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TIP60 (HTATIP) is a histone acetyltransferase (HAT) whose
function is critical in regulating ataxia-telangiectasia mutated
(ATM) activation, gene expression, and chromatin acetylation
in DNA repair. Here we show that under non-stressed condi-
tions, activating transcription factor-2 (ATF2) in cooperation
with Cul3 ubiquitin ligase promotes degradation of TIP60,
thereby attenuating its HAT activity. Inhibiting either ATF2 or
Cul3 expression by small interfering RNA stabilizes the TIP60
protein. ATF2 association with TIP60 on chromatin is de-
creased following exposure to ionizing radiation (IR), resulting
in enhanced TIP60 stability and activity. We also identified a
panel of melanoma and prostate cancer cell lines whose ATF2
expression is inversely correlated with TIP60 levels and ATM
activation after IR. Inhibition of ATF2 expression in these lines
restored TIP60 protein levels and both basal and IR-induced
levels of ATM activity. Our study provides novel insight into
regulation of ATM activation by ATF2-dependent control of
TIP60 stability and activity.

The nuclear protein kinase ataxia-telangiectasia mutated
(ATM)2 belongs to the phosphatidylinositol 3-kinase-like
kinase family (1), which is activated in response to genotoxic
insults that elicit double-stranded DNA breaks (DSBs) (2).
Consequently, ATM phosphorylates several proteins impli-
cated in control of genome integrity (3, 4). Among them are the
checkpoint signaling kinases Chk2 and Chk1 (5, 6), checkpoint
mediators ATF2, BRCA1, 53BP1, and MDC1 (7–10), the his-
tone variant H2AX, and diverse effectors of the DNA damage
network involved in DNA repair, cell cycle, and cell death
control including RAD9, RAD17, SMC1, FANCD2, and p53
(11–14).
DNA damage activates signal transduction pathways that

rapidly affect processes such as transcription, cell cycle pro-
gression, and DNA replication (15). Common to these pro-
cesses are alterations in chromatin structure. Post-translational
modifications of histones including acetylation, ubiquitination,

and phosphorylation have emerged as key regulatory events
controlling the DNA damage response. For example, the N ter-
minus of histones H3 andH4 is subject to reversible acetylation
that affects expression of enzymes involved in DNA repair and
sensitivity to DNA-damaging agents (16–19).
Initially discovered as a Tat-interacting protein, TIP60 is a

chromatin-modifying enzyme and key component of repair
and antiproliferative responses to DNA damage (17, 20). TIP60
elicits such control via acetylation of histones in the vicinity of
lesions during DNA repair (17). The Drosophila homolog
dTIP60 acetylates nucleosomal phospho-H2Av, promoting its
exchange with unmodified H2Av (21). The yeast homolog Esa1
(essential SAS2-related acetyltransferase) acetylates histoneH4
(22). These events are required for DNA repair in both flies and
yeast. TIP60 accumulates in cells exposed to ultraviolet (UV)
irradiation (23) and is required for DNA repair and apoptosis
following IR (17). Suppression of TIP60 abolishes G1 cell cycle
arrest induced by IR (20). Interestingly, TIP60 activates ATM
following genotoxic stresses, linking detection of DNA breaks
to checkpoint and DNA repair responses (24).
The HAT cofactor TRRAP and TIP60 bind to chromatin-

surrounding sites of DSBs in vivo (25). The Trrap/TIP60 com-
plex also includes TIP49a andTIP49b (17),members of a family
of AAA� ATPases functioning in DNA repair, recombination,
and transcriptional regulation (26). We previously identified
TIP49b as an ATF2-associated protein that limits ATF2 tran-
scriptional activities in response to UV or IR (27). ATF2 was
also shown to be phosphorylated by ATM, enabling it to medi-
ate the intra-S phase checkpoint as well as co-localize with the
MRE11 complex within DSB foci following IR (8). Intriguingly,
inhibiting ATF2 expression attenuates ATM activation follow-
ing IR, suggesting a reciprocal relationship between the two
proteins (8). Here we disclose the mechanism underlying the
effect of ATF2 on ATM activity.

EXPERIMENTAL PROCEDURES

Cells—HeLa andHEK293T cells weremaintained in Dulbec-
co’s modified Eagle’s medium supplemented with calf serum
(10%) and antibiotics. WM115, WM793, FEMX, HHMSX,
WIDR, A549, PC3, LNcaP, ALav31, and M12 cells were grown
in RPMI 1640 media supplemented with 10% fetal bovine
serum and antibiotics.
Plasmids and Transfection—Plasmids expressing both wild

type and mutant forms of HA-ATF2 were described previously
(8). PCR-amplified TIP60 cDNA (17) was subcloned into the
BamHI and NotI sites of the PEF-FLAG vector. TIP60 deletion
mutants were generated by PCR and subcloned into PEF-FLAG
vector. Plasmid integrity was confirmed by sequencing.
pcDNA3 Myc-tagged Cullin3 and pcDNA3 HA-ROC1 were
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kindly provided by Z. Q. Pan. Plasmids were transfected into
293T cells using the calcium phosphate method and into HeLa,
WM793, and M12 cells using Lipofectamine Plus (Invitrogen).
Reagents and Antibodies—Antibodies were purchased as fol-

