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Genomic instability, a hallmark of leukemic cells, is associated with malfunctioning cellular responses to
DNA damage caused by defective cell cycle checkpoints and/or DNA repair. Adult T-cell leukemia, which can
result from infection with human T-cell leukemia virus type 1 (HTLV-1), is associated with extensive genomic
instability that has been attributed to the viral oncoprotein Tax. How Tax influences cellular responses to DNA
damage to mediate genomic instability, however, remains unclear. Therefore, we investigated the effect of Tax
on cellular pathways involved in recognition and repair of DNA double-strand breaks. Premature attenuation
of ATM Kkinase activity and reduced association of MDC1 with repair foci were observed in Tax-expressing
cells. Following ionizing radiation-induced S-phase checkpoint activation, Tax-expressing cells progressed
more rapidly than non-Tax-expressing cells toward DNA replication. These results demonstrate that Tax
expression may allow premature DNA replication in the presence of genomic lesions. Attempts to replicate in
the presence of these lesions would result in gradual accumulation of mutations, leading to genome instability

and cellular transformation.

Preserving genomic integrity is critical for all living systems.
The integrity and survival of a cell depend on the stability of its
DNA. Damaged DNA is detected by cellular sensing systems,
which activate specific DNA repair pathways. Malfunction of this
repair network, collectively known as the DNA damage response,
leads to DNA mutations, a subset of which can promote cellular
transformation. Double-stranded DNA breaks (DSBs) arise from
genotoxic insults and normal physiological processes such as
DNA replication (24, 38). The mechanisms by which eukaryotic
cells sense DNA breaks remain to be elucidated, but one of the
earliest detectable events in DNA damage sensing is the activa-
tion of the ataxia telangiectasia mutated (ATM) kinase (45).

ATM is a member of the PI3K-like kinase family and is mu-
tated in ataxia telangiectasia patients (45). Immediately after ex-
posure of cells to DSB-inducing agents such as ionizing radiation
(IR) and radiomimetic drugs, changes in chromatin structure
activate the intermolecular autophosphorylation of ATM on
Ser1981, resulting in the dissociation of inactive ATM dimers into
active monomers that allow substrate accessibility to the ATM
kinase domain (2). ATM substrates include cellular targets such
as NBS1, Chk2, p53, MDC1, histone 2AX (H2AX), and BRCAL,
which are key players in the maintenance of genomic integrity (5,
19, 44, 47). Some of these substrates are phosphorylated by ATM
in the nucleoplasm, while others are phosphorylated at sites of
DNA damage where ATM is recruited via interaction with the
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Mrel1/Rad50/NBS1 (MRN) complex. At sites of DNA breaks
within chromatin, the phosphorylation of H2AX and MDC1 by
ATM establishes a positive-feedback loop that maintains ATM
autophosphorylation and amplifies the DNA damage response
(31). Genetic defects in crucial parts of this network lead to a
group of human genetic disorders collectively called genomic
instability syndromes. These diseases are characterized by degen-
eration of specific tissues, sensitivity to DNA-damaging agents,
chromosomal instability, and a marked predisposition to cancer
(38).

Nearly 70% of all cancers demonstrate chromosomal abnor-
malities, suggesting a close association between genome instabil-
ity and carcinogenesis. Infection with human T-cell leukemia vi-
rus type 1 (HTLV-1), an oncogenic retrovirus, is associated with
the development of adult T-cell leukemia, an aggressive clonal
malignancy of CD4™ T cells (20). Adult T-cell leukemia develops
in 2% to 5% of HTLV-1-infected individuals after a clinical la-
tency of 20 to 40 years, providing a useful model in which to study
the multistep process of HTLV-1-mediated leukemogenesis.
HTLV-1 encodes a 40-kDa protein, Tax, which is essential for
virus replication and is the major viral oncoprotein (21). Tax-
mediated transformation is thought to depend on its ability to
perturb normal cellular processes such as gene expression, cell
cycle checkpoints, and DNA damage repair (32). Generally, Tax
interferes with these processes by interacting with cellular pro-
teins and modifying their function. More than 20 cellular proteins
interact with Tax, including MEKK1, MADI1, Rb, IkB kinase
subunits, NFkB, Chkl, TATA-binding protein, TFIIEE, and
pl6™&4 (6, 7, 25, 28, 40, 48, 51, 52). Interactions of Tax with
these proteins interfere with normal cellular processes and en-
hance the propensity of a cell to become transformed.

HTLV-1-transformed cells display extensive genome instabil-
ity, a hallmark of cancer cells that is typically associated with
defects in the recognition and/or repair of DNA damage. Here we
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investigated the effect of Tax on the recognition and repair of
DSBs. We found that Tax expression prematurely attenuates
ATM activity, due to defects in ATM accumulation around DNA
breaks and subsequent disruption of positive-feedback signals
that are required to maintain ATM activity. This attenuation
resulted in early release of cells from the IR-induced S-phase
checkpoint, despite incomplete DNA repair. Attenuation of
ATM activity and its diminished damage-induced recruitment to
chromatin correlated with reduced recruitment of MDCI to re-
pair foci. As a consequence, Tax-expressing cells fail to maintain
the ATM-mediated DNA damage response, resulting in prema-
ture DNA replication in the presence of genomic lesions. Inter-
ference with ATM-mediated DNA damage recognition and re-
pair results in attempted replication through these lesions, which
can gradually increase the mutation load, leading to genomic
instability and cellular transformation.

