce
an ATM-independent pathway, such as ataxia telangiectasia and
Rad3-related (ATR) kinase signalling, as indicated by the phos-
phorylation of the ATR target CHK1 in senescent cells>® and the
response of ATM-deficient cells to telomere dysfunction®”.
However, because telomere attrition is accompanied by secondary
DNA damage, it has remained unclear whether there is an ATM-
independent pathway for the detection of damaged telomeres.
Here we show that damaged mammalian telomeres can activate
both ATM and ATR and address the mechanism by which the
shelterin complex represses these two important DNA damage
signalling pathways. We analysed the telomere damage response
on depletion of either or both of the shelterin proteins telomeric
repeat binding factor 2 (TRF2) and protection of telomeres 1
(POT1) from cells lacking ATM and/or ATR kinase signalling.
The data indicate that TRF2 and POT1 act independently to
repress these two DNA damage response pathways. TRF2 represses
ATM, whereas POT1 prevents activation of ATR. Unexpectedly,
we found that either ATM or ATR signalling is required for effi-
cient non-homologous end-joining of dysfunctional telomeres.
The results reveal how mammalian telomeres use multiple
mechanisms to avoid DNA damage surveillance and provide an
explanation for the induction of replicative senescence and gen-
ome instability by shortened telomeres.

The shelterin complex can be compromised through inhibition of
TRE2, which, together with TRF1, anchors this complex onto the
double-stranded telomeric DNA'. Shelterin also contains POT1, a
single-stranded DNA-binding protein that is tethered to TRF1 and
TRE2 through the POT1 binding partner TPP1 (previously TINT]I,
PTOP, PIP1). When TRF2 is compromised, telomeres elicit a robust
DNA damage signal, which can be detected by their decoration with
DNA damage factors, forming ‘telomere dysfunction-induced foci™
(TIFs). The ATM kinase is activated®*® leading to cell cycle arrest
mediated by the tumour protein p53 and the cyclin-dependent kinase
inhibitor p21 (ref. 9). To determine whether TRF2 loss can induce a
DNA damage response in the absence of ATM, we generated Atm ™~
mouse embryonic fibroblasts (MEFs)'® carrying the conditional allele
of the gene for TRF2 (Terf2""). Cells were immortalized with SV40
large T antigen to bypass the cell cycle arrest that normally occurs in
response to telomere damage. As shown previously, deletion of TRF2
from Atm™'" cells leads to the induction of TIFs (Fig. 1a, b and
Supplementary Fig. 1a) and phosphorylation of Chk2 (Fig. 1¢). In
contrast, in Atm™~ cells, the formation of TIFs (Fig. 1a, b and
Supplementary Fig. 1a) and phosphorylation of Chk2 (Fig. 1¢) in
response to TRF2 deletion were largely abrogated. The deletion of
TRF2 from Atm™~ cells was confirmed by PCR (Supplementary Fig.

1b), immunofluorescence (Supplementary Fig. 1c), disappearance of
repressor activator protein 1 (Rapl; Fig. 1c), a TRF2-interacting
protein whose stability depends on TRF2 (refs 8, 11), and telomeric
chromatin immunoprecipitation (ChIP; Supplementary Fig. 2).

The inability of At~ cells to respond to TRF2 deletion indicated
that the ATR kinase is not involved in the detection of this type of
telomere dysfunction. Consistent with the absence of an ATR res-
ponse, TRE2 deletion did not induce phosphorylation of Chkl
(Fig. 1d). However, recent data have indicated that ATR activation
at double-stranded DNA breaks (DSBs) induced by irradiation might
depend on ATM'", raising the possibility that the ATR response to
dysfunctional telomeres might also require ATM. To test the role of
ATR further, we used a short hairpin RNA (shRNA) that diminished
ATR protein levels and compromised ATR signalling as deduced
from the lack of wultraviolet-induced Chkl phosphorylation
(Supplementary Fig. 3). This level of ATR inhibition had no effect
on TIF formation or the phosphorylation of Chk2 after TRF2 dele-
tion from Atm™'™ cells (Supplementary Fig. 3a, b). We therefore
conclude that the telomere damage generated by TRF2 loss primarily
activates ATM, not ATR.