lows: anti-TIP60, anti-phospho-SMC1, anti-SMC1, anti-
H2AX, anti-�H2AX, anti-AcH4K16 antibodies, anti-AcH4K5
fromUpstate Biotechnology; anti-ATF2 from Santa Cruz; anti-
Ser(P)1981 ATM from Rockland Immunochemicals; anti-
TIP49b from BD Biosciences; anti-HA Ab 12CA5 from
Covance; and anti-FLAG and anti-�-Actin antibodies from
Sigma. A mouse monoclonal antibody against ATM (MAT3)
was a kind gift fromY. Shiloh. For immunoprecipitation, TIP60
polyclonal antibody was generated using full-length, bacterially
produced TIP60 (EMD Biosciences, San Diego, CA). MG132
was purchased from Boston Biochemicals and sodium butyrate
was purchased from Sigma.
RNA Interference—For RNAi targeting of ATF2 and TIP60,

the pSuper vector system that directs synthesis of siRNAs in
mammalian cells was used (28). The target was 523GTTGGC-
GAGTCCATTTGAG541 of the human ATF2 gene (accession
number NM_001880). The TIP60 target sequence for RNAi
was 543ACGGAAGGTGGAGGTGGTT561 of human TIP60
(accession number NM_182710). Oligonucleotides were
annealed and ligated into BglII and HindIII sites of pSuper vec-
tor to construct pS-ATF2 and pS-TIP60. To target CULLIN3,
corresponding SMARTpool siRNA reagents were used. As a
control, the corresponding siRNA control oligo was used
(Dharmacon). Transfection of siRNA duplexes was carried out
using oligofectamine and the pSuper vectorwith Lipofectamine
Plus (Invitrogen). ATF2 and TIP60 expression levels were
measured 48 h after transfection.
RT-PCR Analyses—Cells treated with or without IR were

harvested and total RNA extracted using an RNA extraction kit

(Sigma). Complementary DNA was
synthesized from 2.5 �g of total
RNA using an oligo(dT) (19)
primer. Primers used for PCR were
TIP60 forward: 5�-ATGAGCGG-
CTGGACCTAAAGAAGA-3� and
reverse 5�-AGTCCTCATCAGTG-
CCCAAACAAT-3�; and glyceral-
dehyde-3-phosphate dehydrogen-
ase forward 5�-ACCACAGTCCA-
TGCCATCAC-3� and reverse 5�-
TCCACCACCCTGTTGCTGTA-
3�. Amplification of TIP60 and glyc-
eraldehyde-3-phosphate dehydro-
genase required 20 and 18 cycles,
respectively. Products were ana-
lyzed on 1.5% agarose gels.
Chromatin-bound Fractionation

and Immunoblotting—Irradiated or
mock-treated cells were washed
twice with ice-cold phosphate-buff-
ered saline, and cell fractionation
was carried out by three consecutive
extractions. In brief, 3 � 108 cells
were first resuspended 5 min on ice

in 500 �l of fractionation buffer (50 mM Tris, pH 7.5, 50 mM
NaCl, and 0.5% Nonidet P-40 supplemented with protease and
phosphatase inhibitors) to isolate the cytoplasmic fraction.
After centrifugation, the supernatant was collected (fraction I),
and pellets containing nuclei were washed twice with the same
buffer. Nuclei were further extracted for 40min on ice with 350
�l of fractionation buffer containing 50 mM Tris, pH 7.5, 150
mM NaCl, and 0.5% Nonidet P-40 supplemented with protease
and phosphatase inhibitors. After rotating at 4 °C for 30 min,
samples were centrifuged at 13,200 � g for 30 min. The super-
natant was saved as the nuclear extract (fraction II). The
nuclear pellet was lysed using fractionation buffer containing
50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40 supple-
mented with protease and phosphatase inhibitors and DNase I
(0.1 mg/ml) followed by sonication. The supernatant was
treatedwith 0.1mg/ml EtBr for 10min and extracts centrifuged
at 14,000 � g for 20 min at 4 °C. Supernatants were collected as
the chromatin-enriched fraction (fraction III).
HATActivity Assay—FLAG-taggedTIP60 bound to chroma-

