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The role of chromatin-remodeling factors in transcription is well established, but the link between chroma-
tin-remodeling complexes and DNA repair remains unexplored. Human Rvb1 and Rvb2 are highly conserved
AAA� ATP binding proteins that are part of various chromatin-remodeling complexes, such as Ino80, SNF2-
related CBP activator protein (SRCAP), and Tip60/NuA4 complexes, but their molecular function is unclear.
The depletion of Rvb1 increases the amount and persistence of phosphorylation on chromatin-associated
H2AX after the exposure of cells to UV irradiation or to mitomycin C, cisplatin, camptothecin, or etoposide,
without increasing the amount of DNA damage. Tip60 depletion, but not Ino80 or SRCAP depletion, mimics
the effect of Rvb1 depletion on H2AX phosphorylation. Rvb1 is required for the histone acetyltransferase
(HAT) activity of the Tip60 complex, and histone H4 acetylation is required prior to the dephosphorylation of
phospho-H2AX. Thus, Rvb1 is critical for the dephosphorylation of phospho-H2AX due to the role of Rvb1 in
maintaining the HAT activity of Tip60/NuA4, implicating the Rvb1-Tip60 complex in the chromatin-remodeling
response of cells after DNA damage.

Rvb1 and Rvb2 (also known as Tip49 and Tip48, pontin52
and reptin52, and Tih1p and Tih2p) are two putative ATPases
that are highly conserved in eukaryotes. Studies of different
organisms have identified Rvb1 and Rvb2 in complexes in-
volved in chromatin remodeling (16, 18, 21, 22, 25, 26, 29, 38)
and suggested their importance in the related functions of
transcriptional and developmental regulation (3, 5, 8, 13, 14,
36). The mammalian homologs have been implicated in at least
two oncogenic pathways: Rvb1 associates with Myc, and dom-
inant negative versions of Rvb1 inhibit cell transformation by
Myc (12, 47). Rvb1 also functionally interacts with beta-cate-
nin, an important mediator of the growth-suppressive signal
from the adenomatous polyposis coli tumor suppressor protein
(3, 4, 14). Despite the apparent involvement of Rvb1 and Rvb2
in important pathways, the molecular function of Rvb is still
unclear.

Modulation in chromatin organization during transcription,
replication, and DNA repair involves two classes of chromatin-
remodeling factors (24, 41). The first class includes a group of
ATP-dependent chromatin-remodeling factors that use the en-
ergy of ATP hydrolysis to mobilize nucleosomes and give ac-
cess to the underlying DNA. The second includes acetylases,
deacetylases, methylases, and demethylases that add or remove
covalent modifications on histone tails and thus affect chroma-
tin compaction. The chromatin-remodeling complexes con-
taining metazoan Rvb include both the ATPase-type remod-

elers Ino80 and SNF2-related CBP activator protein (SRCAP,
or Swr1) and the acetyltransferase remodeler human Tip60 (6,
11, 18, 20). The only molecular function of Rvb that is defined
is in the recruitment of the ATPase Arp5 into the Saccharo-
myces cerevisiae Ino80 chromatin-remodeling complex, a func-
tion that is important for the remodeling activity (21, 22, 35).
We therefore wondered whether metazoan Rvb had a similarly
important role in the assembly or activity of an associated
chromatin-remodeling complex.

DNA damage results in the phosphorylation of the histone
variant, H2AX, on S139 by the ATM and ATR protein kinases.
The phospho-H2AX serves as a marker for damaged DNA
that recruits other proteins like MDC1, the Mre11-Rad50-
Nbs1 (MRN) complex, 53BP1, and BRCA1 to the sites of
DNA damage either to amplify the damage signal to the rest of
the cell or to repair the DNA damage (37). Mice with a single
copy of the H2AX gene are predisposed to genomic instability
and cancers when engineered to have a mutation also in p53 (2,
7). Yeast with a mutation in H2A at S129, the site of damage-
induced phosphorylation that is the equivalent of S139 in
mammalian H2AX, show a defect in the activation of the
checkpoint pathway in response to DNA damage in G1/S (17)
and a defect in DNA double-strand break repair (10). The
human and Drosophila Tip60 proteins remodel nucleosomes
containing phospho-H2AV (the fly equivalent of phospho-
H2AX) (19, 27). In this paper, we report that human Rvb1 and
Tip60 are critical for the downregulation of phospho-H2AX in
cells after DNA damage and that Rvb1 is required for the
histone H4 acetyltransferase (HAT) activity of the human
Tip60 complex. Additional results suggest that human Tip60 is
required to remodel phospho-H2AX-containing nucleosomes
at sites of DNA damage in vivo. Thus, we propose that meta-
zoan Rvb is required for the proper assembly and activity of
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the Tip60 chromatin-remodeling complex and the response of
a cell to DNA damage.

MATERIALS AND METHODS

Cell culture, transfection with siRNAs, and plasmids. HeLa and 293T cells
were cultured in Dulbecco’s modified Eagle’s medium containing 10% donor calf
serum. For transfection with small interfering RNAs (siRNAs), cells were grown
at �40% confluence in a 6-well plate and transfected at 24-h intervals with 100
nM annealed siRNA duplex (Invitrogen) by using Oligofectamine (Invitrogen).
Four hours after the first transfection, 3� medium was added. Forty-eight hours
after the first transfection, cells were split 1:2 to maintain the cells in log phase.
Target sequences of the oligonucleotides used were as follows: control (GL2),
CGTACGCGGAATACTTCGA; RVB1-A, TAAAGGAGACCAAGGAAGT;
RVB1-B, TCTTCTCTCTCTCTCTCTA; INO80-A, TGACCTGCGTCTACAC
TTA; SRCAP-A, GGAAACGATTGAAGTTGAA; TIP60-A, TGATCGAGTT
CAGCTATGA; and PP2A-A, CCTCGTGAATACAATTTAA. Human RVB1
and TIP60 were expressed in human cells from plasmids under the control of the
cytomegalovirus promoter, whereas wild-type and mutant histone H4 proteins
were expressed under the control of the EF1� promoter. Lysines 5, 8, 12, and 16
of histone H4 were mutated into alanine. Mutagenesis was performed by using
QuikChange according to the instructions of the manufacturer (Stratagene).
Short hairpin RNA (shRNA) expression vectors were purchased from Openbio-
systems (39) and modified by expressing the shRNA cassette under the control
of the RNA polymerase II promoter. Details about the shRNA construct can be
provided upon request.

