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Protein kinases of the phosphatidylinositol 3-kinase-like kinase family, originally known to act in maintain-
ing genomic integrity via DNA repair pathways, have been shown to also function in telomere maintenance.
Here we focus on the functional role of DNA damage-induced phosphorylation of the essential mammalian
telomeric DNA binding protein TRF2, which coordinates the assembly of the proteinaceous cap to disguise the
chromosome end from being recognized as a double-stand break (DSB). Previous results suggested a link
between the transient induction of human TRF2 phosphorylation at threonine 188 (T188) by the ataxia
telangiectasia mutated protein kinase (ATM) and the DNA damage response. Here, we report evidence that
X-ray-induced phosphorylation of TRF2 at T188 plays a role in the fast pathway of DNA DSB repair. These
results connect the highly transient induction of human TRF2 phosphorylation to the DNA damage response
machinery. Thus, we find that a protein known to function in telomere maintenance, TRF2, also plays a

functional role in DNA DSB repair.

Telomeres act as protective caps to disguise the chromo-
some end from being recognized as a DNA double-strand
break (DSB) and play other important roles in maintaining
genomic integrity (2, 21, 26). Telomere capping dysfunction
resulting in genomic instability is likely a major pathway lead-
ing to human cancers and other age-related diseases (8, 27).

An increasing number of proteins known to play important
roles in DNA repair have also been found to be critical for
telomere maintenance (6). Specifically, phosphatidylinositol
(PI) 3-kinase-like kinase family members, such as ataxia telan-
giectasia mutated protein kinase (ATM) and the DNA-depen-
dent protein kinase catalytic subunit in mammals, originally
known to act in maintaining genomic stability via DNA repair
pathways, have been shown to be important in telomere main-
tenance (1, 4, 7, 9, 10, 16, 25). Previous reports indicate that
ATM is required for the DNA damage-induced phosphoryla-
tion of two major telomere-associated proteins in mammals,
human TRF1 and TRF2 (16, 28). The specific molecular roles
played by the DNA damage-induced phosphorylation of TRF1
and TRF2 in telomere maintenance and/or DNA repair are
unclear and under active investigation. We previously reported
that upon DNA damage, human TRF2 was rapidly and tran-
siently phosphorylated at threonine 188 (T188) (28). Here, we
report that X-ray-induced phosphorylation of human TRF2 at
T188 plays a functional role in the fast pathway of DNA DSB
repair.

MATERIALS AND METHODS

Construction of TRF2 mutants. Site-directed mutagenesis was performed us-
ing Stratagene’s QuikChange kit. The Mlul and Nhel sites were introduced into
primer sequences in order to subclone wild-type human TRF2 (TRF2VT) into
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pTRE2Hyg (Clontech, CA). Nucleotide sequences of the constructs were
checked and confirmed by sequencing both strands. The TRF2 ¢cDNA was
provided by Titia de Lange (Rockefeller University, New York, NY).

Cell culture and transfection. HT1080 Tet-Off, advanced MCF7 Tet-Off, and
Saos2 Tet-Off cell lines expressing the tetracycline (Tet)-controlled transactiva-
tor (tTA) (Clontech) were used. Cells were cultured in advanced Dulbecco’s
modified Eagle’s medium (Invitrogen Inc.) supplemented with L-glutamine, pen-
icillin-streptomycin, 2.5% Tet system-approved fetal bovine serum (Clontech),
and 100 pg/ml G418 at 37°C in 5% CO,. Inducible, high-level gene expression
systems for TRF2WT and mutant TRF2 were generated by stably transfecting
gene constructs with FUGENE 6 transfection reagent (Roche) into Tet-Off cell
lines. The constructs express TRF2WT and mutant TRF2 under the control of a
potent Tet-responsive element. The stable transfectants were selected using 200
pg/ml hygromycin. Cells were cultured in the presence of 2 pg/ml of doxycycline
(Dox) to repress exogenous TRF2 expression. Fresh Dox was added every 2 days.
Dox was removed from the medium to induce exogenous TRF2 overexpression.

