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MTALI1 (metastasis-associated protein 1), an integral compo-
nent of the nucleosome remodeling and deacetylase complex,
has recently been implicated in the ionizing radiation-induced
DNA damage response. However, whether MTAL1 also partici-
pates in the UV-induced DNA damage checkpoint pathway
remains unknown. In response to UV radiation, ATR (ataxia
teleangiectasia- and Rad3-related) is the major kinase activated
that orchestrates cell cycle progression with DNA repair
machinery by phosphorylating and activating a number of
downstream substrates, such as Chk1 (checkpoint kinase 1) and
H2AX (histone 2A variant X). Here, we report that UV radiation
stabilizes MTA1 in an ATR-dependent manner and increases
MTAL1 binding to ATR. On the other hand, depletion of MTA1
compromises the ATR-mediated Chkl1 activation following UV
treatment, accompanied by a marked down-regulation of
Chkl1 and its interacting partner Claspin, an adaptor protein
that is required for the phosphorylation and activation of
Chk1 by ATR. Furthermore, MTA1 deficiency decreases the
induction of phosphorylated H2AX (referred to as y-H2AX)
and y-H2AX focus formation after UV treatment. Conse-
quently, depletion of MTA1 results in a defect in the G,-M
checkpoint and increases cellular sensitivity to UV-induced
DNA damage. Thus, MTAL is required for the activation of
the ATR-Claspin-Chkl and ATR-H2AX pathways following
UV treatment, and the noted abrogation of the DNA damage
checkpoint in the MTA1-depleted cells may be, at least in
part, a consequence of dysregulation of the expression of
these two pathways. These findings suggest that, in addition
to its role in the repair of double strand breaks caused by
ionizing radiation, MTA1 also participates in the UV-in-
duced ATR-mediated DNA damage checkpoint pathway.

MTAI (metastasis-associated protein 1), the founding mem-
ber of the MTA? family, is widely up-regulated in human can-
cers and plays an important role in tumorigenesis, tumor inva-
sion, and metastasis (1-3). As a dual function coregulator (3, 4),
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MTAI1 functions not only as a transcriptional repressor of
estrogen receptor-« (5), BRCAI (breast cancer type 1 suscepti-
bility protein) (6), Six3 (7), and p21"4*** (8) genes but also as a
transcriptional activator via interacting with RNA polymerase
IT on the BCAS3 (breast cancer-amplified sequence 3) (9) and
Pax5 (paired box gene 5) (10) promoters. The co-repressor ver-
sus co-activator activity of MTA1 might be influenced by its
binding partners on the promoter region of various genes. In
addition to its paramount role in cancer and coregulator biol-
ogy, emerging evidence suggests that MTA1 is a DNA damage-
responsive protein and facilitates DNA double strand break
(DSB) repair following ionizing radiation (IR) treatment (11,
12). In support of these findings, recent studies have demon-
strated that MTA1 regulates p53-dependent and -independent
DNA repair processes following IR treatment by modulating
p53-p53R2 and p21"4# - proliferating cell nuclear antigen
pathways, respectively (8, 13). However, the new functions
and related signaling transduction pathways of MTA1 remain
to be further explored.

Interestingly, an earlier study revealed that MTA1 could
co-immunoprecipitate with ATR (ataxia teleangiectasia- and
Rad3-related protein) (14), one of the key regulators for trans-
ducing DNA damage signals to checkpoint control proteins
(15-17). It is well established that ATR is activated by stalled
replication forks and agents that produce bulky adducts, such as
UV radiation, whereas ATM (ataxia teleangiectasia mutated) is
activated in response to DSB-causing agents, such as IR (15, 17,
18). Indeed, ATR exhibited higher affinity to UV-damaged
DNA than undamaged DNA (19). Once activated, ATR coordi-
nates cell cycle progression with DNA repair machinery by
phosphorylating and activating a number of downstream sub-
strates (15, 17, 18, 20).

Although the list of ATR substrates is rapidly expanding due
to large scale proteomic profiling methodologies (21-24), the
best studied is the serine/threonine kinase Chkl (checkpoint
kinase 1), an evolutionarily conserved protein kinase that
amplifies ATR signaling and directs it to the desired cell cycle
and DNA repair effectors (25-29). Chk1 is phosphorylated at
Ser®*® and Ser®'” by ATR kinase in response to stalled replica-
tion and genotoxic stresses, and these phosphorylations are
critical for Chkl activation (17, 25, 30-32). In addition, evi-
dence has been presented that a number of factors act in con-
cert with ATR to facilitate Chkl phosphorylation, including
ATR-interacting protein (ATRIP), Rad17-replication factor C,
Rad9-Hus1-Radl (9-1-1) complex, TopBP1 (topoisomerase II-
binding protein 1), and Claspin (15). Once activated, Chkl
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phosphorylates Cdc25 and blocks its ability to activate Cdc2,
thereby preventing cell cycle transition through the G,-M
boundary (33-35). Such a rapid and reversible cell cycle arrest
is critical to allow successful completion of DNA repair (17, 36).
In fact, loss or inhibition of Chk1 leads to inability to shut down
the cell cycle progression and, accordingly, allows cells to pro-
gress into mitosis before completion of DNA repair (37). This,
in turn, results in high accidence of mitotic catastrophe and
increased sensitivity of cancer cells to various genotoxic drugs
(38, 39).

In addition to Chkl, another key substrate of ATR is H2AX.
H2AX is a core histone variant distributed throughout chromo-
somes and is required for genomic stability and cellular survival
after DNA damage (40, 41). It is phosphorylated on its C termi-
nus (referred to as y-H2AX) at sites of DNA damage and sur-
rounding megabase regions (42), which is associated with the
recruitment of repair factors to damaged DNA. Phosphoryla-
tion of H2AX is dependent on ATM after IR (43) and on ATR
during replication stress induced by UV (44, 45). In support of
this notion, overexpression of kinase-inactive ATR inhibits the
phosphorylation and formation of foci of H2AX upon treat-
ment with UV (44).

