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Several protein kinases from diverse eukaryotes known to perform
important roles in DNA repair have also been shown to play critical
roles in telomere maintenance. Here, we report that the human
telomere-associated protein TRF2 is rapidly phosphorylated in
response to DNA damage. We find that the phosphorylated form
of TRF2 is not bound to telomeric DNA, as is the ground form of
TRF2, and is rapidly localized to damage sites. Our results sug-
gest that the ataxia-telangiectasia-mutated (ATM) protein kinase
signal-transduction pathway is primarily responsible for the DNA
damage-induced phosphorylation of TRF2. Unlike DNA damage-
induced phosphorylation of other ATM targets, the phosphory-
lated form of TRF2 is transient, being detected rapidly at DNA
damage sites postirradiation, but largely dissipated by 2 hours. In
addition, we report that the phosphorylated form of TRF2 is
present at telomeres in cell types undergoing telomere-based crisis
and a recombination-driven, telomerase-independent, alternative
lengthening of telomeres (ALT) pathway, likely as a consequence
of a telomere-based DNA damage response. Our results link the
induction of TRF2 phosphorylation to the DNA damage-response
system, providing an example of direct cross-talk via a signaling
pathway between these two major cellular processes essential for
genomic stability, telomere maintenance, and DNA repair.

Telomeres are specialized DNA/protein structural protective
caps that prevent chromosome ends from being treated as
double-stand breaks (DSBs), thereby functioning to prevent end
fusions (1-3). Painstaking maintenance of the telomere is es-
sential, because dysfunction at the telomere is likely a key driving
force behind the genomic instability observed in early cancer
lesions and age-related disorders (4—6). An increasing number
of proteins, specifically protein kinases of the phosphatidylino-
sitol-3 kinase related kinase (PIKK) family, originally known to
act in maintaining genomic stability via DNA repair pathways,
have been shown to function in telomere maintenance (7).
Additionally, DNA damage-response proteins localize in cellular
senescence-associated DNA damage foci (8, 9) and telomere-
dysfunction-induced foci created by inhibition of TRF2 (10).
Investigations into mechanisms of direct communication be-
tween these two major cellular processes essential to safeguard
genomic integrity, DNA repair, and telomere maintenance are
actively being pursued.

A critical component of mammalian telomere maintenance
involves the correct tissue-specific length of telomeric DNA (1).
However, the proper regulation of the proteinaceous telomere
cap must be maintained with its own set of unique tissue and
developmental complexity (2, 3, 11). Telomere-associated pro-
teins, such as TRF1 and TRF2, can bind telomeric DNA directly
or can localize to the telomere through protein—protein inter-
actions with telomere-repeat-binding proteins (2, 3, 12-14).
Adding an additional layer of complexity, human telomeres end
in a 3" G-rich single-strand overhang, consisting of several
hundred nucleotides that apparently displaces one strand of the
telomeric repeat and hybridizes to its complementary sequence
(15). The resulting structure of a large duplex loop, called the
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t-loop, contains the folded DNA and associated proteins, par-
ticularly TRF2, which is thought to bind and stabilize the t-loop
junction (15). Implicating TRF2 in a new functional role as an
early component of the DNA repair response system, it was
recently shown that TRF2 migrates rapidly to specific sites of
DNA damage caused by DSBs introduced by laser microbeam
irradiation (16).

Reports that the PIKKSs, ataxia-telangiectasia-mutated
(ATM), and DNA-dependent protein kinase catalytic subunits
(DNA-PKcs) are critical for mammalian telomere capping (17—
23) led us to test whether specific telomere-associated proteins
are targets for these kinases. Here, we report that TRF2 is
rapidly phosphorylated in response to DNA damage, likely as a
result of an ATM-kinase-mediated pathway. The phosphory-
lated form of TRF2 is not bound to telomeres, in contrast to the
ground form of TRF2, and rapidly localizes to damage sites.
Furthermore, we report that the phosphorylated form of TRF2
is found at telomeres in cell types undergoing telomere-based
crisis and a recombination-driven, telomerase-independent, al-
ternative lengthening of telomeres (ALT) pathway (24-27).