tin was isolated as described above. Radioactive HAT filter
binding assays were performed as described (29) with minor
modifications. Sampleswere incubated at 30 °C for 60min in 30
�l of assay buffer containing 50 mM Tris-HCl, pH 8.0, 10%
glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 10mM sodiumbutyrate, 90 pmol of [3H]acetyl-CoA (3.3Ci
mmol�1; PerkinElmer Life Sciences), 2 pmol of TIP60 complex,
and 1 �g of bacterially produced recombinant human histone
H4 (Upstate Biotechnologies). After incubation, the reaction
mixture was spotted ontoWhatman P-81 phosphocellulose fil-
ter paper and washed for 30 min with 0.2 M sodium carbonate
buffer, pH 9.2, at room temperature with 2–3 buffer changes.
Dried filters were counted in a liquid scintillation counter. For a
non-radioactive HAT assay, immunoprecipitates were incu-
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FIGURE 1. ATF2 interacts with the TIP60 complex. a, FLAG-TIP60 is immunoprecipitated with HA-ATF2. 293T
cells were transfected with FLAG-tagged TIP60 and HA-tagged ATF2. 24 h after transfection cells were har-
vested and the nuclear fraction subjected to immunoprecipitation (IP) followed by immunoblotting (IB) with
the indicated antibodies to assay for ATF2 association with TIP60 or endogenous TIP49b. b, input levels of ATF2
and TIP60 used in panel a. c, ATF2 association with endogenous TIP60 is reduced following IR. WIDR cells were
mock treated or irradiated (10 Gray). 1 h post-irradiation cells were harvested and chromatin-enriched fractions
prepared. IP followed by IB was carried out with the indicated antibodies. d, endogenous levels of TIP60 in
extracts used in panel c.
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bated in 60 �l of HAT assay buffer containing acetyl-CoA (100
�M), 1 pmol of TIP60 complex, and biotinylated histone H4
peptide (0.5 �g) for 30 min at 30 °C. An aliquot of the reaction
was immobilized onto streptavidin plates and acetylation was
detected by a HAT ELISA according to the manufacturer’s
instructions (Upstate Biotechnology).
Immunoblotting andQuantitation—Proteins were separated

on 4–20% gradient gels and blotted onto nitrocellulose mem-
branes. Alexa Fluor 680 anti-rabbit and anti-mouse and
IRdye800 anti-mouse secondary antibodieswere obtained from
Invitrogen and Rockland Immunochemicals, respectively. The
use of infrared fluorescent dyes on the secondary antibodies
allows direct quantitation of secondary antibodies using the
Odyssey system (Licor). Membranes were scanned and quanti-
fied using this system and associated software.
Immunostaining—Cells were plated on coverslips and irradi-

ated, fixed at the indicated time points, and processed as
described (8).
Pulse-Chase—Cells were washed and incubated with methi-

onine/cysteine-free media (45 min at 37 °C). Medium was then
replaced with methionine/cysteine-free medium supple-
mented with 100 �Ci of [35S]methionine/cysteine perml. After
45 min incubation with radioactive medium (pulse), cells were
washed and incubated with methionine/cysteine-containing
medium for the indicated time points (chase). Cell extracts
were subject to IP as detailed above.

RESULTS

ATF2 Associates with TIP60—Ectopically expressed ATF2
and TIP60 were shown to associate following immunoprecipi-
tation of ATF2 (Fig. 1, a and b). Other components of this com-
plex included endogenous TIP49b. Importantly, analysis of the
chromatin-bound fraction revealed association of endogenous
TIP60 with endogenous ATF2 prior to IR (Fig. 1c). The amount
of ATF2 bound to TIP60 significantly decreased following IR
(Fig. 1c), although TIP60 levels remained unchanged (Fig. 1d).
These findings suggest that ATF2 is part of the TIP60 complex
and that association of the two proteins is reduced following
IR-induced DNA damage.
To map TIP60 domains required for association with ATF2,

we generated three TIP60 fragments (Fig. 2a) predicted to
retain their original conformation based on the crystal struc-
ture of the yeast TIP60 homologue ESA1 (30). Although ATF2
did not interact with the TIP60 N terminus (residues 1–258
amino acids), it efficiently bound to the C terminus (residues
258–531 amino acids), which includes the catalytic MYST
domain and the zinc finger region. A significantly weaker asso-
ciation was seen with the fragment containing only the zinc
finger region (Fig. 2, b and c), suggesting that association with
ATF2 requires TIP60 residues 368–513. Consistent with these
findings, an intact TIP60 acetyltransferase domain has also
been shown to be required for interaction with the Ets family
transcription factor ETV6 (31). Collectively, these data suggest
that TIP60 associates with ATF2 via the MYST domain.
ATF2 Association with TIP60 Decreases TIP60 Steady State