MATERIALS AND METHODS

Cell culture and treatments. CREF-Neo and CREF-Tax cells were previously
described (27) and were maintained in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum (FBS). 293 cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10% FBS and were
transfected with Lipofectamine (Invitrogen, Carlsbad, CA) following the manu-
facturer’s instructions. HTLV-1-negative (CEM and Molt4) and HTLV-1-posi-
tive (MT4 and Hut102) human T-cell lines were maintained in RPMI media
containing 10% FBS. All cells were grown in a humidified atmosphere at 37°C in
5% CO,. Exponentially growing cells were either subjected to mock treatment or
treated with IR at the indicated doses or with 50 uM bleomycin (Sigma-Aldrich,
St. Louis, MO). Cells were allowed to recover at 37°C and were harvested at the
indicated time points.

Cell lysis and immunoblotting. Cells were lysed in radioimmunoprecipitation
assay buffer (50 mM Tris-HCI [pH 7.4], 1% Nonidet P-40 [NP-40], 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mM NazVO,, 1 mM NaF, protease inhibitor cocktail) on ice for 10 min,
followed by centrifugation at 10,000 rpm for 10 min at 4°C. The supernatant was
collected, resolved on 4 to 20% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gradient gels (Invitrogen, Carlsbad, CA), transferred
to polyvinylidene difluoride membranes, and subjected to immunoblotting. Anti-
Tax antibody Tab170 was obtained from the AIDS Research and Reference
Reagent Program, Germantown, MD, and anti-Tax antibody 586 was obtained
from John Brady (National Institutes of Health). Mouse anti-ATM antibody
(2C1) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
anti-ATM (pS1981) was purchased from Rockland Immunochemicals (Gilberts-
ville, PA). Antibodies against NBS1, NBS1 (pS343), Chk2 (pT68), Mrell, and
H2AX (pS139) were purchased from Cell Signaling Technology (Danvers, MA).
Horseradish peroxidase-conjugated secondary antibodies were purchased from
Sigma-Aldrich (St. Louis, MO).

Radio-resistant DNA synthesis (RDS) assay. The rate of DNA synthesis was
measured by the '*C-H-thymidine double-labeling method as previously de-
scribed (50). Briefly, actively growing cells were prelabeled with ['*C]thymidine
(MP Biochemicals, Inc.) (20 nCi/ml [55.4 mCi/mmol]) for 24 h to normalize for
total DNA content. Excess '“C was removed by washing with phosphate-buffered
saline, and cells were allowed to rest for 24 h in normal medium. Cells were
irradiated at the indicated doses and allowed to recover at 37°C. At the indicated
time points, cells were pulse-labeled with [*H]thymidine (MP Biochemicals, Inc.)
(2.5 mCi/ml [20 Ci/mmol]) for 15 min, harvested, fixed in 70% methanol, and
collected on glass microfiber filters (Whatman GF/C). Dried filters were rinsed
sequentially with 70% and 95% methanol and then air dried. The radioactivity of
each sample was quantified using a liquid scintillation counter (Beckman
LS3801) with windows set to record both '*C and *H counts per minute. We
calculated percent DNA synthesis after exposure to IR as follows: [(*H/'“C ratio
in irradiated cells)/(*H/**C ratio in unirradiated cells)] X 100.

CometAssay (single-cell gel electrophoresis). The neutral comet assay was
performed using a comet assay kit (CometAssay [silver staining]; R&D Systems,
Minneapolis, MN) according to the manufacturer’s protocol. Briefly, cells were
washed, immobilized in a bed of agarose, and subjected to electrophoresis.
Under the influence of an electric field, damaged DNA migrates away from the
nucleus, forming a comet-shaped tail, whereas undamaged DNA remains intact
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in the nucleus. The ratio of the number of cells containing comets to the total
number of cells, as well as the average comet tail length, was quantified for 200
cells per sample.

Cellular fractionation. Fractionation of cells was performed as previously
described (1). Briefly, 107 cells were washed twice with ice-cold phosphate-
buffered saline and resuspended for 5 min on ice in 150 pl of fractionation buffer
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM
sodium orthovanadate, protease inhibitors) containing 0.2% NP-40. Following
centrifugation at 1,000 X g for 5 min, the supernatant was collected (fraction I),
and pellets were washed with the same buffer. The wash was collected (fraction
II), and cells were further extracted for 40 min on ice with 150 wl of fractionation
buffer containing 0.5% NP-40. Samples were centrifuged at 16,000 X g for 15
min, and supernatants were collected (fraction III). The remaining pellets (frac-
tion IV) were lysed in LDS sample buffer (Invitrogen, Carlsbad, CA), sonicated,
and boiled for 10 min. Equal aliquots of each fraction, derived from equivalent
cell numbers, were separated on 4% to 20% SDS-PAGE gradient gels (Invitro-
gen, Carlsbad, CA).