Materials and Methods

Cells. Human BJ, BJ E6/E7, and VA13 cells were kindly pro-
vided by Woodring Wright, University of Texas Southwestern
Medical Center, Dallas. Human MO59J and MOS59K cells were
generous gifts from Janice M. Pluth, Lawrence Berkeley Na-
tional Laboratory, Berkeley, CA. A-T primary fibroblasts
(GMO05823 and GMO03487) were obtained from Coriell Cell
Repository (Camden, NJ).

In Vivo Labeling. In vivo labeling experiments were performed as
described in ref. 28.

Induction of DNA Damage. Cells were irradiated with 5 Gy or 20 Gy
of 250-kVp x-rays at a dose rate of 45 cGy/min on ice. Cells were
harvested after 30-min incubation at 37°C, except in the case of
time courses where they were harvested at time points ranging
from 30 min to 48 h. Drug treatment of cells was carried out by
the addition of 10 ug/ml or 50 pg/ml etoposide (Sigma) to the
culture media for 1 h. Mock-irradiated controls were incubated
for corresponding times on ice.

Antibodies. Anti-TRF2 Thr-188P polyclonal antibody was gen-
erated by immunizing rabbits with KLH-conjugated phos-
phopeptide CSKDPTT[PO3]QKLR and affinity-purification
(AnaSpec, San Jose, CA). The following antibodies were used
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for immunoblotting: anti-TRF2 (4A794, Imgenex, Sorrento
Valley, CA, IMG-124), anti-TRF1 (Sigma, TRF-78), anti-p53
(DO-1) (D0104, Santa Cruz Biotechnology), anti-phospho-
p53 (Ser-15) (9284, Cell Signaling Technology, Beverly, MA),
anti-H2A (2572, Cell Signaling Technology), anti-phospho-
H2AX (Ser-139) (26079 and 26513, Upstate Biotechnology,
Lake Placid, NY), and B-tubulin (D-10) (A2104, Santa Cruz
Biotechnology).

Two-Dimensional PAGE and Immunoblotting. Cells were lysed by
incubation at room temperature for 15 min in a sample buffer (7
M urea/2 M thiourea/1% C7BzO/40 mM Tris, pH 7.5/1 mM
Na3zVO0,/10 mM NaF). Cell lysates were centrifuged at 15,000 X
g for 30 min at 4°C. The supernatant was snap-frozen in liquid
nitrogen and stored at —80°C. Protein concentrations were
determined by using a protein-assay system (Bio-Rad), with BSA
as a standard.

For two-dimensional PAGE, cell extracts (150 ug) were run
on ReadyStrip immobilized pH gradient (IPG) strip (7 cm),
ranging from pH 7 to 10, by using a PROTEAN IEF Cell
(Bio-Rad). After focusing, the strip was equilibrated and
placed on top of a 4-20% Tris-Glycine ZOOM gel (Invitro-
gen), electrophoresed for protein separation, and blotted to
membrane for immunoblot analysis. For immunoblotting, pro-
teins (30 pg) were separated by SDS/PAGE and transferred
to a PVDF membrane (Bio-Rad). Blots were blocked in 1%
blocking solution (Roche Diagnostics) for 30 min and incu-
bated with primary antibodies overnight, followed by goat
anti-mouse IgG-HRP (1:3,000, Santa Cruz Biotechnology) or
goat anti-rabbit IgG-HRP (1:4,000, Santa Cruz Biotechnol-
ogy) for 1 h. Secondary antibodies were detected by enhanced
chemiluminescence (ECL) reagent (Amersham Pharmacia).

Immunofluorescence. Cells were fixed in cold methanol for 20 min,
permeabilized for 10 min in 0.5% Triton X-100 on ice, and
blocked in 5% BSA for 20 min at room temperature. The slides
were incubated with anti-TRF2 (1:200) and anti-TRF2 Thr-188P
(1:200) antibodies for 1 h, washed in PBS, and incubated with
rhodamine red-X goat anti-mouse secondary antibodies
(1:1,000, Molecular Probes) and Alexa Fluor 488-conjugated
goat anti-rabbit secondary antibody (1:1,000, Molecular Probes)
for 1 h at room temperature. Cells were washed in PBS and
mounted by using VECTASHIELD mounting medium with
DAPI (Vector Laboratories). Fluorescence images were cap-
tured by using a Leica DM5000B microscope equipped with a
charge-coupled-device camera and SPOT software (Diagnostic
Instruments, Sterling Heights, MI).