Levels Prior to DNA Damage—To assess the role of the ATF2-
TIP60 association, we monitored changes in levels of endoge-
nous TIP60 in cells depleted of ATF2 by transfection with cor-

responding siRNA. ATF2 depletion caused a marked increase
in TIP60 protein levels in these cells. Following IR, TIP60 levels
increased and the siRNA-mediated inhibition of ATF2 had less
affect on TIP60 protein levels (Fig. 3a). Conversely, ectopic
expression of ATF2 markedly decreased TIP60 protein levels,
an effect blocked by treatment of cells with the 26 S proteasome
inhibitorMG132 (Fig. 3b, compare lanes 2–4). Overexpression
of the RING finger E3 ligase RNF5 as a control did not alter
TIP60 levels (Fig. 3c, lane 3), indicating that the effect of ATF2
on TIP60 steady state levels is specific. These data suggest that
ATF2 facilitates proteasome-dependent degradation of TIP60.
We next examined the effect of ATF2 on TIP60 steady state

levels before and after IR by expressing either wild type or a
phosphomutant form of ATF2 (490/8 mutant) that cannot be
phosphorylated by ATM (8). Whereas wild type ATF2 effi-
ciently decreased TIP60 protein levels before IR (Fig. 3d, lane
2), this effect was reduced following IR (lane 3), which dimin-
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FIGURE 2. Mapping ATF2 interaction with TIP60. a, schematic illustration of
TIP60 deletion constructs. b and c, mapping interaction of ATF2 with domains
of TIP60. HA-tagged TIP60 deletion constructs were transfected into 293T
cells. Varying amounts of the plasmids were transfected to enable equal
expression of the different constructs. 24 h post-transfection cells were lysed
and the nuclear fraction (500 �g) subjected to immunoprecipitation (IP) and
immunoblotting (IB) with the indicated antibodies. Panel c shows levels of
TIP60 deletion fragments, and panel b depicts association of ATF2 with these
fragments.
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ished the TIP60-ATF2 interaction (Fig. 1b). The reduction in
TIP60 levels caused by ATF2 was blocked following treatment
of cells with the 26 S proteasome inhibitor MG132 (lane 6).
Conversely, expression of the ATF2 490/8 mutant did not
mediate such a decrease prior to IR (Fig. 3d, compare lanes 1, 2,
and 4), likely due to reduced association of the mutant form
with TIP60 (supplemental Fig. S4, compare lanes 1 and 3).
These data imply that even without IR ATF2 may be modified
on ATM phosphoacceptor sites, albeit to a low level due to
spontaneous damage and/or replication stress, and that such a
modification may affect its ability to regulate TIP60 stability.
Earlier studies pointed to the role ofMDM2 in the regulation

of TIP60 stability (23). Indeed, TIP60 levels were reduced upon
re-expression of MDM2 in mouse embryo fibroblasts derived
fromMdm2�/�/P53�/� double knock-out mice. Expression of
ATF2 also reduced TIP60 protein levels in the absence of
Mdm2 (Fig. 3e). These data suggest thatMDM2 is not required
for the ATF2 effect on TIP60 stability.

Cul3 Is Required for ATF2-dependent Effect on TIP60
Stability—To search for candidate ligases that cooperate with
ATF2 to reduce TIP60 stability, we employed the WebQTL
data base, which consists of multiscale integration networks of
genes, transcripts, and traits. This analysis ranked the E3 ubiq-
uitin ligase Cullin3 (Cul3) (32) with high probability of being
functionally linked with ATF2.
To test for an association betweenTIP60 andCul3, cells were

transfected with FLAG-TIP60 and Myc Cul3. Immunoprecipi-
tation with FLAG antibodies followed by immunoblotting with
Myc antibodies revealed association between exogenous TIP60
andCul3 (Fig. 4a). Ectopic expression of FLAG-ATF2 andMyc-
Cul3 identified an association betweenATF2 andCul3 (Fig. 4b).
Because Cul3 is a scaffold protein of the E3 ligase complex that
forms a catalytic core complex with ROC1/Rbx1/Hrt1 (32), we
assessed the effect of Cul3 combined with ROC1 and/or ATF2
onTIP60 stability.WhereasCul3 expression caused amoderate
decrease in TIP60 levels, co-expression with ROC1 caused a
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FIGURE 3. ATF2 association with TIP60 limits steady state levels of TIP60 prior to DNA damage. a, TIP60 protein levels increase upon inhibition of ATF2
expression. WM793 cells were transfected with 4 �g of vector control (pSuper) or ATF2 RNAi (pSuper ATF2). 48 h later cells were irradiated (5 Gray), and nuclear
fractions prepared after 1 h. Steady state levels of endogenous TIP60 and �-actin are shown. Relative TIP60 protein levels were quantified using a Licor Odyssey
scanner. The values of TIP60 levels normalized to �-actin are plotted in the histogram. Control for expression levels of endogenous ATF2 is shown in the lower
panel. b, ATF2-mediated decreases in TIP60 steady state levels are attenuated by proteasome inhibition. FLAG-TIP60 and HA-ATF2 expression vectors (2 �g
each) were transfected into 293T cells. 36 h later cells were treated with MG132 (40 �M; 5 h). Nuclear extracts (40 �g) were subjected to Western blotting using
the indicated antibodies. Relative levels of TIP60 were quantified. c, ATF2 but not RNF5 mediates decreases in TIP60 steady state levels. HA-TIP60 and
FLAG-ATF2 or RNF5 expression vectors (2 �g each) were transfected into 293T cells. Nuclear extracts (40 �g) were immunoblotted (IB) using the indicated
antibodies. d, effect of ATF2 phosphomutants on TIP60 levels. Wild type FLAG-TIP60 and HA-ATF2 or HA-ATF2 S490/8 expression vectors (2 �g each) were
transfected into 293T cells. 24 h later cells were treated with MG132 (40 �M). 5 h later cells were irradiated (5 Gray) and harvested after 1 h. The nuclear extract
(40 �g) was subjected to Western blotting with the indicated antibodies. Relative levels of TIP60 protein were quantified. e, ATF2 decreases TIP60 steady state
levels in p53/Mdm2 DKO cells. P53/MDM2 double-null mouse embryonic fibroblasts were transfected with 2 �g of FLAG-TIP60, FLAG-MDM2, and HA-ATF2.
After 36 h cells were harvested and the nuclear extract (60 �g) subjected to IB with anti-FLAG antibody (TIP60 and MDM2). The membrane was probed with
ATF2 and GFP antibodies. Relative levels of TIP60 were quantified. GFP, green fluorescent protein.
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markeddecrease inTIP60 steady state expression levels (Fig. 4c,
compare lanes 2 and 3). ATF2 expression caused a marked
decrease inTIP60protein levels (Fig. 4c, lane 4).However, addi-
tion of ATF2 to the Cul3/ROC1 complex did not promote a
further decrease inTIP60 levels over that seenwithCul3/ROC1
alone, possibly due to high expression of endogenous ATF2 in
these cells. These data suggest that Cul3, in concert with ROC1,
contributes to TIP60 degradation.
We next asked whether Cul3 is required for an ATF2-de-