Irradiation of cells. Cells were irradiated with 3, 6, or 20 Gy using a 160-kV
Faxitron X-ray machine (0.5-mm Cu filter; diameter, 33 cm; dose rate, 64.2
c¢Gy/min) on ice. Irradiated cells were harvested for various times with incubation
at 37°C. Mock-irradiated controls were incubated for corresponding times on ice.

shRNA knockdown of TRF2. The short hairpin RNA (shRNA) sequence
(leading strand) used for TRF2 gene silencing was GAAGGATCTGGTTCTT
CCTACTCAAGCTC (OriGene Technology, Rockville, MD). Transfections
were performed using FuGENE HD (Roche). Cells were transfected three times
on successive days to produce maximal knockdown.

Clonogenic assay. To measure X-ray sensitivity, clonogenic assays were per-
formed as described previously (18). Cells were induced to express TRF2WT or
mutant TRF2 in the absence of Dox for 72 h prior to X-ray treatment and
throughout this assay. Control or uninduced cells were continuously grown in the
presence of Dox to prevent the expression of exogenous TRF2 alleles. After
X-ray treatment, 0.6 X 103 to 1.5 X 10? cells were plated on 60-mm dishes. For
each sample group, six 60-mm dishes were plated, and the formation of colonies
was allowed for 1 week with or without the addition of Dox. Cells were stained
with crystal violet and colonies counted to determine the survival fraction of each
group. Only colonies with more than 50 cells were counted. Each experiment was
repeated three times for each cell line examined. Plating efficiencies for irradi-
ated and unirradiated samples were calculated by dividing the average number of
colonies by the number of cells initially plated. Survival fractions were deter-
mined by standard methods. To test for significance between surviving fractions
obtained in the clonogenic assay, the Student ¢ test was performed to assess
statistically significant differences between means.

Flow cytometric analysis. An annexin V-enhanced green fluorescent protein
apoptosis detection kit was used for the observation of apoptotic cells (Bio-
Vision). Cells (5 X 10°) were suspended in 0.5 ml of 1X binding buffer. Finally,
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FIG. 1. Overexpression of exogenous TRF2"8 mutant protein reduces the levels of endogenous DNA damage-induced P~TRF2T%8, For all

panels, P~TRF2"'%8 was detected with anti (a)-P~TRF2"%® phospho-specific antibody (28); all forms of TRF2 were detected by anti-TRF2
antibody (clone 4A794). (a) Diagram of Tet-inducible TRF2 constructs with mutations at residue T188 and their expression. Exogenous expression
of mutant (TRF2"%* and TRF2"'%¥) and TRF2™" constructs was controlled by the Tet-Off gene expression system in HT1080 cells. Before and
after 3 days of induction, cell lysates were analyzed for all forms of TRF2 by immunoblotting. (b) Reduction of endogenous TRF2 phosphorylation
by exogenous TRF2™'8 mutant proteins after ionizing irradiation. To induce exogenous TRF2 constructs, cells were cultured for 3 days without
Dox and irradiated (IR) with 20 Gy. Noninduced cells (—) were drugged every 48 h with 2 wg/ml of Dox. (c) Anti-P~TRF2"'® is specific for
P~TRF2""%, Immunoblotting was performed using cell extract with or without (control) expression of TRF2 shRNA. (d) TRF2"® phosphor-
ylation kinetics after an X ray. Cell were harvested at the indicated time points after 20 Gy of X rays and analyzed by immunoblotting. Antiactin

antibody was used as a gel loading control in panels a to d. (¢) Graphic representation of P~TRF2"®8 kinetics.

10 pl of annexin V-enhanced green fluorescent protein and 10 wl of propidium
iodide were added, mixed gently, and analyzed by flow cytometry.