Antibodies. Anti-Rvb1 antibody was generated as described before (35). Rab-
bit antibodies were raised against His-Ino80 (amino acids 230 to 486) and
His-SRCAP (amino acids 1141 to 1395). His6-tagged proteins were expressed
from the pET28a vector in Escherichia coli and purified on TALON metal affinity
resin (Clontech) under denaturing conditions. Other antibodies used were as
follows: anti-phospho-H2AX (Cell Signaling), anti-H2AX (Cell Signaling), anti-
H2A (Cell Signaling), anti-Tip60 (a gift from Bruno Amati), anti-�-actin
(Sigma), anti-Flag (Sigma), anti-acetyl-histone H4 (Upstate), anti-acetyl-lysine
(Upstate), anti-histone H4 (Cell Signaling), and anti-cyclobutane pyrimidine
dimer (anti-CPD; Medical and Biological Laboratories, Nagoya, Japan).

DNA damage and comet assay. siRNA-transfected HeLa cells were either left
untreated or treated with UV (20 J/m2) and harvested after 60 min of UV
treatment. DNA damage was assayed by alkaline and neutral single-cell agarose
gel electrophoresis essentially as described previously (33). Briefly, HeLa cells
were transfected with siRNAs and 72 h later were either irradiated with UV or
left unirradiated. Cells were collected after the indicated time, resuspended in
ice-cold phosphate-buffered saline (PBS) at 3 � 105 cells/ml, and processed
further according to the instructions of the manufacturer (Trevigen). Slides were
subjected to electrophoresis (1 V/cm of distance between electrodes) either for
20 min (neutral) or for 40 min (alkaline), and cells were fixed with 70% ethanol
and stained with Sybr green. Nuclei were visualized using epifluorescent illumi-
nation on a Zeiss microscope. The DNA damage in �100 cells for each exper-
imental condition was quantified by determining the tail moment, a function of
both the tail length and the intensity of the DNA in the tail relative to the total
DNA, by using CometScore software (TriTek Corp.). Statistical analysis was by
the Wilcoxon sum-of-rank test.

Measurement of CPD. The amounts of CPD in UV-irradiated cells were
measured by an enzyme-linked immunosorbent assay as described previously by
using anti-CPD antibody (46). Briefly, cells were either left unirradiated or
harvested post-UV irradiation at the times indicated in the figures. Genomic
DNA was isolated, and the DNA concentration was calculated from the absor-
bance at 260 nm. DNA dilutions in PBS were prepared and added to the
microtiter plates precoated with 0.003% protamine sulfate. The enzyme-linked
immunosorbent assay was performed by following the instructions of the assay kit
manufacturer (Medical and Biological Laboratories, Nagoya, Japan).

Western blotting, immunoprecipitation, and immunostaining. For Western
blotting, cells were lysed in IPH buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl,
5 mM EDTA, 0.5% [vol/vol] NP-40, 1 mM dithiothreitol, 20 mM NaF, and a
protease inhibitor mix [Sigma]) and sonicated three times for 15 s each at 25%
output by using a Branson microtip (3.2 mm) and a Fisher model 500 sonic
dismembrator. Trichostatin A (1 �M) and sodium butyrate (5 mM) were added
for 240 min before harvesting to prevent the deacetylation of histone H4 (see Fig.
7D). For immunoprecipitation, either anti-Flag M2 affinity gel (Sigma) or other
test antibodies were prebound to protein A-Sepharose (GE Healthcare) for 2 h
in lysis buffer and incubated with cell lysate for 4 h. Following extensive washing
with lysis buffer, bound proteins were eluted by boiling in 2� sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.

For immunostaining, cells cultured on cover glasses were fixed with 4% para-
formaldehyde for 10 min and permeabilized with 0.2% Triton X-100 for 10 min.
Following blocking with 3% bovine serum albumin (BSA) in PBS or Tris-
buffered saline (TBS; for phospho-H2AX antibody) for 1 h, cells were incubated
with antibody diluted in PBS or TBS containing 3% BSA for 1 h. After three
washes with PBS or TBS, cells were incubated with either fluorescein isothio-
cyanate- or Texas Red-labeled anti-rabbit or anti-mouse immunoglobulin G
antibody (DAKO) diluted in PBS or TBS containing 3% BSA for 30 min and
washed three times with PBS or TBS. Cells were mounted onto a slide with
Vectashield containing DAPI (4�,6�-diamidino-2-phenylindole; Vector Labora-
tory). The immunofluorescence analysis of chromatin-bound protein was done as
described elsewhere (1). Briefly, cells were incubated in a Triton X-100 buffer
(0.1% Triton X-100, 10 mM HEPES-KOH [pH 7.9], 10 mM KCl, 1.5 mM MgCl2,
0.5 mM dithiothreitol) prior to formaldehyde fixation to remove detergent-
sensitive proteins. Following extraction, immunostaining was performed as men-
tioned above. Chromatin fractions were isolated as described elsewhere (28).