Metaphase Chromosomal Spread and FISH. Preparation of meta-
phase chromosomes from growing cell cultures was carried out
by standard methods. FISH with a Cy3-labeled (CCCTAA);
probe (Applied Biosystems) was performed as described in
ref. 29.

Chromatin Extraction. HT1080 cells were harvested after 1-h
etoposide treatment. Whole-cell extracts were prepared with
various concentrations of KCI (50, 150, 300, and 450 mM) in lysis
buffer [20 mM Hepes-KOH, pH 7.9/25% glycerol/0.1 mM
EDTA/5 mM MgCl,/0.25% Nonidet P-40/1 mM DTT/
protease-inhibitor mixture (Roche Diagnostics)/1 mM
NazVO0,/10 mM NaF]. The crude extract was centrifuged at
14,000 X g for 20 min at 4°C, and 30 ug of the supernatant
protein extract was separated by PAGE and used for immuno-
blot analysis as described above. To isolate chromatin, the pellets
were resuspended in 1X SDS sample buffer (2% SDS/10%
glycerol/50 mM TrissHCI, pH 6.8/0.86 M mercaptoethanol/
0.01% bromophenol blue), sonicated with 10 2-sec bursts by
using the Sonic Dismembrater (model 100, Fisher Scientific) and
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centrifuged at 14,000 X g for 20 min at 4°C; 30 ug of this
supernatant protein extract was separated by PAGE and used for
immunoblot analysis.

Photoinduction of DNA DSBs. Laser microbeam irradiation was
performed as described by Bradshaw et al. (16). Immediately
after irradiation, cells were fixed in 2% paraformaldehyde and
processed for immunofluorescence. Immunostaining for TRF2-
Thr188P and TRF2 was carried out by using primary antibodies
at dilutions of 1:400 and 1:100, respectively. DNA breaks in
irradiated cells were labeled with Cy3-dCTP by using a published
TUNEL protocol (Roche Diagnostics). Images of fixed cells
were obtained as described in ref. 16.

Results and Discussion

Human TRF2 contains two highly conserved PIKK phosphor-
ylation sites at Thr-188 and Ser-368 (30) (Fig. 14). In initial in
vivo labeling experiments using whole HeLa cells labeled with
[3*PJorthophosphate, we found a fraction of TRF2 was phos-
phorylated (Fig. 1B). However, exposure of cells to radioactive
[**PJorthophosphate used for conventional in vivo labeling ex-
periments is known to induce DNA damage (31). To investigate
whether phosphorylation of TRF2 was DNA damage-
dependent, we generated a rabbit polyclonal antibody (anti-
TRF2 Thr188P) against a synthetic polypeptide consisting of
TRF2 amino acid residues 183-192, with a centrally positioned
phosphothreonine-188. The purified anti-TRF2 Thr188P anti-
body reacted specifically with the immunizing polypeptide phos-
phorylated at Thr-188 (T-188) but not with the nonphosphory-
lated peptide (Fig. 1C). When using the anti-TRF2 Thr188P
antibody, we did not detect a T-188 phosphorylated form of
TRF2 (TRF2-Thr188P) in immunoblots of nuclear extracts from
unirradiated HT1080 cells (Fig. 1D). However, TRF2-Thr188P
was readily detected 30 min after exposure to 20 Gy of x-rays, as
were p53-Ser15P and y-H2AX, two phosphorylation targets of
ATM (Fig. 1D). In a dose-dependent manner, TRF2-Thr188P
was also detected at reduced levels 30 min after exposure to
lower levels of x-rays (5 Gy) (Fig. 1E). The majority of TRF2-
Thr188P was gone by 2 h postirradiation, in marked contrast to
the persistence of p53-Ser15P and y-H2AX (Fig. 1D). We found
that the anti-TRF2 Thr188P antibody was immunodepleted
during immunoblot analysis when the blotting solution was
incubated with the immunizing polypeptide phosphorylated at
Thr-188 but not with the nonphosphorylated peptide (Fig. 1F).
In addition, phosphatase treatment by A phosphatase (A-PPase)
eliminated the band detected by the phosphospecific TRF2
antibody (Fig. 1G). Taken together, these results demonstrate
that the anti-TRF2 Thr188P antibody is specific for the T-188
phosphorylated form of TRF2.