Unexpectedly, Atm™ cells showed a 15-fold reduction in the rate
of telomere fusion in response to deletion of TRF2 (Fig. le and Sup-
plementary Fig. 4a). The effect of ATM status on non-homologous
end joining (NHE]) of dysfunctional telomeres was also detectable in
genomic blots (Supplementary Fig. 4b). Whereas Terf2”~Atm™'*
cells showed the expected appearance of large-molecular-weight
fragments that are typical of fused telomeres, Terf2/"Atm™~ cells
revealed a largely unchanged telomeric restriction fragment pattern.
Furthermore, the 3’ telomeric overhang signal was unaffected by
deletion of TRF2 from Atmi™"~ cells (Supplementary Fig. 4b). In con-
trast, Terf2'"Atm™'" cells showed a significant reduction in 3’ over-
hang signals, as expected from the tight link between 3’ overhang
processing and NHEJ®"*. The role of ATM in the NHE] of dysfunc-
tional telomeres was verified by in vivo deletion of TRF2 from qui-
escent mouse hepatocytes using an Mx—Cre system''. In this setting,
ATM deficiency also diminished the occurrence of the telomere
fusions (Supplementary Fig. 5). We conclude that, in primary cells
as well as in immortalized cells, ATM is required for the recognition
and processing of dysfunctional telomeres generated by loss of TRF2.

These results raised the possibility that the ATR kinase is repressed
by another component of shelterin. Because the activation of the ATR
kinase involves the binding of the replication protein RPA to single-
stranded DNA'"™, we considered the possibility that POT1 could be
this factor. In this regard, Saccharomyces cerevisiae cell division cycle-
13 (Cdcl3), a protein with similarities to POT1, represses signalling
by mitosis entry checkpoint-1 (Mec1)">"”. To test the role of POT1 in
repression of the ATR kinase, we used POT1-null MEFs. Rodents
have two POT1 genes, Potla and Pot1b, both of which are required
for telomere function'®. Deletion of Potla, alone or with PotIb,
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induces TIFs'®". In contrast to the results with TRF2, the TIF res-
ponse in Potla/b double knockout cells was significantly reduced
when we inhibited ATR with shRNA (Fig. 2a, b). Furthermore, unlike
TRF2-null cells, Pot1a/b double knockout cells showed phosphoryla-
tion of Chkl as well as Chk2, consistent with ATR signalling, and the
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Figure 1| TRF2 deletion activates ATM, not ATR. a, 53BP1-positive TIFs in
MEFs of the indicated genotypes (DNA stained with DAPI (blue)).