pendent decrease in TIP60 stability. Inhibiting Cul3 expression
by Cul3 siRNA increased endogenous TIP60 levels (Fig. 4d,
compare lanes 1 and 2). TIP60 levels increased after IR (Fig. 4d,
lane 3) and inhibiting Cul3 expression no longer had any effect
on endogenous TIP60 levels (Fig. 4d, compare lanes 3 and 4).

These data suggest that Cul3 controls the levels of TIP60, but
following IR, when interactions between ATF2 and TIP60 are
reduced, Cul3 has little effect on TIP60 levels. Whereas Cul3
siRNA treatment was not sufficient to antagonize higher levels
of overexpressedTIP60 (Fig. 4e), inhibitingCul3 expression did
attenuate the effect of ATF2 on TIP60 levels (Fig. 4e, compare
lanes 7 and 8). These findings suggest that Cul3 is required for
ATF2 to promote TIP60 degradation.
To directly addresswhetherATF2 is required for the effect of

Cul3 on endogenous TIP60, we monitored changes in Cul3/
ROC1-mediated TIP60 degradation in cells by decreasing
endogenous ATF2 levels with siRNA. Although Cul3 and
ROC1 expression markedly decreased TIP60 protein levels
(Fig. 4f, compare lanes 1 and 2), this effect was blocked byATF2
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depletion, which further increased TIP60 protein levels (Fig. 4f,
compare lanes 2 and 3). This finding suggests that the Cul3/
ROC1 effect on TIP60 stability is indeed ATF2-dependent.
Cul3-mediated Degradation of TIP60 Is Attenuated after IR—

Because ATF2 and TIP60 association was reduced after IR, and
given the role of ATF2 in the DNA damage response, we next
compared the effect of ATF2 on TIP60 stability with and
without IR. Given the role of Cul3 in mediating ATF2 effects
and the fact that the maximal effects were seen upon expres-
sion of ROC1/Cul3/ATF2, this comparison was carried out
following co-expression of these proteins. TIP60 half-life was
markedly decreased by ATF2/Cul3/ROC1 expression in unir-
radiated cells (t1⁄2 approximately 75 min) but not in irradiated
cells (half-life �3 h; Fig. 5, a and b). Although ATF2 expression
increased following IR (Fig. 5a) it no longer affected TIP60 sta-
bility, likely a result of post-translationalmodifications induced
by IR (Fig. 3d).

To determine whether increases in endogenous TIP60 protein
levels in the absence of ATF2 or Cul3 are attributable to increased
TIP60 stability within the chromatin-bound fraction, we moni-
tored TIP60 protein half-life in chromatin fractions. Immunopre-
cipitation of TIP60 from 35S-labeled cells transfected with control
siRNA, ATF2 siRNA, or Cul3 siRNA was performed at the indi-
cated time points following pulse labeling. Chromatin-bound
TIP60 exhibited a longer half-life in cells inhibited for ATF2 or
Cul3 expression, compared with the control siRNA (Fig. 5, c–f).
Moreover, TIP60 half-life increased following irradiation but was
no longer affected following inhibition of ATF2 or Cul3 expres-
sion. Change in the migration of TIP60 seen at later time points
may represent an ATF2-dependent modification (Fig. 5f). These
results suggest that the half-life of chromatin-boundTIP60 is reg-
ulated by ATF2 and Cul3 prior to but not after irradiation.
Analysis of endogenous TIP60 levels confirmed an increase
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R
el

at
iv

e 
le

ve
ls

 o
f T

IP
60

0           45          105         180 min
hrs after CHX treatment

b.