HAT assay. The Tip60 complex was immunoprecipitated as described above,
washed twice in HAT assay buffer (50 mM Tris [pH 8.0], 10% glycerol, 0.1 mM
EDTA, 1 mM dithiothreitol), and incubated in 25 �l of HAT assay buffer
containing acetyl coenzyme A (100 �M) and core histone (2 �g) at 30°C for the
times indicated in the figures before the addition of 25 �l of SDS sample buffer.
Five microliters of the reaction mixture was separated by 15% SDS-PAGE, and
acetylated protein was visualized by Western blotting using either anti-acetyl-
lysine or anti-acetyl-histone H4 antibodies. Twenty microliters of the reaction
mixture was resolved by 15% SDS-PAGE and stained with Coomassie blue to
ensure the loading of equal amounts of histone H4. For the quantitation of HAT
activity, the acetyl-lysine signal was quantitated by Scion imaging software and
the background signal from vector-transfected cells was subtracted. The activity
of the wild-type Tip60 complex was taken as 100%. Where indicated, recombi-
nant Rvb1 was added to the Tip60 complex immunoprecipitate and incubated at
4°C for 4 h before the HAT assay.

RESULTS

The loss of Rvb1 results in an increase in phosphorylated
H2AX. Members of the family of phosphatidylinositol 3-ki-
nase-like kinases ATM, ATR, and DNA-PKcs are activated
when cells are exposed to various kinds of DNA-damaging
agents and phosphorylate H2AX at S139 as a marker for dam-
aged DNA. Phospho-H2AX spans megabases flanking a DNA
damage site and helps to recruit proteins involved in DNA
damage repair. To understand the role of mammalian Rvb1 in
the DNA damage response, we decreased the Rvb1 level by
using siRNA. Transfection with siRVB1-A resulted in a 90%
reduction in levels of Rvb1 after 72 h (Fig. 1A and B). Phos-
phorylation on H2AX was significantly increased without any
change in H2AX levels in the absence of Rvb1 in UV-treated
cells (Fig. 1C). An immunofluorescence analysis showed that
both the intensity and the number of phospho-H2AX foci after
UV damage were higher in the absence of Rvb1 than in the
presence of Rvb1 (Fig. 1D and E). This increase in the phos-
phorylation of H2AX was also observed when Rvb1-depleted
cells were treated with other kinds of DNA-damaging agents:
mitomycin C, cisplatin, camptothecin, or etoposide (see Fig. S1
in the supplemental material). The loss of Rvb1 results in the
continued accumulation of phosphorylation on H2AX without
any of the downregulation seen in control cells after 60 min
(Fig. 1F). These results suggest that the loss of Rvb1 increases
the total level of phosphorylated H2AX without any change in
H2AX levels.

Reversal of Rvb1 knockdown phenotype. To rule out the
possibility of an off-target activity of the siRNA, we rescued the
phospho-H2AX accumulation with exogenous siRNA-resis-
tant RVB1. A second RNA duplex (siRVB1-B) specific to a
target site in the 3� untranslated region of endogenous RVB1
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was synthesized. Both duplexes (siRVB1-A and siRVB1-B)
efficiently depleted cells of endogenous Rvb1 (Fig. 2A) and
increased phospho-H2AX after UV irradiation (Fig. 2A).
We established a cell line expressing exogenous FLAG-RVB1
without the 3� untranslated region of RVB1. siRVB1-A and
siRVB1-B knocked down endogenous and exogenous Rvb1
and only endogenous Rvb1, respectively (Fig. 2A and B). The
increase in the phospho-H2AX level after knockdown by
siRVB1-A (for endogenous and exogenous Rvb1) was not seen
after knockdown by siRVB1-B, when exogenous Flag-Rvb1
persisted (Fig. 2C). The transfection of cells expressing Flag-
Rvb1 with siRVB1-B did not increase the number of phospho-
H2AX focus-positive cells or the intensity of phospho-H2AX
foci (Fig. 2D and E). The restoration of the original phospho-
H2AX phenotype by exogenous siRNA-resistant Rvb1 was
also observed when other DNA-damaging agents were used
(see Fig. S2 in the supplemental material). The increase in

phospho-H2AX with two different siRNAs targeting different
parts of RVB1 and the restoration of the phospho-H2AX
downregulation by siRNA-resistant Flag-Rvb1 suggest that the
increase in phospho-H2AX is due to the on-target depletion of
Rvb1 and cannot be attributed to off-target activities of the
siRNA duplexes.

Phosphatidylinositol 3-kinase-like kinases are not hyperac-
tivated in the absence of Rvb1. The increased phosphorylation
of H2AX may be due to the hyperactivation of ATM and ATR
kinases. To investigate this possibility, we examined the phos-
phorylation status of Chk1 and Chk2, checkpoint kinases that
are known targets of ATR and ATM (37). The loss of Rvb1 did
not increase the phosphorylation of either Chk1 or Chk2, sug-
gesting that the increase in the total level of phospho-H2AX
was not due to the hyperactivation of ATR or ATM (Fig. 3A).