To further investigate the nature of the DNA damage-induced
modification of TRF2, we performed two-dimensional PAGE
with isoelectric point focusing followed by immunoblotting with
anti-TRF2 antibody IMG-124, which recognizes all known forms
of TRF2. The addition of a single phosphate group theoretically
shifts the isoelectric point of a protein ~0.5 pH units toward the
acidic pole (32). Detection of TRF2 from lysates of mock-
irradiated HT1080 cells showed a single protein spot, which we
refer to here as TRF2e, focusing at an isoelectric point of ~pH
9 (Fig. 1H, the theoretical isoelectric point of TRF2 is pH 9.22).
Confirming our previous immunoblot results (Fig. 1D), we found
that two TRF2-modified forms appear postirradiation with
isoelectric points shifted ~0.5 pH unit (TRF2-P;) and ~1.0 pH
unit (TRF2-P,) toward the acidic pole with the same kinetics of
appearance (0.5 h; Fig. 1H) and disappearance (2 h; Fig. 1H) of
TRF2 phosphorylation. TRF2-P; and TRF2-P, are eliminated
after phosphatase treatment by A phosphatase (A-PPase), signi-
fying that these TRF2 species are modified by phosphorylation
(data not shown). Therefore, one or two phosphate groups are
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Fig. 1. TRF2is phosphorylated at T-188 after exposure to IR. (A) Schematic diagram of human TRF2 (hTRF2) with conserved PIKK target sequences at T-188.
TRF2T-188, along with adjacent amino acids, is highly conserved in mammalian homologues (shaded). The synthetic phosphorylated polypeptide sequence used
as an antigen to generate the anti-TRF2 Thr188P is shown in italics. (B) In vivo labeling. HeLa cells were labeled by [32P]orthophosphate, and TRF2 proteins were
immunoprecipitated with anti-TRF2 antibody and separated by SDS/PAGE, followed by autoradiography (Left), and the same membrane was immunoblotted
with anti-TRF2 antibody (Right). (C) Anti-TRF2 Thr188P antibody was used to immunoblot synthetic peptides (1 ug) comprised of 10 amino acids of TRF2 with
(183-1927hr188P) or without (183-192) phosphorylation at T-188. (D and E) The human fibrosarcoma cell line HT1080 was either mock-irradiated [IR(—)] or
irradiated with 20 Gy (D) or 5 Gy (E) of x-rays and harvested at time points ranging from 0.5 to 48 h, as indicated. Whole-cell extracts were prepared and analyzed
by immunoblot with anti-TRF2 Thr188P, anti-TRF2 (IMG-124 that recognizes all known forms of TRF2), anti-p53 Ser15P, anti-p53, anti-y-H2AX, and anti-H2A
antibodies. For a loading control, the same membranes were stripped and incubated with anti-g tubulin. (F) HT1080 cells were irradiated with (+) or without
(—) 20 Gy and harvested. Immunoblots were incubated with anti-TRF2 T188P antibody (1 ng/ml) in the presence of the immunizing polypeptide phosphorylated
at T-188 or nonphosphorylated peptide at a final concentration of 0.5 ug/ml. (G) HT1080 cells were irradiated with 20 Gy (+) and harvested after 30 min. Cell
lysates were incubated with or without A phosphatase (A-PPase), separated by SDS/PAGE, and probed with anti-TRF2 Thr188P, anti-TRF2, anti-p53 Ser15P, and
anti-p53. (H) HT1080 cells were untreated (Non IR) or irradiated with 20 Gy and harvested at time points of 0.5, 2, and 8 h, as indicated. Whole-cell extracts were
subjected to isoelectric focusing (pH range, 7-10), SDS/PAGE, and immunoblotting with anti-TRF2 antibody. Here, we refer to the ground state of TRF2 as TRF2q,
being present as one major spot without treatment or 8 h after IR. Within 0.5 h after IR exposure, the isoelectric points of TRF2-modified forms shifted ~0.5 pH
unit (TRF2-P¢) and ~1 pH unit (TRF2-P,) toward the acidic direction, as analyzed by two-dimensional PAGE. In addition, TRF2 is present 0.5 and 2 h after IR
exposure.