Immunofluorescent staining. Cells were seeded on ethanol-washed coverslips
and grown to approximately 50% confluence before exposure to genotoxic con-
ditions. The cells were washed once with PEM buffer {80 mM potassium PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid); pH 6.8], 5 mM EGTA (pH 7.0), 2
mM MgCl,} and fixed by incubation in 5% formaldehyde diluted in PEM buffer
for 30 min at 4°C. To remove excess formaldehyde, cells were washed three times
in PEM buffer and permeabilized by incubation in PEM buffer containing 0.5%
Triton X-100 for 30 min at room temperature. Inmunofluorescent staining was
performed by incubating with primary antibody diluted in 5% bovine serum
albumin containing Tris-buffered saline-0.1% Tween 20 (TBS-T) for a minimum
of 3 h at room temperature. Excess antibody was removed by washing cells three
times in TBS-T. Cells were incubated, in the dark, with a fluorophore-conjugated
secondary antibody diluted in TBS-T for 40 min at room temperature. Excess
antibody was removed by washing the coverslips three times with TBS-T. The
cells were stained with DAPI (4',6-diamidino-2-phenylindole) (Sigma-Aldrich,
St. Louis, MO) to visualize the nucleus and mounted on slides by use of Slow-
Fade antifade mounting medium (Molecular Probes, Eugene, OR). Cells were
visualized using a Zeiss AxioPlan2 microscope and a CoolSnap HQ charge-
coupled device camera. For deconvolved images (see Fig. 6A and 7), an Applied
Precision microscope and soft WoRx Image Restoration software were utilized.

RESULTS

Tax antagonizes ATM activation and kinase activity. Acti-
vation of ATM kinase is one of the first detectable steps in the
response to DSBs. To determine whether Tax affects ATM
kinase activation in response to DNA damage, HTLV-1-posi-
tive and -negative human T cells were exposed to IR and ATM
phosphorylation at serine 1981 was assessed at various time
points following DNA damage. In HTLV-1-negative T cells
(Molt4 and CEM), ATM phosphorylation at serine 1981 was
detected by 30 min following DNA damage and remained
stable for at least 3 h thereafter (Fig. 1A). In HTLV-1-positive
T cells (Hutl02 and MT4), phosphorylated ATM was also
detected by 30 min post-IR at levels similar to those seen in
uninfected cells. However, ATM phosphorylation was signifi-
cantly reduced at subsequent time points. These results dem-
onstrate that ATM becomes autophosphorylated in the pres-
ence of Tax but that this phosphorylation is transient. Similar
effects of Tax on the phosphorylation kinetics of ATM and its
substrates were observed following DNA damage in rat em-
bryo fibroblasts that stably express Tax (Fig. 1B) and in 293T
cells transfected with a Tax expression vector (Fig. 2). These
results indicated that transient ATM phosphorylation was due
specifically to Tax expression and did not require other viral
proteins. Also, transient ATM phosphorylation was not due to
cellular changes that rendered constitutive Tax expression per-
missible, since the same phenotype was observed in cells tran-
siently expressing Tax. Because ATM autophosphorylation re-
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FIG. 1. Tax attenuates ATM autophosphorylation and kinase activity following DNA damage. (A) Western blot analysis of phosphorylated
p-ATM (S1981), ATM, and Tax in extracts prepared from uninfected (MOLT4 and CEM) and HTLV-1-infected (Hut102 and MT4) human T cells
at the indicated times following exposure to 5 Gy of IR. (B) Western blot analysis of p-ATM (S1981), ATM, p-NBS1 (S343), NBS1, p-Chk2 (T68),
Chk2, and Tax in extracts prepared from cloned rat embryonic fibroblasts stably expressing Tax (CREF-Tax) or a neomycin control (CREF-NEO)

at the indicated times following exposure to 10 Gy of IR.

sults obtained with Tax-positive and Tax-negative cell lines 30
min after DNA damage were comparable, it appears that Tax
did not have a significant effect on ATM activation. However,
the reduced ATM phosphorylation observed in Tax-expressing
cells at 3 h post-IR suggests that Tax interferes with compo-
nents of the ATM pathway that maintain ATM activity.

To determine whether the transient phosphorylation of
ATM observed in HTLV-1-infected cells affected ATM kinase
activity, we examined the phosphorylation status of ATM sub-
strates NBS1 and Chk2 at serine 343 and threonine 68, respec-
tively (10, 17). As was seen with ATM, phosphorylation of
NBS1 and Chk2, both of which are direct targets of ATM
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FIG. 2. Attenuation of ATM autophosphorylation and kinase ac-
tivity following DNA damage in cells transiently expressing Tax. The
results of Western blot analysis of phosphorylated p-ATM (S1981),
ATM, p-NBS1 (S343), NBS1, p-Chk2 (T68), and Tax in extracts pre-
pared from vector-transfected or Tax-transfected 293T cells at the
indicated times following exposure to 5 Gy of IR are shown.

kinase activity, was induced in Tax-expressing (CREF-Tax)
and non-Tax-expressing (CREF-Neo) cells at 30 min post-IR
(Fig. 1B). Total NBS1 and Chk2 results remained relatively
constant for both cell types before and after damage. Phos-
phorylation of NBS1 and Chk2 was also attenuated more rap-
idly in Tax-expressing cells than in non-Tax-expressing cells.
Thus, the rapid loss of phosphorylated ATM that is associated
with Tax expression correlates with attenuation of ATM kinase
activity. These results demonstrate that ATM kinase activity is
prematurely attenuated following DNA damage in Tax-ex-
pressing cells and that Tax turns off the ATM-mediated DNA
damage response.