Rvb1 localizes to the DNA damage sites. To understand the
mechanism by which phospho-H2AX is increased after Rvb1

FIG. 1. The depletion of Rvb1 increases phospho-H2AX after DNA damage. (A) Depletion of Rvb1 protein using siRNA against RVB1.
Lysates prepared from HeLa cells transfected with the indicated siRNAs at the indicated times were immunoblotted for Rvb1 protein and �-actin.
(B) Semiquantitative Western blot analysis of Rvb1. The indicated amounts of HeLa cell lysates were loaded and blotted with anti-Rvb1 and
anti-�-actin antibodies. One hundred percent equals 20 �g of protein loaded. (C) Increase in total phospho-H2AX after DNA damage. Lysates
from HeLa cells were prepared after the cells were transfected with siRNA with or without UV. UV irradiation was carried out 72 h after the
transfection of cells with siRNA, and cells were harvested 60 min post-UV irradiation. Results from immunoblotting with anti-phospho-H2AX,
anti-H2AX, anti-Rvb1, and anti-�-actin antibodies are shown. �, present; 	, absent; H2AXpS139, H2AX phosphorylated on S139. (D) Immu-
nofluorescence analysis with anti-phospho-H2AX antibody. HeLa cells were transfected with the indicated siRNAs and processed for immuno-
fluorescence by using anti-phospho-H2AX antibody. DNA damage was induced as mentioned in the legend to panel C. (E) Quantitation of
phospho-H2AX foci. The percentages of cells positive for phospho-H2AX foci among cells transfected with the indicated siRNAs and those with
(UV) and without (0) DNA damage in the analysis presented in panel D are shown. The experiment was repeated three times, and the means 

standard deviations (SD) are plotted. (F) The loss of Rvb1 results in the persistence of phospho-H2AX. HeLa cells were transfected with the
indicated siRNAs. Cells were harvested at the indicated time points after UV irradiation, and lysates were immunoblotted with the indicated
antibodies.
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knockdown, we looked at the localization of Rvb1 after DNA
damage. For this evaluation, Flag-Rvb1 was expressed in 293T
cells and immunofluorescence analysis was performed using
anti-Flag antibody. Rvb1 is nuclear and homogenously distrib-
uted in the nucleoplasm under normal conditions (Fig. 3B,
upper panels). After irradiation with UV, the distribution of
Rvb1 changes to form distinct nuclear foci within an hour (Fig.
3B, lower panels). Phospho-H2AX foci appeared and were
colocalized with Rvb1 foci in cells irradiated with UV (Fig. 3B,
lower panels). Of the cells with Rvb1 foci (n � 100), 65% had
colocalized phospho-H2AX and Rvb1 foci, and 81% of Rvb1
foci (n � 106) were colocalized with phospho-H2AX foci. The
interaction of Rvb1 with phospho-H2AX was confirmed by the
immunoprecipitation of endogenous Rvb1 and Flag-Rvb1 (Fig.
3C and D). Rvb1 interacted with the phospho-H2AX induced

after UV irradiation, and this interaction was seen within 30
min of UV irradiation (Fig. 3C, D, and E). Rvb1 also immu-
noprecipitated with unphosphorylated H2AX in unirradiated
cells (Fig. 3E, lane 2). We are currently investigating the mech-
anism underlying the increase in association postirradiation,
but collectively, these data show that Rvb1 interacts with phos-
pho-H2AX and so may have a direct effect on phospho-H2AX-
containing nucleosomes.

Rvb1 does not affect the DNA damage repair process. The
loss of Rvb1 may stimulate phospho-H2AX formation by re-
pressing the repair of DNA damage. We therefore examined
whether the knockdown of Rvb1 inhibits the DNA repair path-
ways in the short term when phospho-H2AX is increased.
Single-strand and double-strand DNA breaks in the Rvb1-
depleted cells were measured by the alkaline comet assay (33).

FIG. 2. The Rvb1 knockdown phenotype can be reversed by the expression of exogenous Rvb1 protein. (A) The depletion of endogenous Rvb1
by siRVB1-A and siRVB1-B increases phospho-H2AX. HeLa cell lysates were prepared 72 h after the transfection of cells with the indicated
siRNAs. The decrease in total Rvb1 protein was detected using anti-Rvb1 antibody, and anti-�-actin was used as a loading control. �, present;
H2AXpS139, H2AX phosphorylated on S139. (B) Exogenous Flag-Rvb1 was knocked down by siRVB1-A but not siRVB1-B. HeLa cells stably
expressing Flag-Rvb1 were lysed after transfection with the indicated siRNAs with (�) or without (	) UV irradiation. The experiment was carried
out as described for panel A. (C) Phospho-H2AX levels after Rvb1 are restored by expressing Flag-Rvb1 resistant to siRVB1-B. HeLa cells stably
expressing Flag-Rvb1 were transfected for 72 h with the indicated siRNAs before UV irradiation and immunoblotting of lysates with the indicated
antibodies. (D) Phospho-H2AX foci detected by immunofluorescence. HeLa cells with or without Flag-Rvb1 were transfected with the indicated
siRNAs for 72 h and either left untreated or irradiated with UV. �, present; 	, absent. (E) Quantitation of phospho-H2AX foci. The percentages
of cells positive for phospho-H2AX foci among cells transfected with the indicated siRNAs and those with (�UV) and without (	UV) DNA
damage in the analysis presented in panel D are shown.

VOL. 28, 2008 REQUIREMENT OF HUMAN Rvb1/Tip49 FOR HAT ACTIVITY 2693



The loss of Rvb1 produced a small increase of such breaks,
even in the absence of DNA damage, but this increase was not
remarkable by 60 min after UV irradiation (see Fig. S3 in the
supplemental material). The neutral comet assay showed no
increase in the levels of double-strand DNA breaks compared
to those in control RNA interference-treated cells both before
and after UV treatment (see Fig. S3 in the supplemental ma-
terial). UV irradiation produces CPDs. The rate of CPD re-
moval at 1 or 4 h post-UV irradiation was not decreased after
Rvb1 depletion (see Fig. S4 in the supplemental material).
Therefore, the loss of Rvb1 does not significantly repress the
repair of DNA breaks or CPD within the 60-min time frame

after which there is already a significant increase in phospho-
H2AX accumulation.