rapidly added to TRF2 in response to ionizing radiation (IR). In
addition, an unexpected and unidentified TRF2 species, referred
to here as TRF2B, shifted ~0.5 pH unit toward the basic pole.
TRF2p appears rapidly (0.5 h after IR exposure; Fig. 1H) with
similar kinetics to the two TRF2-phosphorylated forms but
persists past 2 h (Fig. 1H) before disappearing by 8 h (Fig. 1H).

To determine which protein kinase is responsible for DNA
damage-induced phosphorylation of TRF2 at T-188, we mea-
sured the effect of the PIKK inhibitors wortmannin and caffeine
on DNA damage-induced phosphorylation of TRF2. Pretreat-
ment of HT1080 cells with either 20 uM wortmannin or 10 mM
caffeine did not affect overall levels of TRF2 protein but blocked
measurable TRF2 phosphorylation at Thr-188 by either 20 Gy IR
or 10 pg/ml etoposide, a DSB-inducing chemotherapeutic com-
pound (33) (Fig. 24 and B and data not shown). Because 20 uM
wortmannin selectively inhibits DNA-PKcs and ATM but not
ATR (34-36), whereas 10 mM caffeine inhibits ATM and ATR
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but not DNA-PKcs (37), these results suggest that DNA damage-
induced phosphorylation of TRF2 at residue T-188 is primarily
mediated by ATM. To test this hypothesis, we studied DNA
damage-induced phosphorylation of TRF2 in ataxia-telangiec-
tasia fibroblast cells (A-T) deficient in ATM but not DNA-PKcs.
We found both IR- and etoposide-induced TRF2 phosphoryla-
tion at T-188 to be absent in an A-T cell line (Fig. 2 C and D; data
not shown) and two primary A-T cells (Fig. 2D). We also
examined the human glioma cell line MOS59J, which lacks
DNA-PKcs and has reduced activity of ATM and MOS59K, a cell
line derived from the same tumor that expresses wild-type levels
of DNA-PKcs and ATM proteins (38). MO59J showed reduced
IR- or etoposide-induced phosphorylation of TRF2 at Thr-188,
whereas MO59K showed robust IR-induced T-188 TRF2 phos-
phorylation (Fig. 2C and data not shown). Taken together, our
findings suggest that, under these particular DNA damage-
induction conditions, phosphorylation of TRF2 at T-188 by the
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Fig. 2.

Phosphorylation at T-188 is mediated by an ATM kinase signal-transduction pathway. (A) HT1080 cells were preincubated with and without 20 uM

wortmannin for 30 min before treatment with 20 Gy of IR (IR+) or without IR (IR—). Whole-cell extracts were prepared 30 min after IR and subsequently analyzed
with anti-TRF2 Thr188P, anti-TRF2, anti-p53 Ser15P, and anti-p53 antibodies. (B) HT1080 cells were treated for 1 h with 10 ug/ml etoposide, which induces DSBs,
with increasing concentrations of caffeine (1-20 mM). Cell extracts were analyzed by immunoblotting with anti-TRF2 Thr188P or anti-TRF2 antibodies. (C)
HT1080, A-T (GM05849), MO59J, and MO59K cells were left untreated (—) or irradiated with 20 Gy (+) and harvested after 30 min. Cell lysates were separated
by SDS/PAGE and probed with anti-TRF2 Thr188P or anti-TRF2 antibodies. (D) HT1080, A-T (GM05849), primary A-T fibroblast (GM05823 and GM03487) cells were
treated for 1 h with 50 ug/ml etoposide, and immunoblotting was performed with anti-TRF2 Thr188P or anti-TRF2 antibodies.