b, Quantification of 53BP1- and YH2AX-positive TIFs (mean and s.d. of
triplicate experiments; n = 150; asterisk, P < 0.001 calculated using a two-
tailed Student’s t-test). ¢, d, Immunoblots showing Rap1 and Chk2 (c), and
Chkl phosphorylation induced by ultraviolet irradiation (25 J m) but not
TRF2 deletion (d). e, Metaphase spreads of MEFs of the indicated genotype
and treatment were stained for telomeric DNA (green) and DAPI (red).
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phosphorylation of these downstream kinases depended on ATR
(Fig. 2¢). The role of ATR in the DNA damage response elicited by
loss of POT1a was corroborated by conditional deletion of ATR from
MEFs* (Fig. 2d). Efficient ATR deletion was confirmed on the basis
of diminished induction of Chkl phosphorylation by ultraviolet
irradiation (Fig. 2e). We used two approaches to remove POTla
from the telomeres of these cells: an shRNA that was previously
shown to affect POT1a specifically'® and an shRNA that effectively
knocks down TPP1 as monitored by ChIP*. Both approaches
resulted in the formation of TIFs and, in both cases, Cre-mediated
deletion of ATR significantly suppressed the telomere damage
response (Fig. 2d). In contrast, the status of ATM expression in the
cells did not affect the response to the type of telomere damage
induced by POT1a or TPP1 knockdown (Supplementary Fig. 6a—
¢). To test whether POT1 represses ATR signalling at telomeres of
human cells, we used a colon carcinoma cell line (HCT116) with
a conditional ATR allele”. The cells were infected with a POTI
shRNA that has been shown to elicit a telomere damage response™.
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Figure 2 | POT1inhibition activates ATR. a, 53BP1-positive TIFs in POT1a/
b double knockout (DKO) MEFs with or without ATR shRNA. Potla and b
were deleted with Adeno-Cre. b, Quantification of cells with five or more
53BP1-positive or YH2AX-positive TIFs (mean and s.d. of triplicate
experiments; n = 150; asterisk, P < 0.005 based on a two-tailed Student’s
t-test). ¢, Immunoblotting for ATR, POT1a, Chk2 and Chk1-P in MEFs after
the indicated treatment. d, TIFs in Atr"/~ MEFs expressing Potla sh3 or Tpp1
sh3. TIFs were detected by FISH-immnofluorescence either before (—Cre) or
4 d after (+Cre) infection with pWZL—-Cre. Cells with five or more YH2AX
TIFs were scored as positive (error bars, s.e.m.; n = 150, asterisk, P < 0.01
based on a two-tailed Student’s t-test). e, Inmunoblotting for Chk1-P in
Atr*'~ MEFs treated as indicated.
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Figure 3 | ATR activation in Terf2/ Atm™" cells on inhibition of POT1a.
Atm ™"~ Terf2"'~ MEFs were infected with shRNAs to inhibit POT1a, TPP1 or
ATR as indicated. TRF2 was deleted with a Cre adenovirus and TIFs were
detected and quantified 5 d later as described in Fig. 1. a, b, Visualization and
quantification of the effect of A#r shRNA on TIFs induced by inhibition of
POT1a or TPP1 in Atm’/’TeerF/’ cells. Error bars, s.d.; n = 150; asterisk,
P < 0.01 based on a two-tailed Student’s -test.

Consistent with the data obtained in mouse cells, the telomere
damage response resulting from inhibition of human POT1 was
largely dependent on ATR (Supplementary Fig. 7). Collectively, these
data show that ATR signalling at mammalian telomeres is repressed
by POT1 proteins.

The data described above predict that the lack of ATR activation in
Terf2"Atm™~ MEFs is due to residual POTla at the telomeres
(Supplementary Fig. 2). To test this, we used shRNA to inhibit
POT1a or TPP1 in Terf2'~Atmi™~ cells. As deletion of POT1b does
not induce a DNA damage response'®, we used a PotIb shRNA as a
negative control. We found that inhibition of POT1a or TPP1, but
not POT1b, elicited a telomere damage response in Terf2” Atm™~
cells (Supplementary Fig. 8a, b). We next tested the involvement of
ATR in this response using an Atr shRNA in conjunction with either
Potla or Tppl shRNA. Two selectable markers were used to ensure
the presence of both shRNAs. The results indicated that ATR signal-
ling contributes to TIF formation when POT1la or TPP1 are com-
promised in Terf2'~Atm™~ cells (Fig. 3a, b). These data further
confirm the role of POT1 in the repression of ATR and show that
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Figure 4 | Role of POT1 and ATR in NHEJ of telomeres lacking TRF2.
Terf2"Atm™" cells were treated with shRNAs to modulate the levels of
POT1a, TPP1 and ATR as described in Fig. 3. a, Telomere fusions visualized
in metaphase spreads stained for telomeric DNA (green) and DAPI (red).
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the TRF2-independent recruitment of POT1 or TPP1 is sufficient to
repress ATR activation.