The association of MTA1 with ATR (14) and the key role of
ATR in the cellular response to UV radiation (17, 18) indicate
that MTA1 may play a role in the UV-induced DNA damage
response in mammalian cells and contribute to the regulation
of DNA damage checkpoints. Here, we report that MTA1 is
stabilized in response to UV radiation in an ATR-dependent
manner. On the other hand, UV-induced activation of ATR
kinase requires MTA1. As aresult, depletion of MTA1 compro-
mises the ATR-mediated Chk1 activation following UV treat-
ment, accompanied by a marked down-regulation of Chk1 and
its interacting partner Claspin, an adaptor protein that medi-
ates the phosphorylation and activation of Chkl by ATR (46—
48). Furthermore, we found that deficiency of MTA1 results in
a defect in G,-M checkpoints, decreased y-H2AX induction,
and increased cellular sensitivity to UV. Thus, our findings sug-
gest that, in addition to its role in the repair of DSBs caused by
IR, MTA1 also participates in UV-induced ATR-mediated
DNA damage checkpoint pathway.

EXPERIMENTAL PROCEDURES

Cell Culture, Mice, and UV Radiation—Human osteosar-
coma cell line U208, lung carcinoma cell line A549, cervix ade-
nocarcinoma cell line HeLa, keratinocyte cell line 1102, and
mouse epidermal cell line JB6 were obtained from the ATCC
(Manassas, VA). The spontaneously transformed human kerat-
inocyte cell line HaCaT was maintained in our laboratory, and
the in vitro characteristics and cytogenetic patterns of this cell
line have been described in detail elsewhere (49). Doxycycline-
inducible U20S cells expressing wild-type (ATRYT) (clone
GK33) or kinase-dead (ATRXP) (clone GK41) ATR (50, 51)
were provided by Dr. Paul Nghiem (University of Washington,
Seattle, WA). Wild-type (MTA1*"/*) and MTA1 knock-out
(MTA1 ’") mouse embryonic fibroblasts (MEFs) were gener-
ated in our laboratory from embryos at day 9 of development by
using a standard protocol (7).
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Keratinocyte cell line 1102 was maintained in the keratino-
cyte serum-free medium (Invitrogen) supplemented with 50
pg/ml bovine pituitary extract and 5 ng/ml epidermal growth
factor (Invitrogen). ATRY™ or ATR™P cells were grown in Dul-
becco’s modified Eagle’s medium/F-12 medium containing
10% fetal bovine serum (Hyclone, Logan, UT), 200 ug/ml Gene-
ticin (Invitrogen), and 50 ug/ml hygromycin (Calbiochem) for
selective pressure of the transfected constructs (50). To induce
ATR expression, doxycycline (Sigma) was added to a final con-
centration of 1 ug/ml for 48 h prior to assay. All of the other cell
lines were maintained in the recommended media by the pro-
viders in a humidified 5% CO, at 37 °C. Cell culture medium
and additives were obtained from Invitrogen if not otherwise
stated.

For UV radiation, cells were washed twice with prewarmed
phosphate-buffered saline and then exposed to a 254-nm wave-
length UV source using a Stratagene Stratalinker (Stratagene,
La Jolla, CA). The culture dishes were replenished with fresh
culture medium immediately after irradiation and incubated
for the indicated periods of time. Control cells were subjected
to the identical procedure without being UV-exposed. For
cycloheximide chase assays, cells were treated with 100 ug/ml
cycloheximide (Sigma) and harvested at the indicated time
points for Western blot analysis. For in vivo experiments, 1 day
prior to irradiation, the dorsal hair of mice was shaved, and the
age- and sex-matched MTA1"/" and MTA1 /" mice were
subjected to whole body irradiation using a Stratalinker UV
cross-linker (Stratagene). Mice were killed at different time
points after irradiation, and tissue samples were harvested
for further experiments. All of the mice were maintained
under standard conditions, and all animal protocols followed
the guidelines of the Institutional Animal Care and Use
Committee.

SiRNA and Transfections—ON-TARGETplus SMARTpool
siRNAs targeting human MTAI (catalog no. M-004127-00-
0005), human ATR (catalog no. L-003202-00-0005), ON-
TARGETplus non-targeting control siRNA (catalog no.
D-001810-10-05), siGENOME SMARTpool siRNA targeting
MTAL1 (catalog no. M-004127-02-0005), and siGENOME
non-targeting control siRNA (catalog no. D-001210-01-05)
were obtained from Dharmacon (Lafayette, CO). The trans-
fection of siRNA was performed twice at 24-h intervals with
Oligofectamine reagent (Invitrogen) according to the man-
ufacturer’s protocol. Cells were collected after 48-72 h of
transfection for further analyses.

Antibodies and Chemicals—Rabbit polyclonal anti-phospho-
ATR Ser*?®, anti-phospho-Chk1 Ser®*® (133D3), anti-phospho-
histone H3 (Ser'®), anti-ATR, anti-ATRIP, anti-Claspin, and
mouse monoclonal anti-ubiquitin (P4D1) were obtained from
Cell Signaling Technology (Danvers, MA). Goat polyclonal
anti-ATR (N-19), anti-TopBP1, anti-MTA1 (C17), anti-Rad9
(C-20), mouse monoclonal anti-Chkl (G-4), anti-Hus1 (G-3),
rabbit polyclonal anti-Mi-2 (H-242), anti-Rad17 (H-300), and
anti-ATRIP (H-300) were obtained from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Rabbit polyclonal anti-MTA1,
anti-MTA2, and anti-MTA3 were obtained from Bethyl Labo-
ratories (Montgomery, TX). Mouse monoclonal anti-phospho-
histone H2AX (Ser'®°) and rabbit polyclonal anti-H2AX were
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obtained from Upstate Biotechnology, Inc. (Lake Placid, NY).
Mouse monoclonal anti-FLAG (M2) and anti-vinculin (clone
hVIN-1) antibodies were purchased from Sigma. Horseradish
peroxidase-conjugated secondary antibodies and ECL reagents
were obtained from Amersham Biosciences. All of the primary
antibodies were used following the manufacturer’s instruc-
tions. Micrococcal nuclease (or S7 nuclease) was obtained from
Roche Applied Science. All reagents were obtained from Sigma
unless otherwise stated. Cycloheximide was resuspended in
DMSO, and doxycycline was resuspended at 1 mg/ml in an
ethanol/water mix (1:1).