Tax-expressing cells synthesize DNA following ionizing ir-
radiation. Normal cells respond to IR by activating the S-phase
checkpoint, thereby transiently blocking DNA replication so
that DNA lesions can be repaired. Cells lacking ATM cannot
effectively inhibit DNA replication and thus fail to obey the
S-phase checkpoint and exhibit RDS (39). Phosphorylation of
NBS1 and Chk2, key downstream effectors of the ATM path-
way, is required for the S-phase checkpoint (13, 37). Since
ATM, NBS1, and Chk2 phosphorylation is prematurely atten-
uated in Tax-expressing cells, we predicted that Tax expression
would lead to defects in the S-phase checkpoint. To test this
prediction, CREF-Neo and CREF-Tax cells were exposed to 5
Gy or 10 Gy of IR, and DNA replication was examined 30 min
later using an RDS assay. At this time point, similar decreases
in DNA replication were observed in both cell lines (Fig. 3A),
indicating that the S-phase checkpoint had been successfully
established. The reduced DNA replication seen in CREF-Neo
and CREF-Tax cells following IR was comparable to levels
reported previously for IR-induced downregulation of DNA
replication in other cell lines that exhibit a functional S-phase
checkpoint (46). Interestingly, time-course analysis of DNA
synthesis following IR showed that CREF-Tax cells displayed
inhibition of DNA synthesis of shorter duration than CREF-
Neo cells (Fig. 3B). By 1 h post-IR, CREF-Tax cells exhibited
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FIG. 3. Tax-expressing cells do not undergo RDS but exhibit a shorter S-phase checkpoint following IR. The integrity of the S-phase checkpoint
was analyzed using rat embryonic fibroblast (CREF) cells stably expressing Tax (Tax) or neomycin control (Neo) cells by use of an RDS assay.
(A) DNA synthesis in CREF-Neo and CREF-Tax cells was assessed for 30 min after irradiation at the indicated doses. (B) CREF-Neo and
CREF-Tax cells were assessed for DNA synthesis at various times after treatment with 10 Gy of IR. This experiment was performed three times.

Error bars represent standard deviations of the means.

significantly more DNA synthesis than CREF-Neo cells and
this difference was observed through 4 h post-IR. Thus, CREF-
Tax cells are released from the S-phase checkpoint to resume
DNA replication earlier than control cells. The transient na-
ture of the S-phase checkpoint is likely due to the rapid loss of
active, phospho-ATM in Tax-expressing cells. These results
suggest that the initial activation of ATM must be followed by
sustained ATM activity in order to maintain the S-phase check-
point. Premature initiation of DNA synthesis following dam-
age would promote the accumulation of DNA mutations and
chromosome breakage.

Repair of DSBs is defective in Tax-expressing cells. The
inability of Tax-expressing cells to maintain ATM phosphory-
lation and activity could be due to a defect in the DNA damage
response. Alternatively, Tax-expressing cells may not receive as
much damage as or may repair DNA damage more efficiently
than control cells, thereby causing a valid release of the check-
point earlier than control cells. To determine which of these
possibilities explains the shorter S-phase checkpoint time pe-
riod that was observed in experiments using Tax-expressing
cells, the level of DSBs induced by the radiomimetic drug
bleomycin, as well as the kinetics of DNA repair, was deter-
mined using a comet assay.

HTLV-1-positive (MT4) and HTLV-1-negative (CEM) T
cells were either subjected to mock treatment or treated for 1 h
with 50 uM bleomycin. After 1 h of drug exposure, medium
containing the drug was removed and replaced with regular
medium and the cells were allowed to recover for the indicated
times (Fig. 4A). The percentage of cells that displayed a comet
tail represented the percentage of cells that contained detect-
able amounts of DNA damage (Fig. 4B), while the average
length of the comet tail represented the amount of DNA dam-
age within the individual cell (Fig. 4C). In the two cell lines,
comparable levels of DNA damage were observed following
1 h of bleomycin treatment (Fig. 4B and C, 0 hrs column). In
CEM cells, the number and length of bleomycin-induced
comet tails were significantly reduced by 24 h. However, a
significant amount of broken DNA remained in Tax-expressing
MTH4 cells up to 24 h after damage (Fig. 4), indicating that MT4
cells were defective in DNA repair. Importantly, Tax expres-
sion did not induce significant damage in the absence of bleo-
mycin, since mock-treated MT4 cells did not display comet

tails. In addition, Tax did not protect cells from DNA damage,
since similar comet tails were observed in cells with and with-
out Tax expression immediately after DNA damage (0 hrs
column). Combined with results from the previous experiment,
these results suggest that premature inactivation of the S-phase
checkpoint in Tax-expressing cells was not due to faster DNA
repair. Rather, Tax-expressing cells resumed DNA replication
at a time when the cells still contained DNA lesions. Failure to
amplify and maintain ATM signaling may have been respon-
sible for the DNA repair defects observed in Tax-expressing
cells.