DSB-inducing agents IR and etoposide depends primarily on the
ATM damage-response pathway.

We next tested whether TRF2-Thr188P is bound to telomeric
DNA as the ground form of TRF2 (TRF2«) (39, 40). HT1080
cells were either treated with etoposide (50 ug/ml) or untreated,
and whole-cell lysates were extracted by using buffers containing
50-450 mM KCl (Fig. 3). Extracts were centrifuged at 14,000 X
g to pellet chromatin, and supernatants were resolved by PAGE
and examined by immunoblot analysis (Fig. 3). As predicted,
B-tubulin fractionates with the supernatant, and the histone
protein H2A fractionates with the pellets, both fractionations of
these two control proteins being independent of KCI concen-
tration (Fig. 3). As previously shown, TRF2« does not dissociate
from chromosomal DNA until buffer concentration reaches 300
mM KCI (41) (Fig. 3). In contrast, TRF2-Thr188P is present in
the supernatant regardless of KCI concentration (Fig. 3), indi-
cating that TRF2-Thr188P is not bound to telomeric DNA as the
bulk unphosphorylated form of TRF2.

50 150 300 450 : KCl [mM]

+ - + :Etoposide
supematant d .
TRF2-Thri88P
supematant o ——
TRF2
pellet (—— o
supematant|
.
H2A
supematant:
Tubulin
pellet

Fig.3. TRF2phosphorylated at T-188 is not bound to telomeric DNA. HT1080
cells were either untreated (—) or treated (+) with 50 ng/ml etoposide. Cells
were lysed with various concentrations of KCl (50, 150, 300, and 450 mM), as
indicated. After centrifugation, 30 ug of the supernatant was used for immu-
noblotting (supernatant: total-cell extract fraction). The pellets were resus-
pended in 1X SDS sample buffer, and 30 ng were used for immunoblot
analysis (pellet: chromatin-bound proteins fraction). Antibodies used for im-
munoblotting were anti-TRF2, anti-TRF2 T188P, anti-H2A, and anti-3 tubulin.
Note: Bands representing the phosphorylated TRF form at T-188 are present
upon longer exposure in eptopside-treated lanes at 50 and 150 mM KCl in the
supernatant fraction probed with anti-TRF2 antibody (data not shown).
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We next studied TRF2-Thr188P expression in untreated pri-
mary BJ fibroblasts, late passage BJ E6/E7 fibroblasts (PD86),
and VA13 SV40-transformed fibroblasts. Expression of the
papilloma virus proteins E6 and E7 allows BJ E6/E7 cells to
proliferate in the presence of telomeres that otherwise would be
critically short (24, 42), whereas VA13 cells maintain their
telomeres by the recombination-driven, telomerase-indepen-
dent, ALT pathway (25-27). Some telomeres in late-passage BJ
E6/ET7 cells (Fig. 44) and in VA13 cells appear to be dysfunc-
tional, because they participate in telomere—telomere fusion and
attract y-H2AX and other DNA damage-response proteins (2,
24,27, 42)

Immunoblot analysis demonstrated the presence of TRF2-
Thr188P in extracts from untreated BJ E6/E7 cells (PD86) and
VAI13 cells but not in extracts from untreated HT1080 cells,
which required exposure to either etoposide or IR to induce
detectable amounts of TRF2-Thr-188 (Fig. 4 B and D). Immu-
nostaining with the anti-TRF2 IMG-124 antibody revealed
characteristic telomere-associated punctate staining patterns in
BJ, BJ E6/E7, and VA13 cells (Fig. 4C, red). In contrast, the
majority of untreated BJ and HT1080 cells showed only weak,
background immunostaining with anti-TRF2 Thr188P (Fig. 4C,
data not shown). The intensity of anti-TRF2 Thr188P staining
increased in HT1080 and BJ cells after exposure to IR or
etoposide, but the staining lacked a punctate, telomeric pattern
(data not shown), consistent with our results that TRF2-Thr188P
is not bound to telomeric DNA (Fig. 3). Unlike BJ and HT1080
cells, 2-4% of BJ E6/E7 cells and 5-10% of VAI13 cells
contained multiple bright anti-TRF2 Thr188P foci (Fig. 4C,
green). In VA13 cells, the majority of these bright anti-TRF2
Thr188P foci colocalized with anti-y-H2AX (both monoclonal
and polyclonal forms, Upstate Biotechnology) foci and with a
telomeric-repeat-specific PNA probe (Fig. 4C) and with foci of
anti-TRF2 IMG-124, anti-TRF1 (TRF-78, Sigma), and anti-Tin2
(12) (data not shown). Taken together, these results suggest that
TRF2-Thr188P associates only with dysfunctional telomeres that
have induced a localized DNA damage response.