The loss of Rvb1 increases the phosphorylation of chroma-
tin-bound H2AX. The phospho-H2AX-associated Rvb1 may
be required for the remodeling of chromatin prior to phos-
phatase action or for the activity of the phosphatase itself.
Previously, it was suggested that protein phosphatase 1 (PP1)
removes phospho-H2AX from repaired double-strand breaks
(32). But recently, Chowdhury et al. carefully looked at the
phosphatase activity of PP1 and PP2A both in vivo and in vitro
and concluded that PP2A is the physiological phosphatase that
dephosphorylates phospho-H2AX (9). The depletion of PP2A

FIG. 3. Rvb1 colocalizes and interacts with phospho-H2AX after DNA damage. (A) The loss of Rvb1 does not hyperactivate ATM and ATR
kinases. Lysates from HCT116 cells were prepared after the transfection of the cells with the indicated siRNAs and the harvesting of the cells at
the indicated time points post-UV irradiation. The results of immunoblotting with antibodies to Chk1 phosphorylated on S317 (Chk1pS317) and
Chk phosphorylated on T68 (Chk2pT68) and anti-Chk1, anti-Chk2, anti-Rvb1, and anti-�-actin antibodies are shown. (B) Colocalization of Rvb1
with phospho-H2AX after DNA damage. 293T cells were transfected with a Flag-Rvb1-expressing plasmid. Cells were either left untreated (	 UV)
or irradiated with UV (� UV). Immunofluorescence analyses using anti-Flag (red) and anti-phospho-H2AX (green) antibodies were performed.
The merged images show the colocalization of Rvb1 and phospho-H2AX in DAPI-stained nuclei (blue). H2AXpS139, H2AX phosphorylated on
S139. (C) Endogenous Rvb1 interacts with phospho-H2AX. The results of immunoprecipitation (IP) using either preimmune (PI) or immune
(I) antibody against Rvb1 from lysates prepared from HeLa cells after UV irradiation are shown. Western blotting was carried out with
anti-phospho-H2AX and anti-H2A antibodies. Ten percent inputs (lane 1) are shown in parallel. �, present. (D) Exogenous Rvb1 interacts with
phospho-H2AX. 293T cells were transfected with a Flag-Rvb1-expressing plasmid. Cells were either left untreated (	) or irradiated with UV. Cell
lysates were used to immunoprecipitate Flag-Rvb1 and subjected to Western blotting using anti-Flag and anti-phospho-H2AX antibodies. Results
obtained using inputs of 10% of wild-type levels (input lanes) are shown in parallel. Input lanes of the immunoblot for H2AXpS139 represent a
lighter exposure to see the stimulation of phospho-H2AX signals after UV treatment. IgG, immunoglobulin G; HC, heavy chain; LC, light chain;
IB, immunoblot. (E) Increased interaction of Rvb1 with H2AX after DNA damage. 293T cells were transfected with an empty vector or a plasmid
expressing FLAG-RVB1. Cells were irradiated and harvested at the indicated times after UV treatment. Lysates were immunoprecipitated with
anti-Flag antibody, and immunoprecipitates were subjected to Western blotting for H2AX, phospho-H2AX, and Rvb1. �, present; 	, absent.

2694 JHA ET AL. MOL. CELL. BIOL.



by siRNA (siPP2A-A) or the inhibition of the activity of PP2A
by okadaic acid increased the phosphorylation of H2AX after
radiation (Fig. 4A, lane 6, and B and data not shown). In
unirradiated cells, the codepletion of Rvb1 and PP2A in-
creased the phosphorylation of H2AX significantly compared
to that in cells depleted of Rvb1 or PP2A individually (Fig. 4A,
lanes 3, 5, and 7, and B), suggesting that Rvb1 and PP2A act at
different steps during the removal of phospho-H2AX. The loss
of PP2A increased phospho-H2AX in the soluble fraction (Fig.
4D, lane 3), while the loss of Rvb1 increased phospho-H2AX
in the chromatin fraction (Fig. 4C and D, lane 6). The codeple-
tion of Rvb1 and PP2A increased the phospho-H2AX in the
chromatin fraction while decreasing it in the soluble fraction.
These results suggest that Rvb1 is required to remodel chro-
matin before phospho-H2AX is accessible for dephosphoryla-
tion by PP2A.

The knockdown of either Ino80 or SRCAP does not affect
levels of phospho-H2AX after DNA damage. Our earlier stud-
ies with yeast showed that Rvb1 and Rvb2 recruit Arp5 into the
Ino80 complex and are required for the catalytic activity of the
Ino80 complex (22), one of the chromatin-remodeling com-
plexes involved in the DNA damage response (30, 34, 42, 44,
45). Human Ino80 (hIno80) is also associated with Rvb (20).
The use of siINO80-A caused a 90% reduction in the Ino80
level (Fig. 5A and data not shown), but this reduction did not
increase the level of phospho-H2AX after UV irradiation (Fig.
5A) either because we did not succeed in decreasing Ino80
below a threshold that can still sustain its activity or because
Ino80 is not essential for the dephosphorylation of phospho-
H2AX.

Rvb1 and Rvb2 are also present in another complex, Swr1,
that is involved in the exchange of H2A.Z (6, 22, 26, 29, 48).
We therefore tested whether the SRCAP complex, the mam-

FIG. 4. Rvb1 is required for the removal of phospho-H2AX from chromatin. (A) Increase of phospho-H2AX after Rvb1 and PP2A depletion.
Cell lysates prepared after the depletion of Rvb1 and PP2A alone or together were immunoblotted with the indicated antibodies. H2AXpS139,
H2AX phosphorylated on S139; �, present; 	, absent. (B) Quantitation of phospho-H2AX signals in panel A by using Scion imaging software.
(C) Increased phospho-H2AX was present on chromatin after the knockdown of Rvb1. The phospho-H2AX foci seen in cells depleted of Rvb1
were bound to chromatin. HeLa cells transfected with the indicated siRNAs with (�) or without (	) UV irradiation were extracted in situ to
remove non-chromatin-bound proteins prior to fixation and immunostaining for phospho-H2AX. (D) The loss of PP2A stabilizes phospho-H2AX
in the soluble fraction, and this effect is dependent on Rvb1. HeLa cells transfected with the indicated siRNAs were fractionated 60 min after UV
irradiation. The fractions were immunoblotted for the indicated proteins. *, cross-reacting band.