Clonogenic Survival Assay—Cells were irradiated at doses of
50, 100, and 250 mJ/cm? from a 254-nm wavelength UV source
(Stratagene). After UV exposure, cells were plated in quadru-
plicate at five different cell concentrations, 200, 300, 400, 800,
and 1200 cells/60-mm? dish, to obtain a significant number of
colonies at all doses. After 14-21 days, the formed colonies
were stained with 0.5% crystal violet in 70% ethanol and quan-
tified. Survival was calculated as a percentage of colonies
formed relative to untreated controls.

Cell Cycle Analysis and Phosphohistone H3 Staining—
MTA1"" or MTA1™/~ MEFs were treated with or without
UV, harvested at the indicated time points by trypsinization,
and fixed with 70% ethanol. After centrifugation, the cell pellet
was suspended in 100 ul of PBS containing 0.5% bovine serum
albumin and 1:50 diluted phosphohistone H3 (Ser'®) antibody,
followed by staining with fluorescein isothiocyanate-labeled
secondary antibody as described previously (52). After 1 h of
incubation at room temperature, the cells were stained with 50
pg/ml propidium iodide and 10 pug/ml ribonuclease A. Cellular
fluorescence was measured by a BD Biosciences FACScan, and
the data were analyzed using Cell Quest software.

Quantitative Real-time PCR—Total RNA was isolated by
using TRIzol reagent (Invitrogen), and a 2-ug aliquot of the
total RNA was reverse-transcribed by using the SuperScript III
first strand synthesis system for reverse transcription-PCR
(Invitrogen). Quantitative real-time PCR was done by using
iQ™ SYBR Green Supermix (Bio-Rad) on an iCycler iQ real-
time PCR detection system (Bio-Rad). The values for specific
genes were normalized to actin housekeeping controls.
Primers for human MTA1 were 5'-TGCTCAACGGGAAG-
TCCTACC-3" (forward) and 5'-GGGCATGTAGAACA-
CGTCACC-3' (reverse); for human actin, primers were
5'-TCCCTGGAGAAGAGCTACGA-3’ (forward) and 5'-
GTACTTGCGCTCAGGAGGAG-3’ (reverse).

Western blot analysis, immunoprecipitation (IP), indirect
immunofluorescent staining, and pulse-chase experiments
using metabolic labeling of cells with [>*S]methionine (11, 13),
EtBr, and micrococcal nuclease treatment of cleared lysates
(54) have been described previously in detail.

RESULTS AND DISCUSSION

Induction of MTA 1 Protein in Vitro and in Vivo following UV
Radiation—Exposure of mammalian cells to UV radiation leads
to activation of a large number of proteins, such as p53 and
NE-kB by signaling cascades, generally known as UV response
(55, 56). The interaction between MTA1 and ATR (14) and the
key role of ATR in the cellular response to UV irradiation (17,
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18) promoted us to investigate the possible role of MTA1 pro-
tein in the UV-induced DNA damage response.

Because UV radiation has a variety of effects on the skin
associated with carcinogenesis, including DNA damage and
effects on signal transduction (57), we initially characterized
the kinetics and dose dependence of UV induction of MTA1 in
human keratinocyte cell lines HaCaT (49) and 1102 and murine
epidermal cell line JB6 by Western blot analysis. We found that
exposure of various cell lines with increasing doses of UV
resulted in a marked increase in the protein levels of MTA1, but
not MTA2 and MTA3 (Fig. 14). In agreement with previous
report (58), UV radiation also increases the protein expression
of Mi-2, another core subunit of the Mi-2:NuRD complex (3,
59, 60). We further demonstrated that this effect is not cell
type-specific, because the increase of MTA1 protein following
UV treatment was also observed in the MEFs (Fig. 1B), human
U20S osteosarcoma cells, and A549 lung adenocarcinoma cells
(Fig. 1C). Interestingly, we found that MTA1 protein levels
were increased, whereas MTA3 protein levels were decreased
following UV treatment in MEFs (Fig. 1B). Previous study has
demonstrated that transient overexpression of MTAL1 in the
MCF7 and T47D breast cancer cell lines with MTA1-express-
ing adenovirus leads to dramatic decreases in MTA3 protein as
well as MTAZ2 protein (61). It was proposed that transient over-
expression of MTAL1 leads to a shift in the composition of the
cellular pool of MTA family members from predominantly
MTA2 and MTA3 to predominantly MTA1 (61). In our study,
we also found that knock-out of MTA1 led to an increase in
MTAS3 protein levels in the MTA1 ™/~ MEFs as compared with
its wild-type controls (see Fig. 4D). One possible explanation is
that there is cross-talk between MTA family members, and the
underlying mechanism for this observation remains to be
determined.

Following these observations, we next performed time
course analysis of MTA1 induction in the HaCaT and U20S
cells and found that MTA1 protein levels were increased within
30 min and maximized at 1-2 h after UV treatment (Fig. 1D).
We next examined whether MTA1 protein levels were affected
by UV radiation in a whole animal setting. To conduct these
studies, whole-body mice were exposed to increasing doses of
UV, and tissue samples were harvested at the indicated time
points for Western blot analysis of MTA1 protein. Consistent
with in vitro observations, we found that MTA1 protein was
also dramatically increased after UV treatment in all tissues
that were examined, including skin tissues (Fig. 1E), thymus
glands (Fig. 1F), and mammary glands (Fig. 1G), in a dose- and
time-dependent manner. Taken together, these results suggest
that MTA1 protein is induced following UV radiation in vitro
and in vivo.