Neutral comet assay and single-cell gel electrophoresis. To study DNA DSB
repair, neutral comet assays were performed using Comet assay kits (Trevigen).
Induced and uninduced cells were prepared and exposed to X rays at 20 Gy on
ice. To monitor DSB rejoining, cells were placed at 37°C and trypsinized at
different time intervals (0 to 3 h). After being washed with phosphate-buffered
saline, the cells were embedded in agarose, lysed, and subjected to neutral
electrophoresis. Immediately before image analysis, cells were treated with
SYBR green. The cells were examined with a Leica CTR 5000 fluorescence
microscope, and comet images were captured using the SPOT RT software. The
tail moments of comets were analyzed by the TriTek CometScore Freeware
program. Average tail moment values were estimated by examining at least 100
cells per sample.

Immunoblotting and antibodies. Immunoblotting was carried out as previ-
ously described (28). We used the following antibodies at the indicated dilutions:
anti-TRF2 (1:2,000, 4A794; Imgenex), anti-TRF2 phosphorylated at T188 (anti-
P~TRF2"'%¥) (1:500; Millipore/Upstate), anti-H2A (1:1,000, 2572; Cell Signal-
ing Technology), anti-phospho-H2AX (Ser139) (1:2,000, JBW301; Millipore/
Upstate), and antiactin (1:10,000, MAB1501; Chemicon International).

Analysis of y-H2AX foci. Cells were grown in chamber slides in the presence
or absence of Dox for 3 days. Cells were exposed to 1 Gy X rays on ice and then
cultured at 37°C for 0.5 or 6 h. Cells were stabilized in 0.1 M PIPES [piperazine
N,N’-bis(2-ethanesulfonic acid)] buffer (pH 6.9) containing 4.0 M glycerol and
1.0 mM EGTA and permeabilized on ice for 5 min in 0.2% Triton X-100. Cells
were fixed with formalin solution (Sigma-Aldrich) and blocked twice in 10 mM
Tris-HCI buffer (pH 7.5) with 1% bovine serum albumin for 10 min at room
temperature. Then cells were incubated with anti-y-H2AX antibody coupled
with fluorescein isothiocyanate (1:200 dilution; Millipore/Upstate) for 1 h at
room temperature and washed with 10 mM Tris-HCI buffer (pH 7.5) with 1%
bovine serum albumin three times for 10 min each time at room temperature.
Cells were mounted with Vectashield mounting medium containing DAPI (4',6-
diamidino-2-phenylindole; Victor Laboratories Inc., CA). Fluorescence images
were captured using a Leica CTR 5000 fluorescence microscope, and images

were captured using SPOT RT software. At least 55 cells were scored to calculate
the number of foci for each sample.

Measurement of telomere length. Genomic DNA was isolated from each cell
line, and mean telomere length was measured by in-gel hybridization as de-
scribed previously (12).