TIP60

Myc Cul3+HA ROC1+HA ATF2

20       17       3       3        23       25      22        21

CHX    0     45 ’ 105’ 180     0     45 ’ 105’ 180’

Cul3

β -actin

IB:Flag

IB:Myc

IB:ATM

IB: β-actin

IR

--

ATM

-

’
Control

a.

IB:ATF2 ATF2

IB:HA ROC1

Control RNAi     +              -
ATF2 RNAi       -             +

β-actin

ATF2IB:ATF2

IB:β-actin

Control RNAi    +       +     -      -       +     +    
ATF2 RNAi      -       -     +     +       -      -
HA ROC1       -       -      -     -       +     +
Myc Cul3        -       -      -     -       +     +

IR              -       +     -     +       -     +    

TIP60

β-actinIB: β -actinIB: -

IB:TIP60

  

1       2       3      4      5       6

IB:Myc

IB:HA

Cul3

ROC1

c.

IB:GFP GFP

0

20

40

60

80

100
Series1
Series2

45’ 75’ 105’

gninia
meR 

%

Control siRNA
ATF2 siRNA

0
0

20

40

60

80

100

Series1
Series2
Control siRNA
ATF2 siRNA

RI retfa gninia
meR 

%

0 45’ 75’ 105’

Control siRNA ATF2 siRNA

+IR

0       45’       75’      105’      0       45’       75’      105’

-IR

0

20

40

60

80

100

Series1
Series2
Control siRNA
Cul3 siRNA

gninia
meR 

%

105’75’45’
0

20

40

60

80

100

Series1
Series2

105’75’45’

Cul3 siRNA

Control siRNA

RI retfa gninia
meR 

%

Control siRNA Cul3 siRNA

0       45’       75’      105’      0       45’      75’     105’

+IR

-IR
S TIP60

35

d.

e.

f.

g.

Contro
l 

siR
NA ATF2 

siR
NA

ATF2

β-actin

Contro
l 

siR
NA Cul3
siR

NA

Cul3

β-actin

0

20

40

60

80

100

120 Series1
Series2IR
Control

S TIP6035

S TIP6035

S TIP6035

FIGURE 5. Cul3-mediated degradation of TIP60 is attenuated after IR. a, ATF2, Cul3, and ROC1 mediate efficient degradation of TIP60 before but not after
IR. 293T cells were transfected with 2 �g of Myc-Cul3, HA-ROC1, and HA-ATF2. 36 h later cells were treated with cycloheximide (30 �g/ml; CHX). Cells were
immediately irradiated (5 Gray) or mock-treated and harvested at the indicated time points. Immunoblotting (IB) was performed on whole cell extracts (40 �g)
using anti-FLAG (TIP60) antibody. Also shown are levels of exogenous ATF2, ROC1, Cul3, and endogenous ATM and �-actin. Relative TIP60 protein levels were
quantified. b, quantification of TIP60 degradation by ATF2/Cul3/ROC1 before IR. Data shown represent three experiments performed as described in panel a,
which were quantified. c and d, WIDR cells were transfected with either control or ATF2 siRNA. TIP60 stability was evaluated in pulse-chase experiments by
labeling for 45 min with [35S]methionine/cysteine-containing medium (100 �Ci/ml) and a subsequent chase with medium containing non-radioactive methi-
onine and cysteine. Cells were lysed at 0, 45, 75, and 105 min after the chase and TIP60 immunoprecipitated with anti-TIP60 antibody. 35S-Labeled TIP60 was
analyzed with a Fuji FLA-5100 phosphorimager. The amount of [35S]TIP60 is given as percent of control (100% at t � 0). The efficiency of ATF2 siRNA is shown
on the right panel. e and f, same as c, except Cul3 siRNA was used. g, endogenous levels of TIP60 are affected by ATF2 and ROC1/Cul3 primarily prior to IR. M12
cells were transfected with 2 �g of the vector control (pSuper) or ATF2 RNAi (pSuper ATF2 RNAi), Myc-Cul3, and HA-ROC1 as indicated. 48 h later cells were
irradiated (5 Gray) and harvested after 1 h; the nuclear fraction was isolated and used for IB (75 �g). Steady state levels of endogenous TIP60 and expression
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expression by siRNA. Following IR, ATF2 association with
TIP60was reduced and its ability to affect TIP60 stability atten-
uated. The latter observation explains why overexpression of
Cul3 and ROC1 (in presence of endogenous ATF2) no longer
reduces TIP60 levels after IR (Fig. 5g, compare lanes 5 and 6).
The effect of ATF2 onTIP60was also observed in cytological