FIG. 5. The depletion of either Ino80 or SRCAP does not affect
levels of phospho-H2AX after DNA damage. (A) The depletion of
Ino80 does not increase total phospho-H2AX levels after DNA dam-
age. HeLa cells transfected with the indicated siRNAs were immuno-
blotted for total phospho-H2AX and H2AX protein. A decrease in
Ino80 was detected by using anti-Ino80 antibody, whereas �-actin is
shown as a loading control. Cells were treated with UV 72 h after
transfection with siRNAs and harvested 60 min postirradiation.
H2AXpS139, H2AX phosphorylated on S139; �, present. (B) The
knockdown of SRCAP does not increase total phospho-H2AX levels
after DNA damage. HeLa cells transfected with the indicated siRNAs
were immunoblotted for total phospho-H2AX and H2AX. The deple-
tion of SRCAP was detected by using anti-SRCAP antibody. The
experiment was carried out as described for panel A.
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malian homolog of the Swr1 complex containing Rvb1 (6), is
involved in the removal of phospho-H2AX from DNA damage
sites. siSRCAP-A efficiently decreased the SRCAP protein,
but the depletion of SRCAP did not increase phospho-H2AX
relative to that in the control siRNA-treated cells (Fig. 5B).
Therefore, Ino80 and SRCAP, two chromatin-remodeling fac-
tors associated with Rvb1, are not essential for dephosphory-
lating phospho-H2AX after DNA damage.

Tip60 is involved in the dephosphorylation of phospho-
H2AX after DNA damage. Tip60 is a histone acetyltransferase
that is associated with Rvb1 (11, 18). Drosophila Tip60 down-
regulates phospho-H2AV (27), and human Tip60 acetylates
H2AX and modulates the DNA damage response (18, 19, 31).
To check whether the knockdown of human Tip60, like Rvb1,
increases phospho-H2AX after DNA damage, an siRNA du-
plex targeting TIP60 (siTIP60-A) was used to decrease Tip60

(Fig. 6A). Tip60 depletion increased total phospho-H2AX af-
ter UV irradiation (Fig. 6A), and as in the case of Rvb1
depletion, the phospho-H2AX was chromatin bound (Fig. 6B
and C). Although the individual knockdown of Rvb1 and Tip60
increased the phospho-H2AX, the codepletion of the two did
not further increase the phospho-H2AX (Fig. 6D and E), sug-
gesting that Rvb1 depletion and Tip60 depletion may inhibit
the same step toward phospho-H2AX removal.

Rvb1 is required for the histone acetyltransferase activity of
the Tip60 complex. To examine Rvb1’s role in the biochemical
activity of the Tip60 complex, we first established an assay for
Tip60 complex-mediated HAT activity. For this assay, Flag
immunoprecipitation was carried out with the cell lysates ex-
pressing vector alone, wild-type Flag-Tip60 (Tip60wt), or Flag-
Tip60 mutated in the catalytic site (Tip60mut) (18). Equal
amounts of Tip60wt and Tip60mut were immunoprecipitated,

FIG. 6. The depletion of Tip60 increases phospho-H2AX. (A) The depletion of Tip60 increases total phospho-H2AX levels after DNA
damage. HeLa cells transfected with the indicated siRNAs with or without (	) UV irradiation were immunoblotted as shown. H2AXpS139, H2AX
phosphorylated on S139; �, present. (B) Immunofluorescence after Tip60 depletion. HeLa cells transfected with the indicated siRNAs with or
without UV irradiation were extracted in situ to remove non-chromatin-bound proteins prior to fixation and immunostaining for phospho-H2AX.
(C) Percentages of cells positive for phospho-H2AX foci in the analysis presented in panel B. 0, no UV treatment. Means 
 SD of results from
three experiments are shown. (D) The codepletion of Rvb1 and Tip60 does not further increase phospho-H2AX levels after UV irradiation.
UV-treated HeLa cells were depleted of Rvb1 and Tip60 either individually or together by using the indicated siRNAs. Western blotting analysis
with anti-phospho-H2AX, anti-H2AX, anti-Rvb1, anti-Tip60, and anti-�-actin is shown. (E) Quantitation of phospho-H2AX signals in panel D
(upper lane) using Scion imaging software.
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and Rvb1 specifically interacted with both Tip60wt and
Tip60mut (see Fig. S5 in the supplemental material). In an in
vitro acetyltransferase reaction, the Tip60wt complex trans-
ferred acetyl groups to lysines on histone H4 (see Fig. S6 in the
supplemental material) as demonstrated by comparison to the
background from either the Tip60mut complex or mock im-
munoprecipitates (see Fig. S7 in the supplemental material).
Using this assay for the HAT activity of the Tip60 complex, we

discovered that the Tip60 complex depleted of Rvb1 was inef-
ficient in acetylating histone H4 in vitro (Fig. 7A and B).
Therefore, Rvb1 is required for the histone acetyltransferase
activity of the Tip60 complex.