UV Radiation Stabilizes MTAI1 by Inhibiting Its Ubi-
quitination—To determine the mechanism by which UV
induces MTA1 protein expression, the levels of MTA1 tran-
scripts after UV exposure were measured using a quantitative
real-time PCR approach. To do this, HaCaT cells were exposed
to UV and harvested at the indicated time points for quantita-
tive real-time PCR analysis. As shown in supplemental Fig. S1,
we found no discernible difference in the expression levels of
MTA1 mRNA in the HaCaT cells with or without treatment of
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FIGURE 1. MTA1 is induced following exposure to UV. A-C, cells were irradiated or mock-irradiated with UV
at the indicated doses and harvested after 2 h of exposure for Western blot analysis with the indicated anti-
bodies. The expression of vinculin was used as the loading control. D, HaCaT and U20S cells were treated with
200 mJ/cm? UV and harvested at the indicated time points for Western blot analysis using the indicated
antibodies. E-G, whole-body mice were irradiated or mock-irradiated with UV at the indicated doses, and skin
tissues (E), thymus glands (F), and mammary glands (G) were collected at the indicated time points for Western
blot analysis with the antibody against MTA1 or vinculin. These experiments were repeated three times, and a
representative blot is shown. The fold change (MTA1/vinculin) is shown at the bottom.

increasing doses of UV at all time points, indicating that induc-
tion of MTA1 protein might be through a posttranslational
mechanism. To test this notion, we monitored the effect of
cycloheximide, an inhibitor of protein biosynthesis in eukary-
otic organisms (62), on the rate of decline of the endogenous
MTAL in UV-treated cells versus controls. We found that UV
radiation led to a marked increase in the half-life of MTA1 in
UV-treated cells in comparison with unirradiated controls (Fig.
2A). To further confirm the above findings, we performed the
classic pulse-chase experiments using metabolic labeling of
cells with [**S]methionine. In agreement with the above obser-
vations, we found that UV radiation increases the half-life of
endogenous MTAL1 protein in the HaCaT cells (Fig. 2B). These
findings suggest that UV radiation up-regulates MTA1 through
its posttranslational modifications.

Recent studies have demonstrated that MTA1 is an ubiquiti-
nated protein and targeted by the RING-finger E3 ubiquitin
ligase COP1 (constitutive photomorphogenesis protein 1) for
degradation via the ubiquitin-proteasome pathway (11). To test
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determined whether the noted
increase of MTA1 in response to
UV requires ATR protein. Because
ATR™/~ cells are nonviable, we
used human osteosarcoma U20S
cells expressing either ATRY™ or
ATR*” through a tetracycline-in-
ducible system to determine the
role of ATR in MTA1 protein stabil-
ity following UV treatment (50, 51). The expression of ATR*"
resulted in dominant negative effects, including inhibition of
ATR downstream signaling and disruption of the cell cycle
checkpoints (50, 51). As shown in Fig. 34, expression of ATR
was confirmed by Western blotting using an anti-FLAG anti-
body 48 h after the addition of doxycycline. Following UV radi-
ation, the protein levels of MTA1 were increased in the
ATRYT-expressing cells (Fig. 34); however, cells expressing
ATR¥P showed little to no increase in MTA1 levels in response
to UV radiation (Fig. 34).

To further confirm the above observations, we next knocked
down the endogenous ATR in the U20S cells by transfecting
cells with specific siRNAs targeting human ATR or non-target-
ing control siRNAs. After 48 h of transfection, cells were treated
with or without 200 mJ/cm? of UV and then subjected to West-
ern blot analysis with the indicated antibodies. Results showed
that ATR siRNA effectively knocked down the endogenous
ATR in the U20S cells but did not alter the expression of ATM,
another DNA damage-responsive protein (63), or of vinculin as
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FIGURE 2. UV stabilizes MTA1 by inhibiting its ubiquitination. A, HaCaT
cells or fibroblasts were untreated or treated with 200 mJ/cm? UV. After 1 h of
UV treatment, cells were incubated with 100 wg/ml cycloheximide and har-
vested at the indicated time points for Western blotting analysis using the
indicated antibodies. Western blots were subjected to densitometric analysis,
and results were normalized based on vinculin expression levels and reported
in a graph (bottom). The mean values from three independent experiments
are shown. B, HaCaT cells were treated with 200 mJ/cm? UV for 1 h prior to
pulse-chase analysis using [**Slmethionine labeling. Cells were harvested at
various time points during the chase period and immunoprecipitated using
an anti-MTA1 antibody. Complexes were resolved by SDS-PAGE and exposed
to storage phosphor screens. The intensity of the labeled MTA1 band was
quantified by Phosphorlmager analysis using ImageQuant software (Amer-
sham Biosciences), and the percentage of MTA1 remaining was calculated
relative to that at the beginning of the chase period (time 0). The mean values
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FIGURE 3. Induction of MTA1 following exposure to UV is dependent on
ATR. A, ATRVT- or ATRKP-expressing U20S cells were incubated with 1 ug/ml
doxycycline for 48 h and then exposed to 200 mJ/cm? UV. Total cellular
lysates were prepared at the indicated time points for Western blot analysis
with the indicated antibodies. The density of bands was measured using the
ImageQuest program and normalized to that of vinculin. The relative -fold
change (MTA1/vinculin) is shown at the bottom. B, U20S cells were trans-
fected with specific siRNAs targeting human ATR or non-targeting control
siRNAs. After 48 h of transfection, cells were treated with or without 200
mJ/cm? of UV and then subjected to Western blot analysis with the indicated
antibodies. The relative -fold change (MTA1/vinculin) is shown at the bottom.
G, protein extracts from Hela cells were subjected to IP analysis with an anti-
ATR antibody or IgG control, followed by immunoblotting with the antibod-
ies against ATR and MTA1. The immunoprecipitates were immunoblotted
with vinculin, an abundant protein not expected to be part of this complex, as
a negative control. D, protein extracts from MTA1*/* or MTA1™/~ (negative
control) MEFs were subjected to IP analysis with an anti-MTA1 antibody, fol-
lowed by immunoblotting with the indicated antibodies. E, HeLa cellular
lysates were incubated with 100 wg/ml EtBr on ice for 30 min. Precipitates
were removed by centrifugation for 5min at4 °Cin a microcentrifuge, and the
supernatant was transferred to a fresh tube. The resulting lysate was then
ready for the IP assay. For micrococcal nuclease treatment, the immunopre-
cipitates bound to Protein G-agarose beads were incubated with micrococcal
nuclease at 37 °C for 1 h, and the samples were washed twice with 1 ml of
digestion buffer prior to SDS-PAGE. F, Hela cells were irradiated with 200
mJ/cm? UV and harvested after 2 h of UV treatment for sequential IP/Western
blot analysis with the indicated antibodies.

an internal control (Fig. 3B). Consistent with our above obser-
vation, we found that knockdown of ATR by specific siRNAs
compromised the induction of MTA1 following UV radiation
(Fig. 3B). Taken together, these results consistently demon-
strate that MTA1 induction after UV radiation is dependent on
ATR.