assays. Because we could not detect endogenous TIP60 using
available antibodies, analysis was carried out using exogenously
expressed proteins. TIP60 staining was seen in punctuate
nuclear foci, which increased upon exposure to IR (Fig. 6a,
compare panels a and c). TIP60 protein levels were reduced
upon co-expression of ATF2 before IR but not in irradiated
cells (Fig. 6a, compare panels a and b). Interestingly, TIP60
levels after IR were higher in the presence of ATF2 (Fig. 6a,
compare panels b and d). TIP60 protein levels were detected in
10% of cells analyzed following ectopic expression of ATF2 ver-
sus 40% seen in control vector-expressing cells under non-
stressed conditions. These data confirm that the effect of ATF2
on TIP60 stability is seen prior to IR and imply that ATF2 may
elicit other changes on TIP60 following IR.
ATF2 Affects TIP60 HAT Activity—Because association

between ATF2 and TIP60 required the catalyticMYST domain
ofTIP60,wenext determined the effect ofATF2onTIP60HAT

activity. Analysis was carried out on chromatin-bound frac-
tions prepared from cells before and after IR exposure. Co-
expression of ATF2 and TIP60 in 293T cells resulted in �50%
inhibition ofHAT activity in immunopurified TIP60 prior to IR
and increased HAT activity by �20% after IR (Fig. 6b). These
data suggest that elevated ATF2 levels affect TIP60 HAT activ-
ity before and after IR. Because the TIP60 levels were equal in
each of these assays, the effect of ATF2 on TIP60 activity is
likely to be independent of its contribution to TIP60 stability.
ATF2 Expression Levels in Human Tumors Affect TIP60 Pro-

tein Levels and ATM Activity—Earlier work from our labora-
tory indicated a role for ATF2 in melanoma development (33).
We therefore assessed possible changes in TIP60 expression
and ATM activity in humanmelanoma-derived cell lines. Con-
sistent with earlier studies, ATF2 expression levels in this
tumor type were high, although clear differences were also seen
in expression levels of alternatively spliced forms of ATF2 (data
not shown). Intriguingly, cells exhibiting high levels of full-
length ATF2 also exhibited low levels of TIP60 expression and
reduced ATM phosphorylation on serine 1981 following IR
(Fig. 7, a and b,WM793 and FEMX cell lines). Cell lines derived
from prostate cancer, lung cancer, and colon carcinoma cells
also show inversely correlated TIP60 expression and ATM
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activity, with high expression of full-length ATF2 (Fig. 7, a and
c). RT-PCR analysis did not detect changes in TIP60 transcript
levels, suggesting that variations in TIP60 expression among
tumor-derived cell lines were at the protein level (Fig. S1).

Because ATF2 localization was
reported to be primarily nuclear in
human melanomas (34), further
analysis of a potential effect of ATF2
on TIP60 was carried out by moni-
toring ATF2 localization in these
lines. Notably, in all cases ATF2 was
primarily localized within cell
nuclei (supplemental Fig. S2).
To directly assess the role of

ATF2 in regulating TIP60 expres-
sion in tumor cell lines, we
decreased ATF2 levels using corre-
sponding siRNAandmonitored lev-
els of endogenous TIP60. Inhibiting
ATF2 expression sufficed to
increase TIP60 levels prior to IR and
to a lesser degree after IR (Fig. 8a).
The siRNA effect was also seen at
the level of ATM activity, as meas-
ured by SMC1 phosphorylation,
which, in agreementwith our earlier
observation, was moderately re-
duced after IR (8). RT-PCR did not
detect changes in TIP60 transcript
levels, suggesting that the effects of
ATF2 are post-translational (sup-
plemental Fig. S3).
Inhibiting ATF2 expression in

WM793 cells caused a marked
increase in TIP60 HAT activity
prior to IR, suggesting that an
excess of ATF2 limits expression
and activity of TIP60 under nor-
mal growth conditions of these
melanoma cells (Fig. 8b). It is
important to note that equal
amounts of TIP60 were used for

the HAT assay, which rules out the possibility that reduced
HAT activity was not due to decreased TIP60 levels (Fig. 8c).
After IR, TIP60 levels were elevated, consistent with the
increases seen in its HAT activity. However, inhibiting ATF2
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under such conditions reduced TIP60 HAT activity (Fig. 8b),
suggesting that ATF2 positively contributes to TIP60 activ-
ity after IR.
Elevated TIP60 expression and activity seen after IR could

alter ATM activity (24). Consistent with this possibility we
observed that inhibiting TIP60 expression by a corresponding
siRNA resulted in a lower level of ATM phosphorylation and
H4 K5, K16 acetylation (Fig. 8d). This finding suggests that
ATF2 contributes to overall TIP60 protein levels and activity
prior to and following IR, which affects the ability of TIP60 to
activate ATM and acetylate histones.