RESULTS

Reduction of endogenous DNA damage-induced P~TRF27'%8
with overexpression of exogenous TRF2 proteins with a mutation
at T188. To investigate the functional consequences of TRF2
DNA damage-induced phosphorylation, we performed a stan-
dard disruption and compensatory mutational analysis at
TREF2 residue T188 (5, 15). We generated two mutant TRF2
constructs with T188 replaced by alanine (TRF2T'#84) or by
the phospho-mimic glutamic acid (TRF2™'#¥F) using the in-
ducible Tet-Off expression system (Fig. 1a). We propose that if
Thr188 phosphorylation is functionally important, mutant
TRF2T'884 protein will display a loss of function due to an
alanine substitution at this position since this residue cannot be
phosphorylated. Alternatively, mutant TRF2T'8E protein with
a glutamic acid residue at position 188 is expected to restore
function by mimicking a constitutively phosphorylated TRF2 at
this position (5, 15). Additionally, a TRF2™" construct was
also made using the same induction system to determine
whether simply overexpressing TRF2WT had a phenotypic ef-
fect (Fig. 1a). These three constructs were transfected into the
human fibrosarcoma HT1080 Tet-Off cell line, and we isolated
stable clones that essentially lacked exogenous TRF2 expres-
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sion in the presence of Dox but expressed high levels of exog-
enous mutant TRF2 or TRF2%™ upon removal of Dox from
the culture medium (Fig. 1la). We intentionally used non-
tagged, exogenously overexpressed TRF2 proteins to avoid
potential pitfalls or artifacts due to the addition of tagged
residues. We then examined whether overexpression of exog-
enous TRF2 proteins altered ionizing-radiation-induced phos-
phorylation of endogenous TRF2 at T188, finding that over-
expression of the two mutant TRF2T!884 and TRF2T'88E
proteins, but not of TRF2WT, significantly reduced the amount
of X-ray-induced T188 phosphorylation of endogenous
TRF2WT, as detected by an anti-P~TRF2"'® (phospho-spe-
cific) antibody (Fig. 1b) (28). This result suggests that the
conditionally overexpressed exogenous mutant proteins
(TRF2T'884 and TRF2"'8%E) interfere with or compete for
phosphorylation factors, resulting in a reduction in the level of
endogenous, X-ray-induced P~TRF2™#® (Fig. 1b). To further
confirm the phospho specificity of anti-P~TRF2"'5® antibody,
we knocked down endogenous TRF2 levels using shRNA and
found a corresponding reduction of signal using the anti-
P~TRF2"'%8 antibody (Fig. 1c). Previously, we reported sev-
eral lines of evidence indicating that this antibody, anti-
P~TRF2™%  was specific for DNA damage-induced
P~TRF2"'% (28). Thus, we additionally demonstrate here
that both an overexpression system with specific amino acid
changes at T188 (both TRF2™'# and TRF2T'%8E proteins)
and shRNA knockdown of endogenous TRF2 levels corre-
spondingly reduce signal with the anti-P~TRF2™'## phospho-
specific antibody (Fig. 1b and c). Taken together, these results
indicate that this antibody specifically recognizes DNA dam-
age-induced P~TRF2""® under these reported conditions
(Fig. 1b and c) (28). As stated above, the amount of X-ray-
induced P~TRF2™'#® protein did not increase even after in-
duction of exogenous TRF2WT (Fig. 1b). This suggests that the
amount of DNA damage-induced P~TRF27'%8 is regulated to
a maximum threshold level regardless of increased amounts of
steady-state TRF2 protein.

Our previous results demonstrated that the kinetics of the
DNA damage-induced appearance of P~TRF27'% was rapid
and transient (28). In Fig. 1d, we show that X-ray-induced
TREF2 phosphorylation is visible within 5 min but highly tran-
sient and that P~TRF2""® is reduced after 1 hour and nearly
gone after 2 hours (Fig. 1d and e). These results indicate that
X-ray-induced phosphorylation of TRF2 appears to function at
early stages of the DNA damage response.

Overexpression of the TRF2"'®3* mutant protein signifi-
cantly reduced X-ray survival. To begin investigating whether
disruption of the T188 site on TRF2 had functional conse-
quences, we employed a clonogenic X-ray survival assay. We
compared levels of X-ray-induced cell killing of cell lines over-
expressing mutant TRF2 and TRF2VT that had been irradi-
ated with 3 or 6 Gy. Following irradiation, cells were permitted
to recover for 24 h to allow repair and then plated for survival
analysis. As important control lines, uninduced TRF27!884
(TRF2"'88A7) ' TRF2"88E" and TRF2W"™ cells were treated
every 48 h with 2 pg/ml of Dox to prevent expression of exog-
enous TRF2 (Fig. 1b and 2). Three different cell lines were
used for this clonogenic survival assay after X-ray treatment,
including previously described HT1080 Tet-Off cells along with
Saos2 Tet-Off cells (a human osteosarcoma-derived, telome-
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rase-independent ALT cell line) and MCF7 Tet-Off cells (a
human breast adenocarcinoma [pleural effusion]-derived cell
line). Only cells positive for TRF2T'884 predicted to disrupt
DNA damage-induced phosphorylation, were more radiation
sensitive than the control cells (Fig. 2a, b, and c). Overexpres-
sion of the TRF2™'¥ mutant protein significantly reduced
cellular survival compared to that of controls at 3 and 6 Gy
(Student’s ¢ test, P < 0.005). We determined that the induced
TRF2T'884 (TRF2T'%84%) line was 30 to 50% more radiation
sensitive than control cell lines. To place this reduction of
clonogenic survival after X-ray treatment of the TRF2T'#84+
line in a broader context, we also performed a clonogenic
survival assay after X-ray treatment on a cell line deficient for
ATM (immortalized fibroblasts from an ataxia telangiectasia
patient). Our data indicate that overexpression of the
TRF2T'884% mutant protein reduces survival to about one-
third of that of ATM-deficient cells, a significant increase in
X-ray sensitivity. Importantly, clonogenic survival after X-ray
treatment was restored in the cell lines by overexpressing the
phospho-mimic glutamic acid mutant construct TRF2T!88E+
(Fig. 2a, b, and c).