Because MTA1 has been shown to associate with ATR under
normal conditions (14), we next sought to determine whether
the association between both proteins is affected by UV radia-
tion. Consistent with a previous study (14), we found an inter-
action between MTA1 and ATR proteins at the endogenous

from three independent experiments are shown. C, HaCaT cells were treated
with 20 um MG-132 for 1 h and then exposed to 200 mJ/cm? UV. Protein
extracts were prepared after 2 h of UV treatment and then subjected to
sequential IP/Western blot (WB) analysis with the indicated antibodies.
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levels in the HeLa cells by IP analysis using an anti-ATR anti-
body followed by Western blot analysis with an anti-MTA1
antibody (Fig. 3C). Furthermore, using MTA1~'~ MEFs (7) as
negative controls, we also confirmed the interaction between
endogenous MTA1 and endogenous ATR in the MTA1 /™ but
not MTA1~/~ MEFs (Fig. 3D). When the immunoprecipitates
were immunoblotted for vinculin, an abundant protein not
expected to be part of this complex, no bands were seen in these
precipitates even after long exposure (Fig. 3, C and D, bottom).
By contrast, the expression of vinculin was clearly seen in the
total cellular lysates (input) (Fig. 3, C and D, bottom).

To examine the possibility that the observed interaction
between MTA1 and ATR is dependent on DNA, we next car-
ried out the IP analysis with an anti-ATR antibody using the
HeLa cellular lysates in the presence or absence of the DNA
intercalator EtBr, which interferes generally with protein-DNA
interaction (64, 65) according to the published method (54),
followed by Western blot analysis with an anti-MTA1 antibody.
Results showed that the association of ATR with MTA1 was not
disrupted by the addition of EtBr (Fig. 3E, compare lane 4 with
lane 3), suggesting that the interaction between ATR and
MTA1 is DNA-independent. To further confirm these obser-
vations, we next treated the ATR immunoprecipitates with
micrococcal nuclease (S7 nuclease or micrococcal nuclease)
after IP from HeLa cellular extracts according to the method
described previously (54). Micrococcal nuclease is an endo-ex-
onuclease that preferentially digests single-stranded nucleic
acids but will also cleave double-stranded DNA or RNA. There-
fore, the enzyme is widely implicated for removing nucleic
acids from protein preparation. As did the addition of EtBr,
micrococcal nuclease treatment had no effect on association of
ATR with MTAL (Fig. 3E, compare lane 5 with lane 3). These
results suggest that the interaction between MTA1 and ATR is
independent of DNA.

To further determine whether the association between both
proteins is affected by UV radiation, HeLa cells were irradiated
with 200 mJ/cm? UV, and protein extracts were prepared after
2 h of UV treatment for IP analysis with an anti-ATR antibody
or IgG control, followed by Western blot analysis with the indi-
cated antibodies. As shown in Fig. 3F, although the cellular
amounts of the ATR protein remained unchanged following
UV radiation, the relative amount of MTA1 bound to ATR
increased significantly following radiation. Taken together,
these results suggest that induction of MTA1 following UV
radiation is dependent on ATR, and UV radiation increases the
binding of MTA1 to ATR.

MTA1 Controls ATR-dependent Phosphorylation of Chkl—
ATR is activated in response to UV radiation and initiates a
checkpoint signaling cascade by phosphorylating a number of
downstream substrates, including Chk1 (15, 25, 32). Mamma-
lian Chkl has recently been shown to be phosphorylated on
Ser®'” and Ser®*® by ATR following UV treatment (25, 32). In
support of this notion, overexpression of kinase-inactive ATR
completely abolishes Chkl phosphorylation in 293T cells (25).
In addition, immunodepletion of ATR from a Xenopus cell-free
system not only abolished UV-induced Chkl phosphorylation
but also severely compromised checkpoint responses to repli-
cation blocks and UV-induced DNA damage (28, 29). Consis-
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tently, Chk1 containing non-phosphorylatable residues at con-
served ATR phosphorylation sites was deficient in the DNA
replication checkpoint (28). These studies suggest that ATR
and Chk1 are required for checkpoint responses to UV-induced
DNA damage and incomplete DNA synthesis.

Because MTA1 interacts with ATR (14), we next examined
whether MTAL1 plays a role in ATR activation after UV treat-
ment. It is worth pointing out that, despite the essential role of
ATR in cell cycle signaling and DNA repair processes (15), little
is known about its activation. To explore the possible role of
MTA1 in ATR activation following UV treatment, MTA1"/*
or MTA1 "/~ MEFs were irradiated with 200 mJ/cm? UV and
harvested at the indicated time points, and activation of the
ATR kinase was assayed by immunoblotting of cellular lysates
with a specific antibody against activated forms of ATR (phos-
pho-ATR Ser**®). As shown in Fig. 44, we found a marked
decrease in ATR phosphorylation on Ser**® in the MTA1 ™/~
MEFs relative to the MTA1"'" controls following UV treat-
ment. Interestingly, levels of total ATR protein were not
affected by MTA1 deficiency or altered by UV exposure, sug-
gesting that MTA1 regulates ATR activation rather than its
expression.

Chkl is a downstream effector of ATR that has been shown
to be phosphorylated on Ser®** and Ser*!” by ATR following
exposure to UV (25, 32), and these phosphorylations are
thought to be necessary for Chk1 activation (32). Thus, we next
addressed whether activation of Chk1 is regulated by knock-out
of MTAL. To do this, we assayed the phosphorylation status of
Chk1 on Ser®**® in the MTA1"/" or MTA1 '~ MEFs following
UV treatment by Western blotting analysis with an anti-phos-
pho-Chk1 (Ser®*®) antibody. Consistent with the above obser-
vations, Chkl phosphorylation on Ser®*® was almost com-
pletely abrogated in the MTA1~/~ MEFs compared with the
MTA1*" controls (Fig. 4A). Strikingly, we found that total
Chk1 levels are lower in the MTA1 '~ cells but not low enough
to account for the complete absence of Chk1 phosphorylation.
Thus, these results suggest that MTAL1 is required for phos-
phorylation of Chkl following UV-induced DNA damage as
well as for the expression of total Chk1 protein levels.