Unexpectedly, inhibition of POT1a or TPP1 in Terf2 ™/ Atm ™~ cells
resulted in frequent telomere fusions (Fig. 4a, Supplementary Fig. 9).
Telomere fusions occurred on 18 and 36% of chromosomes when
cells were treated with Potlaand Tppl shRNAs, respectively. Thisisa
significant increase from the background level of telomere fusions in
Terf2”~Atmi~ cells (4% of chromosomes; Fig. 4a, Supplementary
Fig. 9a). The occurrence of telomere fusions was not anticipated as
Potla/b double knockout cells have a very weak telomere fusion
phenotype'®. Knockdown of POT1a or TPP1 did not induce telomere
fusions in Atm '~ cells with normal TRF2 levels or in wild-type cells
(Supplementary Fig. 9a), confirming previous findings that telomere
fusions are effectively blocked by TRF2. The stimulation of telomere
fusion by loss of POT1a from Terf2”~Atm™" cells was also detected in
genomic blots (Supplementary Fig. 9b). Inhibition of TPP1 led to a
more severe telomere fusion phenotype than did Potla shRNA. This
could be due to more effective removal of POT1a from telomeres
through TPP1, the additional removal of POT1Db, or other effects of
TPP1 inhibition. Because NHE] of telomeres after TRF2 deletion
involved signalling by ATM, we investigated whether ATR signalling
contributes to the NHE] pathway that joins telomeres on POT1a loss
from Terf2'"Atm™ cells. Inhibition of ATR with sShRNA partially
suppressed the telomere fusions induced by inhibition of POT1a or
TPP1 (Fig. 4a, Supplementary Fig. 9a).

Collectively, these data show that TRF2 and POT1 function
independently to repress the activation of the ATM and ATR
kinases at natural chromosome ends (Fig. 4b). How TRF2 prevents
activation of the ATM kinase is not yet clear, although it has
been suggested that TRF2, through its ability to interact with ATM,
might block its activation®. We speculate that the ATR pathway is
inhibited by POT1 by blocking the binding of RPA to the single-
stranded telomeric DNA. Although RPA is more abundant, POT1
could be an effective competitor because of its shelterin-mediated
enrichment at telomeres. The repression of ATM and ATR by
TRF2 and POT]1 explains how cells detect critically shortened telo-
meres. Because the abundance of shelterin at telomeres depends on
the length of the duplex telomeric repeat array, short telomeres con-
tain less TRF2 and POT1 (ref. 25). This diminished loading of TRF2
and POT1 is expected ultimately to lead to derepression of the ATM
and ATR kinases, resulting in cell cycle arrest and inappropriate DNA
repair at telomeres.

The dissection of the DNA damage response at mammalian
telomeres also sheds light on the interplay between the ATM and
ATR kinases. We show that ATM is not required for the activation
of ATR, because removal of POT1 leads to an ATR response in Atmi™~
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b, Model for repression of the DNA damage response at telomeres. ATM and
ATR are independently repressed by TRF2 and POT1. NHE] is repressed by
TRF2. NHE] of telomeres lacking TRF2 is stimulated by either ATM or ATR
signalling.
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cells. This finding contrasts with the situation at irradiation-induced
DSBs, where ATM signalling can promote activation of the ATR
kinase, possibly by stimulating the formation of single-stranded
DNA at the broken end". At telomeres, which normally contain
single-stranded DNA, such processing might not be necessary.
Conversely, ATR is not required for the activation of ATM at telo-
meres. When TRF2 is removed from telomeres, ATM is activated
without a contribution of ATR, which remains repressed by the
residual POT1 at the chromosome ends.

Finally, our data reveal an unanticipated dependence of telomere
fusions on signalling by either ATM or ATR (Fig. 4b). NHE]J of
dysfunctional telomeres is primarily repressed by TRF2, possibly
because the t-loop configuration blocks the end-loading of the
Ku70/80 complex®*>’”. However, when TRF2 is deleted in Atmi '~ cells,
telomere NHE] is inefficient. Whereas POT1 loss per se does not
induce telomere fusions as long as TRF2 is functional, POT1 inhibi-
tion in Terf2”~Atm™"~ cells does. Our data indicate that the key event
in this setting is the activation of ATR. We therefore suggest that
NHE]J at telomeres requires both the loss of TRF2 and the activation
of either ATM or ATR (Fig. 4b). It is possible that the dependencies
described here for NHEJ at dysfunctional telomeres might also hold
for other forms of DNA damage. The modest effect of ATM defi-
ciency on NHE] in other settings®® might be due to compensation by
ATR signalling. Because the ATM and ATR kinase pathways are
controlled separately by TRF2 and POT1, telomeres provide a unique
opportunity to manipulate these pathways and to uncover regulatory
interactions that otherwise might remain obscured.