Increased X-ray sensitivity of the TRF27'8%4 gverexpression
cell line does not appear to be caused by altered apoptosis or
telomere shortening. To explore whether the reduction in X-
ray survival of the TRF2"'%84 overexpression cell line was due
to increased apoptotic cell death, we performed a standard
annexin V/PI flow cytometry analysis to examine the cell sur-
face phosphatidyl serine apoptotic marker (Fig. 2d) (18a). We
found no evidence that apoptosis was significantly altered in
the TRF2"'884% cell line compared to that in control lines. In
addition, we found that telomere length was essentially un-
changed in all cell lines after X-ray exposure (Fig. 2e). In
accord with these findings, it was previously reported that
irradiation does not alter bulk telomere length in other cell
types (24). Therefore, our results and those of others suggest
that alterations in telomere length could not explain the in-
creased radiation sensitivity of the TRF2T'834% cell line (24).
However, our results do not rule out the possibility that an
undetectable amount of critically short telomeres in each cell
might cause dysfunction. When our X-ray survival data were
plotted as a survival curve, the increased cell killing manifests
as a decrease in the slope of the survival curve of the
TRF2"'88A% Jine compared to those of control lines (Fig. 2b).
A similar change in survival curve shape is observed when
DNA repair is inhibited by mutation of various proteins in-
volved in DNA damage sensing and repair (11). These results
suggest that phosphorylation of T188 may function in or mod-
ulate the DNA damage repair pathway after X-ray exposure.

TRF2"'3% expression interferes with the fast pathway of DSB
repair. To study whether DNA damage-induced P~TRF2"'%8
plays a role in DNA repair, we performed neutral comet assays
to specifically measure DNA DSB repair kinetics after X-ray
exposure (23). The repair of DSBs after X-ray exposure has
been shown to follow bimodal kinetics with fast and slow repair
pathways (14). Under conditions used here, the fast phase of
DNA DSB repair occurs within approximately the first hour
after DNA damage. This is followed by a switch to a relatively
slow phase of DSB repair of several hours, which other inves-
tigators have shown to exhibit a higher rate of misjoining or
misrepair events (Fig. 3b, uninduced lines) (16a). We found
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FIG. 2. Overexpression of the TRF2™#¥* mutant protein significantly reduced survival after X irradiation at 3 and 6 Gy. As described in the
text, cells were not induced (—) and induced (+) with exogenous TRF2 constructs. Vector, vector Tet-Off construct only; WT, TRF2VT construct;
T188A, TRF2"'84; T188E, TRF2"'%¥E, (a) Histogram of clonogenic survival fractions in HT1080 cells. Cells were treated with 3 or 6 Gy of X-ray
exposure. Data are the averages * standard deviations (SD) from three independent experiments. (b) Survival curves for HT1080 and immor-
talized, simian virus 40-transformed ATM cells (A-T cells). Graphical representations of survival fraction data are shown. (c) Histograms of
clonogenic survival fractions for MCF7 and Saos?2 cells. Cells were treated with 3 or 6 Gy of X-ray exposure. Data are the averages = SD of results
from three independent experiments. (d) Annexin-V/PI double staining. TRF2"'®¥*-induced (+) and uninduced (—) cells were irradiated with 6
Gy and cultured for 2 days. The percentages shown in the annexin V*/PI~ and annexin V*/PI" regions represent the fractions of cells that died.
EGFP, enhanced green fluorescent protein. (e¢) Quantification of mean telomere length after irradiation (IR). Indicated cell lines were exposed
to 20 Gy of X irradiation and harvested after 0, 0.5, 1, 5, 24, and 48 h. Additionally, telomere length did not significantly change during the same
harvest times after both 3 and 6 Gy of X-ray exposure (data not shown).