To further confirm that the ATR/Chkl phosphorylation
defects observed in the MTA1 '~ MEFs after UV exposure
(Fig. 4A) were a general phenomenon and not restricted to
MEFs, we next performed similar experiments in the HaCaT
cells in which endogenous MTA1 was knocked down by using
specific siRNAs targeting MTA1. As shown in Fig. 4B, the
effects of MTA1 siRNA knockdown were specific, because
MTAI1 siRNA did not alter the expression of ATR, another
DNA damage checkpoint protein (15), or of vinculin as an
internal control. In addition, we found that knockdown of
MTAI1 resulted in a slight increase in MTA3 protein levels. This
result is consistent with a previous study (61), in which the
authors reported that transient overexpression of MTA1 in the
MCF7 and T47D breast cancer cell lines with MTA1-express-
ing adenovirus led to dramatic decreases in MTA3 protein.
Consistent with our above observations, we found that treat-
ment of control siRNA-transfected HaCaT cells with UV
resulted in a significant increase in phosphorylation of ATR at
Ser*®® as well as Chk1 at Ser®*® (Fig. 4C). In contrast, in cells
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FIGURE 4. Depletion of MTA1 results in decreased activation of ATR-Chk1
pathway and a defect of G,/M checkpoint. A, MTAT™/* or MTAT~/~ MEFs
were treated with 200 mJ/cm? UV and harvested at the indicated time points
for Western blot analysis with the indicated antibodies. B, HaCaT cells were
transfected with control siRNAs or specific siRNAs targeting MTA1 and then
subjected to Western blot analysis with the indicated antibodies. C, control
siRNA- or MTA1 siRNA-transfected HaCaT cells were exposed to 200 mJ/cm?
UV and harvested at the indicated time points for Western blot as described
above. D, Western blot analysis of MTA1*/* and MTA1~/~ MEFs using the
corresponding specific antibodies. £, MTA1*/* or MTA1~/~ MEFs were
treated with 200 mJ/cm? UV and harvested at the indicated time points for
fluorescence-activated cell sorting analysis. The graph data represent the
average values of cell cycle distribution from two independent experiments.
F, MTA1*/* or MTA1~/~ MEFs were treated with or without 200 mJ/cm? UV
and harvested at the indicated time points. Cells were stained with anti-phos-
phohistone H3 (Ser'®) antibody and then subjected to fluorescence-activated
cell sorting analysis. The percentage of phospho-H3-positive cells in
UV-treated cells was normalized to that in non-irradiated cells, and the aver-
age values of the results of two independent experiments are shown. p-ATR,
phospho-ATR; p-Chk1, phospho-Chk1.
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where MTAT1 expression was knocked down, phosphorylation
of ATR and Chk1 was compromised after UV treatment. Con-
sistently, the expression levels of Chkl were also reduced in
MTA1 knockdown cells (Fig. 4C).

To further rule out the potential off-target effects of MTA1
siRNA, we used two additional specific siRNAs targeting
human MTA1 (Qiagen) and repeated the above experiments.
The efficiency and specificity of MTA1 siRNAs were demon-
strated by Western blot analysis (supplemental Fig. S24). Both
MTA1 siRNAs effectively knocked down MTA1 but not
another MTA family member MTAZ2 as well as internal control
vinculin (supplemental Fig. S24). Consistent with our above
findings (Fig. 4C), we demonstrate that knockdown of MTA1
by siRNAs compromised the induction of phospho-ATR Ser**®
and phospho-Chkl Ser®*® in response to UV radiation
(supplemental Fig. S2B). Taken together, these results indicate
that MTAL1 is important for the proper phosphorylation of
ATR/Chk1 in the UV-induced DNA damage checkpoint signal-
ing cascade.

It has been shown that a number of factors act in concert with
ATR to facilitate Chkl phosphorylation, including ATRIP,
Rad17-replication factor C, Rad9-Rad1-Hus1 (9-1-1) complex,
TopBP1, and Claspin (15). We next examined the expression
levels of these known regulators of the ATR/Chk1 pathway in
the MTA1"/" and MTA1~/~ MEFs by Western blot analyses
using the corresponding specific antibodies. Results showed
that there are no changes in the protein expression levels of
ATR, ATRIP, TopBP1, Radl7, Rad9, and Husl between the
MTA1"" and MTA1™'~ cells (Fig. 4D). Interestingly, we
found that knock-out of MTA1 led to a marked down-regula-
tion of the Chk1-interacting partner Claspin in the MTA1 ™/~
MEFs relative to its wild-type controls. All of these data are
consistent with our hypothesis that MTAL1 is required for the
ATR-mediated phosphorylation and activation of Chk1.

Claspin is an “adaptor” or “mediator” protein that is crucial
for the ATR-mediated phosphorylation and activation of Chkl1,
functioning to bring ATR and Chk1 together (46), and its deg-
radation plays a critical role in DNA damage checkpoint recov-
ery (66). Genetic data with human cells and in vitro data with
Xenopus egg extracts have demonstrated that the kinase activ-
ity of ATR toward Chk1 kinase depends on the mediator pro-
tein Claspin (46). A most recent study using an ix vitro system
with purified human proteins also demonstrated that the ATR-
dependent phosphorylation of Chkl, but not p53, is strongly
stimulated by Claspin (47). Consistently, the RNA interference-
mediated ablation of Claspin selectively abrogated the ability of
ATR to phosphorylate Chk1 but not other ATR targets (48). In
the present study, we found that knock-out of MTA1 compro-
mised the ATR-mediated Chk1 activation following UV radia-
tion, accompanied by a marked down-regulation of Claspin in
the MTA1 ™/~ cells. Thus, we propose that MTA1 is required
for activation of the ATR-Chk1 checkpoint pathway through, at
least in part, regulation of Claspin.