METHODS

MEFs from E13.5 embryos obtained from crosses between Atm™ '~ (Jackson
Labs) and Terf2"~* mice were immortalized at passage 2 with pBabeSV40LT
(a gift from G. Hannon). Cre was introduced by retroviral infection using
Hit&Run Cre—GFP or pWzl-Cre expression vectors or using adenoviral infec-
tions with the Ad5 CMV Cre virus (Resource Centre, The University of Iowa).
Mx—Cre mediated deletion of TRF2 from quiescent hepatocytes was performed
as described''. Protein and genomic DNA were isolated 4 days after pI-pC
induction of Cre.

ChIP*%, immunoblotting®, immunofluorescence® and fluorescent in situ
hybridization (FISH)/immunofluorescence co-staining’ were performed as
described using the following antibodies: TRF2 (1254); Rapl (1252), TRF1
(644); POT1a (1220); TPP1 (1550); Chk2 (BD biosciences); Phospho-Chkl
(Ser 345) (Cell Signaling); ATR (N-19) (Santa Cruz); 53BP1 antibody (Novus,
NB 100-304); YH2AX (Upstate Biotechnology); ytubulin (Sigma); and actin
(Santa Cruz). Cells with at least five telomeric 53BP1 (or YH2AX) foci were
scored as TIF positive; n =150 for each experiment. Data reported are averages
of three independent experiments.

shRNAs were expressed using a pSuperior-puromycin retroviral vector
(OligoEngine) or (for ATR) the same vector modified to contain the hygromycin
marker. Target sequences: Atr (sh3-1), GGAGATGCAACTCGTTTAA; Tppl
(sh3; ref. 21), GGACACATGGGCTGACGGA; Potla (sh3; ref. 18): GCATTTC-
TCTACAACATTA.

Mouse telomeric DNA was analysed on CHEF gels* and by FISH' using
previously described protocols.
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Supplementary Figure 1. ATM-dependent DNA damage signal at telomeres
lacking TRF2. a, MEFs of the indicated genotype were untreated (-Cre) or infected with
a self-deleting Cre expression vector (Hit&Run Cre) (+ Cre) and harvested 5 days post
infection. Cells were stained for telomeric DNA (red), y-H2AX (green) and DAPI (blue). b,
PCR on genomic DNA isolated form cells of the indicated genotype and treatment
analyzed for Cre mediated recombination of the TRF2 locus. ¢, MEFs of the indicated
genotype were treated as described in panel a and stained for TRF2 (red), y-H2AX
(green) and DAPI (blue).
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Supplementary Figure 2. Shelterin status in ATM proficient and ATM deficient
cells following TRF2 deletion. a, Chromatin immunoprecipitation using antibodies
raised against the indicated proteins before or after TRF2 deletion in ATM” or ATM*"*
MEFs. Cells were harvested either prior of 5 days following pWZL-Cre infection. b,
Quantification of the data presented in (a) expressed as % of total telomeric DNA. The
specificity of the antibodies used in this experiment was previously shown (Hockemeyer
et al. Cell, 2006).
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Supplementary Figure 3. ATR-independent DNA damage signal at telomeres
lacking TRF2. a, Effect of ATR shRNA on TIFs in TRF2"" MEFs infected with Ad-Cre
adenovirus. b, Quantification of data in (a) (average and SD of triplicate experiments,
n=150). ¢-d, Immunoblots showing abrogation of UV-induced Chk1 phosphorylation in
MEFs expressing ATR shRNA (c¢), ATR, Rap1 and Chk2 levels (d) upon TRF2 deletion
from cells infected with and without ATR shRNA.
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Supplemental 4. Inefficient NHEJ-mediated telomere fusions in ATM null cells. a,
Telomere fusions were quantified by FISH analysis of metaphase spreads obtained from
MEFs of the indicated genotype, representative images of the data analyzed are shown
in Fig. 1e. Cells were harvested before or 96 hours post Cre infection. b, In-gel detection
of telomeric restriction fragments from MEFs of the indicated genotype and treatment.
Left: detection of the 3’ overhang under native conditions. Right: total telomeric
hybridization signal obtained after in situ DNA denaturation. Probe: [CCCTAA],.