Cellular Rvb1 depletion may result in the failure to synthe-
size or incorporate a critical component into the Tip60 com-
plex or result in a malassembled complex that can be reacti-
vated by adding Rvb1 in vitro. To distinguish between these

FIG. 7. Rvb1 is required for the HAT activity of the Tip60 complex. (A) Rvb1 is required for the HAT activity of the Tip60 complex. 293T cells
were transfected with a vector or a plasmid expressing FLAG-TIP60 together with a plasmid expressing an shRNA against RVB1 (shRVB1-A) or
a control shRNA (shControl). The Tip60 complex was immunoprecipitated using anti-Flag antibody. Equal amounts of immune complexes were
incubated for 0 or 10 min with core histones in the HAT assay. Acetylated histone H4 was detected by immunoblotting with anti-acetyl-lysine and
anti-histone H4 antibodies. IgG, immunoglobulin G; AcK, acetyl-lysine; AcH4, acetyl histone H4; �, present. (B) Quantitation of HAT activity
using anti-acetyl-lysine as measured in the analysis presented in panel A. Means 
 SD of results from four experiments are shown. (C) Recom-
binant Rvb1 (rRvb1) restores the HAT activity of the Tip60 complex to cells depleted of Rvb1. The Flag-Tip60 complex was immunoprecipitated
from cells transfected with the indicated plasmids and assayed for HAT activity as described for panel A. Either recombinant His6-Rvb1 (rRvb1)
or nonspecific protein (recombinant glutathione S-transferase [rGST]) was added to the Tip60 complex as indicated. IB, immunoblot. (D) Phos-
pho-H2AX coimmunoprecipitates with acetyl-histone H4. Anti-phospho-H2AX antibody was used for immunoprecipitation (IP) from lysates
harvested 60 min post-UV irradiation. Immunoblotting was performed with the indicated antibodies. Ten percent inputs (input lane) are shown
in parallel. H2AXpS139, H2AX phosphorylated on S139. (E) The expression of nonacetylable histone H4 increased total phospho-H2AX. 293T
cells were transfected with the indicated plasmids, and cells were grown in the presence of puromycin for 48 h. Lysates were immunoblotted with
anti-phospho-H2AX, anti-H2AX, anti-Myc (for wild-type and mutant histone H4 [H4WT and H4Mut]), anti-Rvb1, anti-PP2A, and anti-�-actin
antibodies. pLPCX, plasmid containing the puromycin resistance gene. (F) Wild-type and nonacetylable histone H4 are incorporated equally into
chromatin, but the nonacetylable H4 leads to an increase in the phosphorylation of chromatin-associated H2AX. The fractions were immuno-
blotted for the indicated proteins. The experiment was carried out as described for panel E. Chr, chromatin; Sol, soluble cellular extract separated
from chromatin.
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possibilities, recombinant Rvb1 was purified from bacteria (see
Fig. S8 in the supplemental material) and added to the Tip60
complex lacking endogenous Rvb1. Recombinant Rvb1 re-
stored HAT activity to the Tip60 complex (Fig. 7C), suggesting
that Rvb1 is required directly for the activity of the Tip60
complex. To distinguish whether Rvb1 is an essential cofactor
for Tip60 activity or is required for the proper assembly or
activity of the Tip60 complex, we added recombinant Rvb1 to
recombinant Tip60 polypeptide (see Fig. S9 in the supplemen-
tal material). The HAT activity of the Tip60 polypeptide was
not stimulated by Rvb1, suggesting that Rvb1 is required spe-
cifically for the correct assembly or activity of the Tip60 com-
plex.

Phospho-H2AX downregulation requires histone H4 acety-
lation. Histone H4 is known to be acetylated in vivo at DNA
damage sites in a Tip60-dependent manner (31). When we
immunoprecipitated about 20% of the phospho-H2AX from
UV-treated cells, nearly 10% of the acetylated histone H4
coimmunoprecipitated with the phospho-H2AX (Fig. 7D),
suggesting that almost 50% of the acetylated H4 may be asso-
ciated with phospho-H2AX. We therefore hypothesized that
nucleosomes at DNA damage sites may be acetylated on his-
tone H4 before phospho-H2AX is remodeled and made avail-
able for dephosphorylation. To test this possibility, we overex-
pressed either wild-type histone H4 or histone H4 mutated in
the lysines that are acetylated by Tip60. The expression of
mutated H4 resulted in elevated phospho-H2AX without any
change in the levels of Rvb1 or PP2A (Fig. 7E). Wild-type and
mutant histone H4 were incorporated into the chromatin sim-
ilarly (Fig. 7F), suggesting that the acetylation of histone H4 is
required for the dephosphorylation of phospho-H2AX. Inter-
estingly, the phospho-H2AX accumulated in the chromatin
fraction, consistent with the model that the HAT activity of
Tip60 is required to acetylate H4 before the phospho-H2AX
can be remodeled and dephosphorylated.

DISCUSSION

In this study, we show that Rvb1 is required for the activity
of the Tip60 complex and that the complex has a specific role
in decreasing phospho-H2AX in vivo after DNA damage. The
early detection of phospho-H2AX in Rvb1-depleted cells sug-
gests that the latent period of the phospho-H2AX signal in
wild-type cells is due to the constitutive activity of Rvb1 on
phospho-H2AX-containing nucleosomes even early in the
cell’s response. At later time points, the Rvb1 deficit manifests
itself as the continued accumulation of phospho-H2AX be-
yond a point when normal cells have started downregulating
the phosphorylation. The identification of Rvb1 in various
chromatin-remodeling complexes involved in the DNA dam-
age response by us as well as others had suggested a role of the
protein in the DNA damage response. The increase in phos-
pho-H2AX levels in Rvb1-depleted cells subjected to DNA
damage is in agreement with this possibility.

The overexpression of histone H4 that cannot be acetylated
by Tip60 results in increased levels of chromatin-bound phos-
pho-H2AX, consistent with a role of the histone H4 acetyl-
transferase, Tip60, in the dephosphorylation of phospho-
H2AX. We cannot formally rule out that the increase in
phospho-H2AX that we observed in cells was secondary to a

transcriptional role of Tip60. Despite this caveat, we prefer the
hypothesis that the Rvb1-Tip60 chromatin-remodeling factor is
necessary at sites of DNA damage for the dephosphorylation
of phospho-H2AX because the Tip60 complex associates with
the sites of damaged DNA and is known to promote the open-
ing of the chromatin by the posttranslational modification of
the histone tails (this study and references 31 and 40).