Defective formation of DNA repair foci in Tax-expressing
cells following IR. In response to IR, ATM propagates the
damage signal by relocating to sites of DNA damage on chro-
matin and phosphorylating the histone variant H2AX at serine
residue 139. Phosphorylated H2AX, referred to as yH2AX,
can be detected within minutes after exposure to IR and occurs
over large chromatin domains surrounding the DNA break and
can be visualized as foci (43). The accumulation of YH2AX is
the signal that leads to retention of DNA damage-response
factors, including phospho-ATM, at DNA breaks (3, 9, 14),
possibly by serving as a docking site for these DNA damage-
repair proteins (3). Alternatively, yH2AX may modulate chro-
matin structure, thereby indirectly facilitating the accumula-
tion of repair proteins (14). yH2AX-mediated retention of
repair proteins at the DNA break induces a positive-feedback
loop that maintains ATM activation and further amplifies
vH2AX (31). If H2AX is not phosphorylated, or proteins are
not assembled properly at sites of damage, this feedback loop
cannot be maintained and the DNA damage response is not
functional (31).

Considering the requirement for H2AX phosphorylation to
maintain the ATM-mediated damage response, we examined the
effect of Tax on this event. In CREF-Neo cells, H2AX was rapidly
phosphorylated, and large discrete foci were observed within 30
min of IR (Fig. 5A, top panels). Time course analysis of H2ZAX
phosphorylation by Western blotting revealed that YH2AX levels
continued to increase for up to 3 h after IR in CREF-Neo cells
(Fig. 5B, top panel). In contrast, yYH2AX foci were much less
intense in CREF-Tax cells following IR (Fig. SA, bottom panels).
Examination of yH2AX kinetics in CREF-Tax cells by Western
blot analysis showed a very weak YH2AX signal over the time
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FIG. 4. Repair of DSBs is defective in Tax-expressing cells. (A) Uninfected (CEM) and HTLV-1-infected (MT4) human T cells were treated
with 50 uM bleomycin for 1 h, washed twice in regular media, and allowed to recover for the indicated times. Cells were washed and processed
for single-cell gel electrophoresis using a comet assay (silver staining) kit. (B and C) The ratios of numbers of cells containing comet tails to total
cell numbers (B) and the average comet tail lengths (C) are shown. A total of 200 cells were counted for each slide. This experiment was done
three times with similar results. Results of a single representative experiment are shown.

course, with little or no propagation in response to DNA damage
(Fig. 5B, bottom panel). HTLV-1-infected T cells (Hut102) also
showed less propagation of YH2AX following IR than did HTLV-
1-negative T cells (CEM) (Fig. 5C). These results demonstrate a
defect in yYH2AX amplification in Tax-expressing cells.

Since relocalization and accumulation of ATM at DNA
breaks is required for yYH2AX phosphorylation and DNA dam-
age signal amplification, these results are consistent with a
defect in the accumulation of ATM at sites of DNA damage in
Tax-expressing cells. To test this possibility, we performed im-
munofluorescence staining using anti-phospho-ATM antibody.
Activated ATM accumulates near DNA breaks, as demon-
strated by the formation of foci detected by use of anti-phos-
pho-S1981 ATM antibody (2). In CREF-Neo cells, p-ATM
foci were evident by 30 min following IR and colocalized with
vYH2AX foci (Fig. 6, left panels), indicating that activated ATM
is recruited and retained at sites of DSBs. Although compara-
ble levels of ATM autophosphorylation were observed in
CREF-Tax cells after treatment with 10 Gy of IR (Fig. 1B),
phospho-ATM did not accumulate into large discrete foci as
seen in CREF-Neo cells. Furthermore, YH2AX staining in
CREF-Tax cells was very weak and foci were smaller than
those observed in CREF-Neo cells (Fig. 6, right panels), de-
spite the presence of DNA damage, as shown by comet assay