Normalized 3’ overhang signals are shown bottom left
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Supplementary Figure 5. ATM promotes telomere fusions in vivo. a,
Immunoblotting for Rap1 loss following Cre-mediated TRF2 deletion in the liver of ATM™
or ATM** Mx-Cre transgenic mice. Livers were isolated 9 days post pl-pC-mediated
induction of Cre. b, Genomic DNA isolated from livers of the indicated genotypes treated
as in panel (a) was analyzed by in-gel telomere blotting. The left image shows
hybridization signal using the TelC probe ([CCCTAA],) under native conditions detecting
the telomeric 3’ overhang. The right image shows the total telomeric hybridization signal
obtained with the same probe after in-gel denaturation of the DNA. ¢, As an internal
control genomic DNA of the same mice was isolated kidney which shows no Cre-
mediated recombination. Total telomeric hybridization signal is shown.
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Supplemental 6 ATM-independent DNA damage response at telomeres lacking
POT1. a, 53BP1 TIFs in cells of the indicated genotype infected with either POT1 or
TPP1 shRNA. b-c, Quantification of the effect of ATM status on 53BP1 and y-H2AX
TIFs induced by inhibition of POT1a and TPP1 (average and SD of triplicate
experiments, n=150).
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Supplementary Figure 7. Activation of ATR in human HCT116 cells treated with
POT1 shRNA. a, HCT116 ATR™ cells and parental HCT116 were infected with POT1
shRNA and either uninfected (-Cre) or infected with a Cre Adenovirus (+Cre). Four days
later cells were stained for TRF1 DNA (red), y-H2AX (green) and DAPI (blue). b,
Quantification of cells with > than 5 y-H2AX foci at telomeres. (Error bars= SD; n=150;
asterisk, P < 0.005 based on a two-tailed Student’s ttest). ¢, Immunoblotting for Chk1-P
in HCT116 ATR™ cells either untreated or Cre infected before or after UV treatment. d,
Immunoblot for the expression of POT1 and POT1-55 in the cells with indicated
genotype before or after POT1 shRNA.
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Supplementary Figure 8. Induction of DNA damage in TRF2” ATM” upon POT1
inhibition. a, ATM”TRF27 MEFs were infected with shRNAs for either POT1a or TPP1
as indicated. TRF2 was deleted with a Cre adenovirus and TIFs were detected and
quantified 5 days later. b, Quantification of TIFs induced by POT1a or TPP1 inhibition in
TRF2"ATM™ cells. (average and SD of triplicate experiments; n=150; asterisk, P < 0.001
calculated using a two-tailed Student’s #test).
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Supplementary Figure 9. Role of POT1 and ATR in NHEJ of telomeres lacking
TRF2. a,TRF2"ATM" cells were treated with shRNAs to modulate the levels of POT1a,
TPP1, and ATR as described in Fig. 3. a, Telomere fusions were quantified by FISH
analysis of metaphase spreads obtained from MEFs of the indicated genotype,
representative images of the data analyzed are shown in Fig. 4a. b-c, In-gel detection of
telomeric restriction fragments from TRF2™- ATM” MEFs infected with either POT1a (b)
or TPP1 (c¢) shRNA before or after Cre treatment. For each panel it is shown the
detection of the 3’ overhang under native conditions and the total telomeric hybridization
signal obtained after in situ DNA denaturation. Probe: [CCCTAA],.
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