To investigate the possible association of TRF2-Thr188P with
induced DSBs in nontelomeric DNA, we induced DSBs in
defined nuclear regions of GM0639 human fibroblasts by se-
quentially exposing the cells to Hoechst 33258, a DNA interca-
lator, and pulsed 390-nm laser microbeam irradiation (16).
Irradiated cells were fixed and analyzed for TRF2-Thr188P and
total TRF2 by indirect immunofluorescence. DNA damage was
monitored by TUNEL-labeling of DNA breaks with Cy3-
conjugated dCTP (16). When examined ~10 min postirradia-
tion, anti-TRF2-Thr188P foci could be seen colocalizing with
Cy3-dCTP-labeled DSBs in irradiated GM0639 fibroblasts (Fig.
5 A and B). Anti-TRF2 Thr188P foci also colocalized with
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Lo L

/

1\

=y

B &

A
&
&

o )
W
£ @&
+# - - - - :Etoposide
ez [ W
TRF2 |SSSam &

VA13

VA13

VA13

TRF2-Thr188P

VA13

Fig.4. TRF2 phosphorylated at T-188 localizes to telomeres in crisis and ALT
cells without DNA-damage induction. (A) Representative chromosome spread
of BJ E6/E7 cells (PD 86). Telomeric FISH was performed with Cy3-[CCCTAA]3
PNA probe (red). Chromosomes were stained with DAPI (blue). Arrows and
Insets (I and Il) show examples of end-to-end fusion without positive Cy3-
[CCCTAA]3 PNA telomeric probe staining. (B) Whole-cell lysates of HT1080, BJ
(60 PDs), BJ E6/E7 (PD 86), and VA13 cells were analyzed for immunoblotting.
Blotting was performed with either anti-TRF2 Thr188P antibody (TRF2-
Thr188P) or anti-TRF2 IMG-124 (TRF2). (C) Primary normal fibroblast BJ cells,
human papiloma virus E6/E7-infected BJ cells in crisis (BJ E6/E7, PD 86), and
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TRF2-Thr188P

TRF2-Thr188P

Merge

Fig.5. TRF2-Thr188P associates with photoinduced DSBs. (A) Cy3-dCTP (red)
and TRF2-Thr188P (green) form overlapping tracks in nuclei of GM0639 fibro-
blasts fixed ~10 min postinduction of DSBs by laser irratiation. (B) A decon-
volved image of a single irradiated nucleus demonstrates spatial colocaliza-
tion between foci of Cy3-dCTP-labeled DNA breaks (red) and TRF2-Thr188P
(green). (C) Anti-TRF2 (IMG-124, red) and anti-TRF2 Thr188P (green) antibod-
ies stain overlapping tracks in nuclei of HT1080 cells fixed ~10 min after
photoinduction of DSBs.

anti-TRF2 IMG-124 foci at sites of photoinduced DSBs in
HT1080 cells (Fig. 5C).