results. The presence of much smaller and more diffuse ATM
foci in Tax-expressing cells indicates that Tax expression dis-
rupted ATM accumulation in the proximity of DNA lesions.
By interfering with the accumulation of ATM at DNA breaks,
Tax appeared to prevent efficient phosphorylation of H2AX
over megabases required to amplify and stabilize repair foci.
Tax alters ATM association with chromatin following DNA
damage. To confirm that Tax interferes with the accumulation
of ATM at DSBs following DNA damage, we performed a
cellular fractionation assay based on successive detergent ex-
tractions, a procedure that removes chromatin-associated pro-
teins according to their level of affinity (1). In the absence of
DNA damage by bleomycin treatment, the majority of the
ATM pool in both CREF-Neo and CREF-Tax cells was re-
leased at early extraction steps (fractions I and II), with small
amounts of ATM being recovered after longer incubation with
detergent (fraction III). No ATM was observed in the most
tightly chromatin associated fraction, fraction IV (Fig. 7A, top
panel). Treatment of CREF-Neo cells with bleomycin prior to
fractionation resulted in an approximately twofold-greater
amount of ATM in chromatin-associated fractions III and IV
than in the equivalent fractions from untreated cells. Since
ATM plays a critical role in detecting DNA damage but is not
directly involved in the actual repair process, only a fraction of
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to calculate the percentage of YH2AX at each time point using the formula (YH2AX ,/total H2AX,)/(YH2AXz/total H2AX ;) X 100, where A
represents densitometric volumes for each individual time point and B represents densitometric volumes of CREF-Neo cells 30 min after gamma

irradiation.

ATM associates with sites of damage (1). Bleomycin treatment
of CREF-Tax cells did not significantly alter the amount of
ATM in fractions III and IV, suggesting either that ATM does
not accumulate on chromatin after induction of DNA damage
or that ATM is more sensitive to detergent extraction in Tax-
expressing cells. Since the accumulation of phospho-ATM was
not observed by immunofluorescence (Fig. 6), we favor a sce-
nario in which Tax interferes with the accumulation of ATM
on chromatin following induction of DNA damage.

The cellular fractions analyzed above were also examined by
immunoblot analysis for the presence of other proteins in-
volved in DSB repair. Similar levels of Mrell, a nuclease that
binds free DNA ends during DNA replication and recombina-
tion, were observed in all fractions of mock-treated CREF-Neo
and CREF-Tax cells (Fig. 7A). After bleomycin treatment, the
amount of Mrell in fraction IV increased approximately two-
fold in both cell lines, as is consistent with ATM-independent
relocalization of Mrell to DSBs following DNA damage (33,
34). yH2AX was observed in chromatin-enriched fraction IV
after bleomycin treatment, and H2AX levels were 3.5-fold
higher in CREF-Neo cells than in CREF-Tax cells. Interest-
ingly, Tax was recovered in all fractions of cells independently

of the presence of DNA damage, which is consistent with the
known subcellular localization of Tax in distinct complexes
with differing functions. Histone H4 was used as a marker of a
tightly chromatin-associated protein.

Tax disrupts the association of MDC1 with yH2AX. To gain
a better mechanistic understanding of how Tax inhibits the
ATM-mediated DNA damage signaling pathway, we investi-
gated possible effects of Tax on the recruitment of MDCI1 to
damage foci. In parallel with ATM autophosphorylation, the
induction of DNA breaks causes the binding of MRN com-
plexes to newly formed DNA ends (34, 53). ATM is then
recruited to the damaged sites by interacting with the C-ter-
minal domain of Nbsl (12, 53). This initial activation and
recruitment of ATM by the MRN complex has been hypoth-
esized to induce the phosphorylation of H2AX adjacent to the
break site (5). Subsequently, MDC1 binds to both Ser139-
phosphorylated H2AX and to ATM, through two separate
domains (31). In doing so, MDC1 bridges the interaction of
ATM and H2AX, facilitating the accumulation of activated
ATM near sites of DNA damage and the rapid expansion of
H2AX phosphorylation over megabase regions surrounding
DSBs (31).
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FIG. 6. Tax-expressing cells exhibit defective focus formation following DNA damage. CREF-Neo and CREF-Tax cells were either mock
treated or exposed to 10 Gy of IR. After 30 min, cells were collected for DNA damage analysis using a comet assay or were fixed and costained
with anti-yH2AX (S139) (red) and anti-p-ATM (S1981) (green) antibodies. A merged image of YH2AX and p-ATM foci is also shown.
Deconvolved images were taken at a magnification of X63 with an Applied Precision microscope and analyzed with softWoRx image restoration

software.

To determine whether the initial recruitment of ATM to
DNA ends is altered by Tax, the interaction of ATM and Nbs1
was examined by coimmunoprecipitation. We found an asso-
ciation between ATM and Nbsl1 after induction of DNA dam-
age, and this binding was not disrupted by the presence of Tax
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(Fig. 7B). Thus, Tax does not appear to interfere with initial
events of the ATM-mediated DNA damage response, includ-
ing ATM autophosphorylation, its interaction with Nbs1, and
the recruitment of Mrell to chromatin following DNA dam-
age. To determine the integrity of the MDC1-mediated ATM

FIG. 7. Tax interferes with the association of ATM with chromatin following DNA damage without disrupting the ATM-Nbs1 interaction.
(A) CREF-Neo (Neo) or CREF-Tax (Tax) cells were subjected to mock treatment (top) or treated with 50 uM bleomycin (bottom) for 1 h.
Immediately after treatment, cells were harvested and separated into fractions I to IV based on stringency of chromatin association. Equivalent
aliquots of each fraction were analyzed by Western blotting for ATM, Mrell, Tax, YH2AX, and H4. (B) Mock-treated (293-CMV) or Tax-
transfected (293-Tax) 293 cells were exposed to 10 Gy of gamma irradiation and harvested at 30 min or 1.5 h. Cells were lysed, and extracts were
incubated with antibodies against NBS1. Immunoprecipitated (IP) proteins were separated by SDS-PAGE and probed for ATM and NBS1. A
Western blot indicating total Tax expression in the transfected 293 cells is shown.