that the fast pathway of DSB repair, occurring within the first ~ TRF2"'®4* line (Fig. 3b). Uninduced cells containing the
hour after X-ray exposure, was essentially eliminated only in ~ TRF27'8 construct and cells containing TRF2W7, either in-
cells overexpressing the TRF2T'84 mutant protein (Fig. 32 duced or not, efficiently and rapidly repaired DSBs after X-ray
and b). Interestingly, the slope of the results from the slow exposure (Fig. 3a and b). Importantly, overexpression of the
phase of DNA DSB repair occurring from 1 to several hours ~ phospho-mimic mutant construct TRF2T'58F restored a large
after X-ray exposure appeared unaffected in the mutant portion of the fast pathway of DSB repair (Fig. 3a and b),
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without (—) or with (+) overexpression at indicated times after 20 Gy of X irradiation. Comet images were captured by fluorescence microscopy,
and the tail moment was analyzed in at least 100 randomly chosen cells by the TriTekCometScore freeware program. The data represent means +
SD. (c) Expression levels of exogenous, inducible TRF2 proteins. Both endogenous and exogenous TRF2 was detected by anti-TRF2 antibody
(4A794) from induced (+) and noninduced (—) cell extracts. Antiactin antibody was used as a gel loading control. «, anti.

consistent with our observation that the phospho-mimic mu-
tant protein TRF2T'88E does not alter clonogenic survival (Fig.
2a and b). Therefore, the alanine alteration at T188
(TRF2T'884) prevents DNA damage-induced phosphorylation
of TRF2 at this position and disrupts the fast pathway DSB
repair response. Taken together, our results indicate that the
alanine phosphorylation site substitution mutation at TRF2
residue T188 strongly and specifically inhibits the fast pathway
of DSB repair after X-ray exposure as determined by the
Comet assay (Fig. 3a and b). In contrast, wild-type exogenously
overexpressed TRF2 does not affect DSB repair or the amount
of steady-state levels of the DNA damage-induced endogenous
P~TRF2"'%, Therefore, the inhibition of DSB repair ob-
served with the TRF2T'%84 mutant protein is not likely due to
overexpression but appears to be specific to the alanine alter-
ation at T188. These results strongly indicate that phosphory-
lation of TRF2 at T188 plays an important role in the fast
pathway of early DNA DSB repair.

Overexpression of the TRF2™'%#A protein alters after DNA
damage y-H2AX Kkinetics. As an early response to DNA dam-
age, the histone H2A variant H2AX is phosphorylated at
Ser139 (y-H2AX) at DNA damage sites and aggregates into
foci at sites of DNA DSBs (13). Under conditions used in these
experiments, y-H2AX levels peak at 0.5 to 1 h and then sub-
side by 6 to 10 h after X-ray exposure (Fig. 4a and b) (13). Our
neutral comet assay data indicate that substitution of an ala-
nine at residue T188 of TRF2 interferes specifically with the
fast but not the slow pathway of DNA DSB repair (Fig. 3).
Based on these results, we were interested in whether the
kinetics of global y-H2AX steady-state levels after X-ray ex-