In addition, evidence has been presented that Chkl is
required to maintain Claspin stability (67). Down-regulation of
Chkl expression by siRNA or inhibition of Chk1 activity by
UCNOL1 decreases Claspin levels in cells. Conversely, overex-
pression of Chkl increases Claspin levels (67). In the present
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FIGURE 5. Depletion of MTA1 results in decreased y-H2AX induction in response to UV and increased
cellular sensitivity to UV irradiation. A, MTAT™" or MTAT~/~ MEFs were treated with 200 mJ/cm? UV and
harvested at the indicated time points for Western blot analysis with the indicated antibodies. B, HaCaT cells
were transfected with control siRNAs or specific siRNAs targeting MTA1. After 48 h of transfection, cells were
exposed to 200 mJ/cm? UV and harvested at the indicated time points for Western blot as described above.
C, MTA1 " or MTA1 /= MEFs were treated with 200 mJ/cm? UV and fixed after 1 h for immunofluorescent
staining with an anti-phospho-H2AX (Ser'*®) antibody. The nuclei were visualized by 4',6-diamidino-2-phe-
nylindole staining. Representative confocal images of y-H2AX foci are shown in supplemental Fig. S4. The
graph shows the average number of y-H2AX foci determined by counting about 50 nuclei/sample. The error
bars indicate mean = S.D. from three independent experiments. D, HaCaT cells were transfected with control
siRNA or specific siRNA targeting MTA1. After 48 h of transfection, cells were irradiated with UV and then
subjected to y-H2AX staining as described above. Representative confocal images of y-H2AX foci were shown
in supplemental Fig. S5. The graph shows the average number of y-H2AX foci determined by counting about
50 nuclei per sample. The error bars indicate mean = S.D. from three independent experiments. E, clonogenic
survival assay of MTA1*/* or MTA1™/~ MEFs untreated or treated with increasing doses of UV. Cells were
counted, plated, and subjected to the indicated doses of radiation and colonies formed over 14-21 days.
Surviving colonies were plotted as a function of cells plated and normalized by the plating efficiency for each
condition. Knock-out of MTA1 was confirmed by Western blot analysis (upper right). F, HaCaT cells were trans-
fected with control siRNA or specific siRNA targeting MTA1. After 36 h of transfection, cells were subjected to a
clonogenic survival assay as described above. Depletion of MTA1 was confirmed by Western blot analysis
(upper right). G, working model summarizing the findings presented here. MTA1 regulates the expression of
Claspin, which facilitates ATR-dependent Chk1 activation. Once Chk1 is activated, it stabilizes Claspin, which in
turn helps to maintain the Chk1 activation by ATR. On the other hand, MTAT1 also regulates the expression of
Chk1, which stabilizes Claspin, resulting in further signal amplification of the ATR-Claspin-Chk1 pathway. Fur-
thermore, MTA1 deficiency decreases the induction of y-H2AX and compromises y-H2AX formation of foci in
response to UV. Consequently, MTA1 deficiency results in a defective G,/M DNA damage checkpoint and
increased cellular sensitivity to UV radiation.

Depletion of MTAI Results in a
Defect of G,/M Checkpoint—Chk1
is a major checkpoint kinase and has
been shown to be mainly responsi-
ble for the G,-M checkpoint (25).
Conditional Chkl~’~ embryonic
stem cells have a defective G,-M
DNA damage checkpoint (25, 26,
68). Similarly, disruption of the IR-
induced G,-M DNA damage check-
point was obtained by elimination
of Chkl by short interfering RNA
(52, 69, 70). We next sought to
address whether the failure of ATR
to phosphorylate and activate Chk1
in response to UV in MTAIl-de-
pleted cells would also result in a
defect in the G,-M checkpoint. To
this end, MTA1"™'* or MTA1 '/~
MEFs were treated with 200 mJ/cm?
of UV and harvested at the indicated
time points for the DNA profile
analysis by propidium iodide stain-
ing. As shown in Fig. 4E and
supplemental Fig. S3, MTA1*/*
MEFs were arrested with a G,-M
DNA content, indicating the pres-
ence of an intact DNA damage
checkpoint in this cell line. In con-
trast, G,-M checkpoint activation
was compromised in the MTA1 ™/~
MEFsupon UV treatment, thus reit-
erating the important role of MTA1
in the G,-M checkpoint, and these
activities of MTA1l might result
from its regulation of the expression
or activation of the checkpoint reg-
ulator Chkl.

To further demonstrate these
observations, we next carried out
the G,/M checkpoint assay as
described previously (52). Briefly,
MTA1""* and MTA1~/~ MEFs
were treated with 200 mJ/cm? UV

work, we found that knock-out of MTA1 resulted in a marked
decrease in expression levels of both Chkl and Claspin, but
whether regulation of Claspin by MTA1 is Chkl-dependent
remains to be examined. Based on these findings, we propose
that UV radiation stabilizes MTA1, which in turn regulates the
expression of Claspin, resulting in increased Chk1 activation by
ATR. Once Chkl is activated, it stabilizes Claspin, which in turn
helps to maintain the Chkl activation by ATR (67). On the
other hand, MTA1 might directly regulate the expression of
Chkl, which stabilizes Claspin, resulting in further signal
amplification of the ATR-Claspin-Chkl pathway (Fig. 5G).
Thus, these proteins, including MTA1, ATR, Chkl, and
Claspin, regulate each other and thus ensure the proper cell
cycle progression and replication checkpoint control.
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and harvested at the indicated time points, followed by flow
cytometric assessment of anti-phosphohistone H3 antibody to
distinguish mitotic cells from G, cells (52). As shown in Fig. 4F,
MTA1 /" cells exhibited a higher level of phospho-H3 staining
than did the MTA1"/* cells at the corresponding time points
after UV radiation, suggesting a failure of the MTA1 /" cells
to fully arrest or to maintain an arrest in G,/M. These results
suggest that MTA1 is required for a normal G,/M cell cycle
delay after UV radiation. Activation of the DNA damage
checkpoint and the transient block to mitotic entry correlate
with improved survival following DNA damage (71). Cells
lacking Chkl fail to arrest the cell cycle in response to DNA
damage, enter mitosis with damaged DNA, and die (72, 73).
These results further indicate that MTA1 status could affect
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cell survival in response to UV-induced DNA damage (see
below).