VoL. 82, 2008

DAPI yH2AX MDCA1 Merge

E.... -
vel 5. 55

FIG. 8. Tax inhibits the recruitment of MDC1 to DNA repair foci.
HTLV-1-negative (CEM) and HTLV-l-infected (HuT102 and MT4)
cells were either subjected to mock treatment (—) or exposed to 5 Gy of
IR. After 1 h of incubation at 37°C, cells were spun onto coverslips, fixed,
and costained with anti-yH2AX (S139) (green) and anti-MDCI (red)
antibodies. A merged image of YH2AX and MDCI foci is also shown.
Images were taken at a magnification of X100 with an Applied Precision
microscope and analyzed with soft WoRx image restoration software.

HuT102 CE

MT4

amplification loop, we performed immunofluorescence stain-
ing using antibodies against YH2AX and MDCI1. In uninfected
CEM cells, MDCI1 formed nuclear foci that colocalized with
vYH2AX foci by 1 h after gamma irradiation (Fig. 8). In con-
trast, MDCI1 did not colocalize with yH2AX in HTLV-1-in-
fected HuT102 and MT4 lymphocytes (Fig. 8) after the same
dose of irradiation. As noted previously, Tax-expressing cells
formed yH2AX foci, albeit less numerous and smaller in size
than those seen with control cells. This is consistent with intact
initiation of ATM activity in these cells. However, the absence
of MDC1 costaining with the DNA damage-induced yYH2AX
foci suggests that Tax expression interferes with MDCI1 bind-
ing to Ser139-phosphorylated H2AX. This would inhibit the
extension of H2AX phosphorylation over megabases sur-
rounding the DNA break and thus would result in smaller and
fewer IR-induced yH2AX foci. Importantly, these findings
closely resemble the phenotype of MDCl1-deficient cells (31).

By disrupting the binding of MDCI1 to yYH2AX, Tax inter-
rupts the chromatin-dependent ATM amplification loop, al-
lowing for premature attenuation of the ATM signaling path-
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way. As a consequence, Tax-expressing cells fail to properly
maintain activation of the DNA damage checkpoint and to
assemble DNA repair protein complexes, collectively resulting
in defective DNA damage repair and premature replication
through DNA lesions.

DISCUSSION

To maintain genome stability, cells have regulatory mecha-
nisms that ensure the order and fidelity of cell cycle events,
including DNA replication and cell division. These mecha-
nisms become activated upon exposure to genotoxic agents or
other adverse conditions such as viral infection. Failure to
establish an appropriate DNA damage response results in
genomic instability, which is a known causal factor in tumori-
genesis. The ATM kinase is a critical transducer of DNA
damage signals to checkpoint control and DNA damage repair
proteins.

In this report we show that HTLV-1 Tax compromises the
ATM-mediated DNA damage response by allowing premature
dephosphorylation of ATM and attenuation of ATM kinase
activity. Tax does not bind ATM (unpublished data); therefore,
we hypothesize that the effect of Tax on ATM dephosphory-
lation is indirect and may be due to an inability of Tax-express-
ing cells to amplify and maintain the damage response. Fol-
lowing activation, ATM is initially recruited to DNA breaks
where it phosphorylates H2AX, which then serves as a docking
site for DNA damage response proteins, including MDCI,
53BP1, and BRCALI. These initial events establish a positive-
feedback loop that maintains ATM autophosphorylation and
allows the accumulation of active ATM at DSBs. The resulting
rapid expansion of H2ZAX phosphorylation over megabase re-
gions surrounding the break stabilizes the repair locus.

Following IR, Tax-expressing cells show an initial increase in
levels of phosphorylated ATM as well as phosphorylation of
the ATM substrates NBS1 and Chk2, suggesting that Tax does
not affect initial steps in the DNA damage response. However,
immunofluorescent staining of phosphorylated ATM revealed
an abnormal distribution of smaller, less discrete foci with
more diffuse staining in Tax-expressing cells. In addition, ATM
was absent from chromatin-rich fractions in bleomycin-treated
CREF-Tax cells, whereas a subset of ATM was associated with
chromatin in CREF-Neo cells following bleomycin treatment.
These results suggest that Tax interferes with the accumulation
of ATM on chromatin surrounding DSBs.