Beginning nearly a decade ago, an increasing number of proteins
known to play important roles in DNA repair have been found to
be critical for telomere maintenance (43). In addition, several
recent studies demonstrate that proteins known to play critical roles
in maintaining genomic stability via DNA repair pathways localize
in cellular-senescence-associated DNA damage foci (8) and
telomere-dysfunction-induced foci created by inhibition of TRF2
(10). However, whether the function of these proteins is segregated
into separate DNA repair or telomere maintenance functional
compartments, depending on their cellular microenvironment, has
been the subject of intense investigation. Here, we report that TRF2
is phosphorylated in response to DSBs. In addition, the phosphor-
ylated form of TRF2 is not bound to telomeric DNA, as is the
ground form of TRF2 (TRF2«), and rapidly accumulates at DNA
damage sites, perhaps analogous to yeast Ku-protein release from
telomeres in response to DNA damage and its rapid recruitment to

SV40-transformed cell-line VA13 cells were stained with a monoclonal anti-
body recognizing TRF2 (IMG-124, red) or anti-TRF2 Thr188P antibody (green).
Colocalization of anti-TRF2 (IMG-124, red) and anti-TRF2 Thr188P (green)
antibodies resulting in colocalization is depicted in yellow. VA13 cells were
also coimmunostained with anti-TRF2 Thr188P (red) and with a Cy3-[CCCTAA]3
telomere-PNA probe (red) or with an anti-y-H2AX (Upstate Biotechnology,
polyclonal, green) and with a Cy3-[CCCTAA]; telomere-PNA probe (red). In
addition, immunostaining was performed simultaneously with VA13 cells by
using anti-TRF2 Thr188P (red) and anti-y-H2AX (Upstate Biotechnology,
monoclonal, green) antibodies.
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sites of DSBs (44). Like many proteins involved in DSB damage
responses, TRF2 is phosphorylated after DSB induction. In cells
exposed to etoposide or IR, our results suggest that this phosphor-
ylation depends on ATM, a protein kinase that plays a central role
in the major DSB-response network in human cells (7). Recently,
it was shown that localization of TRF2 to DNA damage sites
induced by photoinduced laser microbeam IR did not require the
ATM kinase (16). We propose that the activation of kinases that
phosphorylated TRF2 may depend on the specific sources and/or
intensities of particular DNA damage agents, as has been demon-
strated with other substrates and their corresponding modifying
kinases (45, 46). Our results suggest that DNA damage-induced
phosphorylation may shift TRF2 spatially and functionally from
routine cellular telomere maintenance to a DNA damage response.
This shift could occur by altering the range of DSB repair and/or
telomere-associated proteins with which TRF2 interacts and/or by
changing the nature of those interactions.

Our results implicate two courses of action for TRF2-Thr188P
that depend on whether the cell is responding to genomic-wide
or telomere-based DNA damage signals. In the case of a
genomic-wide DNA repair in response to DSBs occurring
throughout the genome by an exogenous source, phosphoryla-
tion of TRF2 may cause TRF2 to dissociate from telomeric DNA
by disrupting the homodimer form of TRF2, or phosphorylation
of TRF2 may be required for function at the damage sites.
Alternatively, cells undergoing a telomere-based DNA damage
response, such as cells in telomere crisis (BJ E6/E7) or using the
telomerase-independent ALT pathway (VA13), we find that
phosphorylated TRF2 localizes to telomeres. Phosphorylated
TRF2 may be maintained at the telomere by a specific DNA
damage-site protein or protein complex that is recruited to the
telomere in response to the detection of DNA damage signals at
the telomere. Phosphorylated TRF2 may be involved with
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telomere DNA repair by assisting the recruitment of additional
DNA repair proteins to damaged telomeric DNA. In addition,
TREF2 phosphorylation may disrupt and/or promote protein—
protein interactions with TRF2 protein binding partners to
promote a DNA repair response. Moreover, these findings
suggest that the phosphorylated form of TRF2 may play a key
role in both telomere-based and genomic-wide DNA damage
signaling responses.

The exact role TRF2 may play in the DNA damage-response
system remains to be determined. However, damage-induced
modifications of TRF2 may yield important clues into TRF2
protein’s role in a damage response. In addition, continued
investigations into whether other telomere-associated protein
substrates are modified by PIKKs and/or other kinase families
will be critical to determine the extent of direct signaling
cross-talk between telomere maintenance and DNA repair-
responsive systems. It is likely that additional examples of direct
cross-talk between telomere maintenance and DNA repair, two
major cellular processes essential for genomic stability, will be
discovered with continued work in this active area of research.
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