MTA1 Controls ATR-dependent Phosphorylation of H2AX—
H2AX phosphorylation on Ser'*® in response to DNA damage
is required for the concentration of DNA repair proteins to the
damaged chromatin (42). Phosphorylation of H2AX is depend-
ent on ATM after IR (43) and on ATR during replication stress
induced by UV (44, 45). We next examined the effect of MTA1
deficiency on the levels of y-H2AX by Western blot analysis
using an anti-phospho-H2AX (Ser'®®) antibody. Results
showed that in response to UV, the levels of y-H2AX were
greatly impaired in the MTA1~/~ MEFs as compared with
those in the MTA1™"'" controls (Fig. 54). Interestingly, there
was no change in total H2AX protein levels between MTA1"/*
and MTA1~/~ MEFs with or without UV treatment, indicat-
ing that MTA1 is critical for the efficient induction of H2AX
phosphorylation in response to UV radiation. To further
confirm these findings, we depleted endogenous MTAL1 in
HaCaT cells using specific siRNAs targeting MTA1. As
shown in Fig. 5B, y-H2AX was significantly induced after 1 h
of UV treatment in the control siRNA-treated cells. In con-
trast, UV-induced y-H2AX was substantially reduced in the
MTAI1 siRNA-transfected cells.

Intensive DNA damage can induce the formation of thou-
sands of molecules of y-H2AX, which tend to accumulate into
microscopically observable nuclear foci (74). Once formed,
v-H2AX may further recruit other proteins involved in DNA
repair, such as Rad50, Rad51, BRCA1, Nbsl, p53BP1, and
MDC1. We next examined whether MTA1 deficiency affects
the formation of y-H2AX foci by immunofluorescent staining
using an anti-phospho-H2AX (Ser'®®) antibody and found
that depletion of MTA1 decreased the average number of the
v-H2AX-containing foci per cell as compared with the
MTA1*"* controls (Fig. 5C and supplemental Fig. S4), suggest-
ing that MTA1 is critical for the formation of y-H2AX foci after
DNA damage. Furthermore, these effects of MTA1 depletion
on y-H2AX formation of foci were also observed in HaCaT cells
(Fig. 5D and supplemental Fig. S5). We found that knockdown
of MTAL in HaCaT cells using specific siRNAs targeting
MTALI results in a significant decrease in y-H2AX formation as
compared with control siRNA-transfected cells following UV
exposure.

H2AX is critical for facilitating the assembly of specific DNA
repair complexes on damaged DNA. Therefore, H2AX '~
mice are radiation-sensitive, and immortalized MEFs exhibit
defective DNA repair (41). Our above observations that deple-
tion of MTA1 results in decreased y-H2AX induction after UV
exposure (Fig. 5, A-D) led us to further examine whether
MTA1 has arole in the repair of DNA damage produced by UV.
One of the hallmarks of defective DNA repair is increased radi-
ation sensitivity. We first examined the effect of MTA1 defi-
ciency on cell survival in response to UV exposure by clono-
genic survival assay (75). We found that MTA1 "/~ MEFs were
hypersensitive to UV exposure and exhibited a decreased clo-
nogenic survival compared with its wild-type controls (Fig. 5E),
suggesting a defect in DNA repair in MTA1-deficient cells. In
support of this finding, we further demonstrated that knock-
down of MTA1 in HaCaT cells results in increased cellular sen-
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sitivity to UV-induced DNA damage (Fig. 5F). In all of the
MTA1 knockdown experiments, MTA1 depletion was con-
firmed by Western blot analysis with a specific anti-MTA1 anti-
body (Fig. 5F). In brief, these results suggest that MTA1 defi-
ciency or knockdown compromises the ability of cells to
respond to DNA damage and increases cell sensitivity to UV.

In summary, here we demonstrate a vital role for MTA1 in
the UV-induced ATR-mediated DNA checkpoint pathway (Fig.
5@G). An earlier study has shown that ATR is associated with the
components of the Mi-2:NuRD complex, including MTA1 and
Mi-2, suggesting that there may be a linkage between the role of
ATR in mediating checkpoints induced by DNA damage and
chromatin modulation via remodeling and deacetylation (14).
However, the biochemical function of ATR-MTA1 interaction
was not explored in that study. Interestingly, a recent study
demonstrated that UV radiation induces the protein expression
of Mi-2, another core subunit of the Mi-2:NuRD complex (3,
59, 60), by regulating protein translation and stability (58).

In support of the earlier finding of the MTA1-ATR interac-
tion (14), here we found that UV radiation induces MTA1 pro-
tein expression in an ATR-dependent manner. More interest-
ingly, MTAL1 is required for activation of ATR following UV
radiation because depletion or knockdown of MTA1 severely
impaired ATR-dependent phosphorylation of Chkl and H2AX
in response to UV damage. As a result, depletion of MTA1
results in the abrogation of the G,-M checkpoint and increased
cellular sensitivity to UV-induced DNA damage. Thus, MTA1
is required for the activation of ATR-Claspin-Chkl and ATR-
H2AX pathways following exposure to UV, and the abrogation
of the DNA damage checkpoints in the MTA1-depleted cells
may be, at least in part, a consequence of dysregulation of the
expression of these two checkpoint pathways (Fig. 5G).

The molecular mechanism for the requirement of MTAL1 in
the activation of both checkpoint pathways is currently being
investigated in our laboratory. Accumulating evidence shows
that chromatin remodeling complexes, such as SWI/SNF and
INO8O, play an important role not only in transcription, but
also in DSB repair via interaction with y-H2AX (76 -78). As a
part of the Mi-2:NuRD chromatin remodeling complex (53), it
is well established that MTA1 modulates transcription by influ-
encing chromatin remodeling (3, 59). Furthermore, recent
studies from our laboratory have demonstrated that MTA1,
like other chromatin remodeling factors, is also implicated in
DSB repair following IR treatment (11-13). Depletion of MTA1
results in increased DNA damage sensitivity and decreased
DSB repair (11, 13). It is possible that MTA1 as a chromatin
modifier could alter chromatin structure in an unknown way in
response to DNA damage, resulting in increased accessibility of
damaged DNA to repair factors (12). Taken together, these
findings suggest that, in addition to its role in the repair of DSBs
caused by IR, MTAL1 also participates in the UV-induced ATR-
mediated DNA damage checkpoint pathway.
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