Improper accumulation of ATM surrounding DNA breaks
compromises the phosphorylation of H2ZAX over megabases,
preventing proper formation of repair foci. Indeed, yYH2AX
staining following IR was very weak in Tax-expressing cells,
with little or no amplification of the YH2AX signal over time.
Thus, while phospho-ATM immunostaining increased follow-
ing DNA damage in the presence of Tax, activated ATM did
not accumulate near DSBs, preventing long-range phosphory-
lation of H2AX and stabilization of the repair foci. Recent
studies have reported at least two steps involved in ATM
signaling. The initial activation and recruitment of ATM to
DNA ends depends on the MRN complex (8, 11, 29, 42, 49),
while the subsequent accumulation of ATM on chromatin is
regulated by MDC1(31).

MDCI1 contains two tandem BRCT domains and an FHA
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FIG. 9. Model of Tax effects on the ATM-mediated DNA damage
response pathway. Tax appears to interfere with the recruitment of
MDCI to DNA repair foci. As a result, p-ATM is not recruited effi-
ciently to these sites and extension of yH2AX is inhibited. The dis-
ruption of this positive-feedback signaling results in premature atten-
uation of the DNA damage response.
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domain, which bind to YH2AX and ATM, respectively, and allow
it to function as a molecular bridge (31). By binding to yH2AX at
the break site, MDCI helps recruit additional activated ATM
molecules, which continue to phosphorylate nucleosomal H2AX
away from the break site, creating a positive-feedback loop. The
absence of MDC1 from nascent YH2AX foci suggests either that
Tax blocks the BRCT domain of MDC or, alternatively, that Tax
binds to YH2AX, preventing its interaction with MDCI1. How-
ever, Tax does not appear to alter the cellular amounts of MDC1
or its nuclear localization, as indicated by immunofluorescent
staining (Fig. 8). Rather, we hypothesize that Tax interferes with
the recruitment of MDC1 to chromatin, preventing stable accu-
mulation of activated ATM into large repair foci and the subse-
quent amplification of YH2AX. Following DNA damage, Tax
may disrupt interactions between ATM, MDC1, and H2AX by
competitively interacting with H2AX or MDCI. By interfering
with the function of MDC1, which acts as a bridge between ATM
and H2AX, Tax appears to disrupt the positive-feedback loop and
promote the return of ATM to an unphosphorylated, inactive
state (Fig. 9).

Deregulation of cellular phosphatases by Tax may also play
a role in ATM inactivation. Tax has been shown to interact
with PP2A, a major ATM phosphatase; however, this interac-
tion was reported to inactivate PP2A activity (15), which is not
congruent with our findings that Tax promotes ATM dephos-
phorylation. Recently, we reported that Tax changes cellular
localization and protein complex formation in response to cel-
lular stress (18). It is possible that under certain cellular con-
ditions, such as genotoxic stress, Tax alters its interactions with
cellular partners, such as phosphatases, resulting in changes in
complex formation and function. Defective ATM signaling as
observed in Tax-expressing cells would lead to defects in DNA
damage checkpoint control.

Tax-expressing cells exhibited a shortened S-phase check-
point following IR, which is consistent with premature inacti-
vation of ATM kinase activity. Premature inactivation of ATM
kinase activity may also affect progression through other
phases of the cell cycle. Indeed, a major regulator of the G,/M
checkpoint, Chk2, is activated by ATM phosphorylation. In
similarity to ATM activation kinetics results, we found that
Chk2 phosphorylation at threonine 68 was robustly induced

J. VIROL.

after DNA damage. However, it was prematurely lost in Tax-
expressing cells. Interestingly, Tax has also been shown to bind
Chk2 (23, 41). Although the effect of Tax binding on Chk2
kinase activity remains controversial, it has been proposed that
Tax might alter the phosphorylation status of Chk2 and pre-
vent its egress from chromatin (22). Thus, Tax appears to
regulate Chk2 activity by two different mechanisms: directly by
binding to Chk2 and indirectly by modulating ATM kinase
activity. Together, these effects influence the DNA damage
signaling pathway and have a broad impact on cell cycle pro-
gression, apoptosis induction, and DNA repair.

Our results are the first to show that sustained ATM activity,
and not just its initial activation, is required to maintain an IR-
induced S-phase checkpoint. Premature inactivation of this
checkpoint occurs despite the presence of unrepaired DNA in
Tax-expressing cells. DNA replication in the presence of unre-
paired lesions might increase the accumulation of DNA damage
and chromosomal breaks. Indeed, HTLV-1-transformed cells dis-
play extensive chromosomal aberrations and Tax expression has
been shown to increase gene amplification and mutation fre-
quency (16, 26, 30, 35, 36). Early attenuation of the DNA damage
response may be a mechanism by which HTLV-1 controls the cell
cycle to gain a proliferative advantage in infected cells. On the
other hand, the possibility that virus-mediated regulation of the
cell cycle could have a negative impact on the cellular genome is
intriguing. Cancer cells are typically characterized by genetic and
phenotypic instability, which is referred to as the mutator pheno-
type. Several researchers have argued that expression of a muta-
tor phenotype is a major factor in tumor progression and that the
earliest step in oncogenesis is a change that increases the cellular
mutation rate (4). Thus, interference with the ATM-mediated
DNA damage response allows Tax to induce a mutator pheno-
type by decreasing replication fidelity and increasing the mutation
rate, which creates a genetically unstable environment susceptible
to transformation.
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