posure were altered in the TRF2"'®84™ line compared to lev-
els in control lines. Since our results indicated that DNA DSBs
persist in TRF2"T'884% cells, we hypothesized that y-H2AX
levels may also be altered after X-ray exposure, which would
be another indication of a DNA repair defect in this line.
Indeed, we found that the TRF2T!#847 line displayed altered
v-H2AX kinetics compared to the kinetics of five control lines
exhibiting the highest peak levels approximately 1 hour after
X-ray exposure and a subsequent significant delay in the re-
duction of y-H2AX steady-state levels (Fig. 4a and b).
Furthermore, we examined the kinetics of DNA damage-
induced y-H2AX nuclear focus formation and disappearance
after X-ray treatment. We compared the TRF2™'84 ine with
control lines to determine the median numbers of y-H2AX
nuclear foci at 0.5 and 6 h after 1 Gy X-ray exposure. All cell
lines contained similar median numbers of y-H2AX foci at
0.5 h after X-ray exposure (Fig. 4c and d). In the TRF2W™
overexpression cell line and all uninduced cell lines, y-H2AX
focal numbers were greatly reduced 6 h after X-ray exposure
(Fig. 4c and d). However, we found that the median number of
v-H2AX foci persisted in the TRF2™'84* line 6 h after X-ray
exposure, unlike in other cell lines (Fig. 4c and d) (P < 0.001).
In addition, the TRF2™8%E~ [ine displayed partial restoration
of y-H2AX nuclear focus disappearance kinetics after X-ray
exposure at 6 h compared to the restoration in the TRF2T'#84+
line (Fig. 4c and d) (P < 0.001). Therefore, the disruption of
DNA damage-induced phosphorylation of TRF2™'%¥ due to an
alanine substitution alters y-H2AX steady-state levels and nu-
clear focal kinetics likely as the result of the continued pres-
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ence of DNA DSBs due to a defect in the fast pathway of DNA
DSB repair.

DISCUSSION

Previously, we reported that the human telomere-associated
protein TRF2 is rapidly and transiently phosphorylated in re-
sponse to DNA damage by an ATM-dependent pathway (28).
Additionally, we found that DNA damage-induced
P~TRF2"%8 is not bound to telomeric DNA, unlike the un-
phosphorylated form of TRF2, and rapidly accumulates at
DNA damage sites (28). Our previous results suggested that
DNA damage-induced phosphorylation of TRF2 might play a
role in the DNA damage response.

Here, we report that a single alanine substitution at T188 in
TREF2 disrupts the fast pathway of DNA DSB repair, reduces
clonogenic growth after X-ray treatment, and alters y-H2AX
postdamage kinetics. Importantly, and as expected from pre-
vious reports demonstrating that glutamic acid can functionally
compensate or mimic a phosphorylated threonine (5, 15), over-
expression of the TRF2"'®E protein restored clonogenic
growth after X-ray treatment and partially restored DNA DSB
repair and y-H2AX postdamage kinetics. Taken together,
these results provide strong support that DNA damage-in-
duced phosphorylation of TRF2 at T188 is required for the fast
pathway of DNA DSB repair.

We found that both overexpressed TRF2"'884  and
TRF2"'8E mutant proteins suppress the phosphorylation of
endogenous P~TRF2%8, The exact cause of this suppression
is unknown but is mostly likely due to competition for damage-
induced, phosphorylation-dependent factors required by endog-
enous TRF2. Previous reports indicate that glutamic acid can
functionally mimic a phosphorylated threonine or serine likely
by restoring residue charge, not local epitope conformation (5,
15). This is consistent with our finding that the anti-
P~TRF2T'%8 phospho-specific antibody for the DNA damage-
induced form of TRF2 at T188 does not recognize both mutant
proteins TRF27884 and TRF2"'88E, Therefore, our results
suggest that though overexpression of the phospho-mimic
TRF2"'8E protein suppresses the phosphorylation of endog-
enous TRF2, it is able to functionally substitute for phosphor-
ylated TRF2 at residue 188.

We found a corresponding overlap in the kinetics of DNA
damage-induced phosphorylation of TRF2 at T188 and disrup-
tion of the fast repair of DNA DSBs by overexpression of
TRF2"'%84 (Fig. 1 and 3). Our results suggest that DNA dam-
age-induced TRF2 phosphorylation at T188 occurs and func-
tions during the first hour after DNA damage within the fast
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DSB repair pathway. This suggests, based on these early repair
kinetics and the work of others, that the phosphorylation of
TRF2 at T188 may be involved in the nonhomologous-end-
joining pathway (14). While our results do not rule out the
possibility that TRF2 protein plays additional roles in DNA
repair, our data suggest that DNA damage-induced phosphor-
ylation of TRF2 at T188 functions in the fast pathway of DSB
repair via the nonhomologous-end-joining pathway.