S. cerevisiae phospho-H2AX is exchanged from the chroma-
tin before dephosphorylation by PPH3 (23), and chromatin
remodeling by the Drosophila Tip60 complex is important for
the in vitro dephosphorylation of a related histone, phospho-
H2AV (27). Although PP2A is known to remove the phos-
phate directly from phospho-H2AX in mammalian cells (9), a
chromatin-remodeling step upstream of the dephosphorylation
may be necessary. Our results show that the removal of Rvb1
or of Tip60 results in the accumulation of phospho-H2AX on
the chromatin but that the removal of PP2A leads to the
accumulation of the phospho-H2AX in the soluble fraction
and the chromatin. The abundance of PP2A and the interac-
tion of PP2A with H2AX are independent of a functional
Rvb1-Tip60 complex (Fig. 4A and data not shown). These
results are consistent with the possibility that chromatin re-
modeling by the Rvb1-Tip60 complex at sites of DNA damage
is required before phospho-H2AX can be dephosphorylated by
PP2A.

The hIno80 and SRCAP complexes are mammalian ho-
mologs of the Ino80 and Swr1 complexes, two chromatin-re-
modeling complexes in yeast known to contain Rvb1. Both the
yeast proteins are recruited to double-strand breaks, and Ino80
is required for the eviction of phospho-H2A nucleosomes from
the sites of DNA damage (34, 44). Decreasing hIno80 (or
SRCAP) to 10% of the wild-type levels did not impair phos-
pho-H2AX dephosphorylation in our experiments with mam-
malian cells, while similar decreases of Rvb1 or Tip60 impaired
phospho-H2AX dephosphorylation. These results suggest that
in mammalian cells, the Tip60 complex is of greater impor-
tance than the Ino80 complex in the dephosphorylation of
phospho-H2AX.

Our results agree with those in a very recent paper saying
that Tip60 associates with and is required for the mobilization
of H2AX in the first 5 min after the induction of double-strand
breaks with ionizing radiation (19, 27). Ikura et al., however,
suggest a different mechanism, in which Tip60 acetylates
H2AX on K5 and promotes UBC13-mediated polyubiquitina-
tion of H2AX on K119 prior to the release of H2AX from the
chromatin (19). We have failed to see any acetylation of K5 on
H2AX after UV irradiation (data not shown) and have instead
noted acetylation on H4 associated with H2AX and have mim-
icked the phenotype of Tip60 depletion by overexpressing non-
acetylable H4 (Fig. 7). The differences noted may be due to
differences in the agents used to induce double-stranded DNA
breaks: ionizing radiation breaks the DNA directly, while UV
or chemicals induce breaks mostly after DNA replication
across the sites of DNA damage. We prefer the explanation
that both H4 and H2AX are important substrates of Tip60,
with H2AX acetylation and ubiquitinylation being more im-
portant very early in the DNA damage response (within min-
utes) while H4 acetylation is more important on a longer time
scale for curtailing the phospho-H2AX response.

The Tip60 complex has been implicated not only in DNA
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damage repair but also in the activation of checkpoint path-
ways (40). The Tip60 complex acetylates ATM after DNA
damage, and this acetylation is required for the activation of
ATM. As Rvb1 regulates the acetyltransferase activity of the
Tip60 complex, a decrease in the specific activation of ATR/
ATM may explain why phospho-Chk1 and phospho-Chk2 are
not hyperactivated after Rvb1 depletion, despite the increase
in phospho-H2AX. In addition, because other substrates of
ATR or ATM are not hyperphosphorylated, we do not think
that Rvb1 depletion increases the phosphorylation of H2AX by
increasing the activity of ATR or ATM. Instead, we favor the
hypothesis that the Tip60 complex is required for the dephos-
phorylation of phospho-H2AX and that it is the loss of this
function that leads to the increased phosphorylation of H2AX
after Tip60 or Rvb1 depletion. The chemical inhibition of
Tip60 and Rvb1 is expected to prolong the phospho-H2AX
response while maintaining the normal kinetics of activation
and inactivation of the downstream Chk1 and Chk2 kinases
that arrest the cell cycle. By delinking the kinetics of phospho-
H2AX activation from Chk1 or Chk2 activation, inhibitors of
the Rvb1-Tip60 complex may be useful as sensitizers for
chemo- or radiotherapy of cancers.

A role for Rvb1 in the activity of the Tip60 complex links the
activity of Rvb1 to that of critical tumor-suppressive and on-
cogenic transcription factors that are regulated by Tip60. Tip60
is required for the optimum function of p53 on specific p53-
driven promoters (43), so that our results suggest that Rvb1
will also be required for p53-mediated pathways of apoptosis
after DNA damage. Tip60 is also required for gene expression
from Myc-driven promoters (15). Therefore, a role for Rvb1 in
Tip60 activity may explain why Rvb1 is required for cell trans-
formation by Myc (47). Similarly, a role for Rvb1 in the action
of chromatin-remodeling complexes that interact with beta-
catenin may explain the role of Rvb1 in the transmission of the
growth-suppressive signal from the adenomatous polyposis coli
tumor suppressor protein (4).

The only molecular function attributed to Rvb1 until now
has been in the recruitment of Arp5 to the yeast Ino80 complex
(22). The discovery reported here expands the role of Rvb1 in
chromatin remodeling and highlights the importance of Rvb1
in the DNA damage response of mammalian cells. Future
studies will investigate how the absence of Rvb1 impairs the
HAT activity of the Tip60 complex and the consequences of
Rvb1 depletion for the sensitivity of cells to DNA damage.
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