Our data indicate that the threshold level of P~TRF2'%8 jg
highly regulated and that even increasing exogenous TRF2W™
levels did not correspond with increasing levels of DNA dam-
age-induced P~TRF2"'%8, We propose that a threshold limit
of P~TRF2 may prevent the loss of the telomere capping
function by TRF2 and may function to precisely control the
amount of TRF2 released from the telomere to participate in
DNA repair.

Several reports have begun to reveal the involvement of
TRF2 in the DNA damage response, in addition to the TRF2
protein’s critical role in telomere maintenance (26). These
reports suggest that TRF2 (i) is required for the repair of DBS
breaks via the homologous recombination pathway (17), (ii)
interacts at nontelomeric sites physically and genetically with
several proteins known to function in various pathways of
DNA repair (19, 20), (iii) plays an important role in drug
resistance (22, 30), and (iv) migrates to DNA damage sites (3,
28). One report repeated previous results regarding TRF2
migration to DNA damage sites using the same damage source
as used by Bradshaw et al. (3) but did not observe TRF2 at
damage sites using another damage source (29). TRF2 local-
ization at damage sites may be dependent on the specific
source or type of DNA damage. Alternatively, TRF2 levels at
DNA damage sites may be below the limit of detection for
immunofluorescence under certain damage conditions. Re-
gardless, we find that DNA damage-induced P~TRF27'%8 s
critical for DSB repair during early stages after DNA damage
and that human TRF2 phosphorylation is highly and unusually
transient compared to the phosphorylation of other early DNA
damage response proteins by an ATM-dependent signaling
pathway.

The exact molecular role that DNA damage-induced
P~TRF2""® plays will be an active area of future study. There
are several potential mechanistic roles that DNA damage-
induced phosphorylation of TRF2 may play in the damage
response in the repair of DNA DSBs. One possibility is that
DNA damage-induced phosphorylation of TRF2 either facili-
tates or disrupts a specific protein-protein interaction poten-
tially at the sites of DNA DSBs. In addition, DNA damage-
induced phosphorylation of TRF2 at T188 may be required to

FIG. 4. TRF2"38 protein alters after DNA damage y-H2AX kinetics. Cells without induction (—) and with induction (+) of exogenous TRF2
proteins. WT, TRF2VT construct; T188A, TRF2884; T188E, TRF2"'%8E, (a) Western analysis of yv-H2AX kinetics. Extracts for each cell line were
collected at 0.5, 1, 3, 6, 24, and 48 h after 6 Gy of X irradiation (IR) exposure and analyzed by immunoblotting with antibodies against y-H2AX
and H2A. (b) Graphic representations of relative y-H2AX levels after DNA damage. Immunoblotting levels from three independent experiments
were quantified by gel densitometry. Relative y-H2AX levels were first normalized within each cell line to endogenous H2A levels. Additionally,
we compared y-H2AX levels between all cell lines for final normalization. The highest level of y-H2AX was set to a maximum relative level of
1.0. The means = SD are shown. (c) Representative images of y-H2AX foci. Cells were seeded onto chamber slides, irradiated with 1 Gy of X
irradiation, cultured for 0.5 or 6 h, fixed, and stained for y-H2AX. (d) Quantitative analysis of y-H2AX foci. y-H2AX foci were scored in a blind
manner, and the number of foci per nucleus was plotted. Fifty-five samples were used for each cell line at each time point. The median numbers

of foci/nucleus are shown numerically and as red dots.
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facilitate the dissociation of TRF2 from the telomere to sites of
DNA damage.

Our results indicate that P~TRF2™'% is required for or
modulates the fast pathway of DSB repair. Experimental re-
sults presented here and previously (3, 28), along with results
from others showing that TRF2 performs roles in the DNA
damage response (17, 19, 20, 22, 30), strongly suggest that
TREF2 functions at DNA DSBs and that DNA damage-induced
phosphorylation of TRF2 may facilitate its localization to these
damage sites. Additionally, DNA damage-induced phosphory-
lation of TRF2 may function to allow TRF2 to perform a direct
role as a mediator or effector in the DNA damage response.
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