DISCUSSION

The studies reported here reveal that TIP60 stability and
activity are tightly regulated by the concerted action of ATF2
and Cul3/Roc1. We demonstrate that both ATF2 and Cul3/
Roc1 are required for efficient degradation of TIP60, which
limits availability and activity of this enzyme in the absence of
DNA damage. Because TIP60 mediates important aspects of
the DNA damage response through its effect on chromatin
organization and ATM activity, our findings highlight a mech-
anism regulating ATM activation and histone modification.
The finding that ATF2-Cul3/Roc1 limits the stability and

activity of chromatin-bound TIP60 extends our earlier finding
that ATF2 is an ATM substrate playing an important role in
intra-S phase checkpoint control following IR (8). Intriguingly,
ATF2 was found also to affect levels of ATM activity, because
inhibiting ATF2 expression decreased ATM phosphorylation
on Ser-1981 (8), a marker of ATM activity. The present study
reveals how ATF2 also contributes to the degree of ATM acti-
vation. Through control of TIP60, ATF2 limits ATMactivation
in cycling cells but increases ATM activity following IR. How
does ATF2 contribute to TIP60 regulation? Clearly, ATF2
requires E3 ligase activity of Cul3/Roc1 to signal degradation of
TIP60; similarly, Cul3/Roc1 requires ATF2 for its effect on
TIP60. Yet, Cul3 also requires BTB domains containing pro-
teins as part of the CUL3-ROC1 E3 ubiquitin ligase complex
(35). Because ATF2 lacks a BTBmotif, it is possible that a yet to
be identified BTB-containing protein is part of this complex.
Also plausible is that Cul3 assembles an atypical E3 complex,
similar to what was shown for Dioxin receptor as part of the
Cul4b ubiquitin ligase complex (36). ATF2 may serve as an
adaptor to organize or recruit the Cul3/Roc1�TIP60 complex,
or it may mediate contact with chromatin and/or DNA. ATF2
may also recruit additional regulatory proteins to this complex,
possibly through its zinc finger orHAT-like domains.Mutation
of either domain impedes the ability of ATF2 to affect the sta-
bility of TIP60.3 ATF2 could also be subject to post-transla-
tional modification required for its effect on TIP60. Those may
include acetylation, ubiquitination, or sumoylation, each of
which is plausible given that ATF2 is acetylated, modified by
ubiquitin, and known to associate with Ubc9, the SUMO-con-
jugating enzyme (37, 38). Independent of its effect on TIP60
stability, ATF2 also affects TIP60 HAT activity. The latter may
be mediated by ATF2 association and interference with the

TIP60 MYST domain, which mediates HAT activity. Intrigu-
ingly, while limiting HAT activity of TIP60 prior to DNA dam-
age, ATF2 promotes TIP60 activity after IR, suggesting a
change in the organization of the complex due to modification
of either protein, or that the conformation/assembly of proteins
within this complex enables an ATF2-mediated increase in
TIP60 activity. Of note, ATF2 association with TIP60 is greater
prior toDNAdamage; after IR,ATF2partially dissociates (up to
50%) from TIP60 in a dose-dependent manner.
Through regulation of the HAT activity of TIP60, ATF2

likely alters transcriptional programs. Given that ATF2 is acti-
vated by phosphorylation by the stress kinases JNK or p38, it is
plausible that association with TIP60 would alter expression of
a subset of genes transcriptionally regulated by ATF2 and its
associated TIP60, as was shown for another component of the
TIP60 complex, TIP49b (27).
The importance of ATF2 in TIP60 regulation is illustrated in

human tumors where such regulation is impaired. We show
here that regulation of TIP60 and consequently ATM activity
are ATF2-dependent, because inhibiting ATF2 expressionwith
corresponding siRNA sufficed to restore TIP60 levels and a
degree of ATM activity. The present study provides an undis-
closed link to explain impaired chromatin organization and
DNAdamage responses in human tumors where ATF2 overex-
pression inhibits TIP60 activity and protein levels. One would
expect ATF2 function in the DNA damage response would be
impaired in such tumors, because ATM activity, which is
required for the contribution of ATF2 to this process, is
reduced by decreased TIP60 availability and activity. Limiting

3 A. Bhoumik, N. Singha, M. J. O’Connell, and Z. A. Ronai, unpublished
observations.

FIGURE 9. Proposed model of ATF2 regulation of TIP60 and consequently
ATM, before and after IR. Under normal growth, ATF2 is assembled into a
complex with TIP60 and Cul3, which also includes ATM. This results in degra-
dation of TIP60, attenuating its ability to acetylate and activate ATM. Follow-
ing DNA damage by IR, ATF2 dissociates from TIP60, enabling TIP60 acetyla-
tion and subsequent activation of ATM, with concomitant phosphorylation of
ATF2 by ATM. Subsequently ATF2 is localized to DNA damage-induced foci
and contributes to repair processes as well as the intra-S phase checkpoint.
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the level of ATF2 expression should thus relieve the degree of
inhibition and restore TIP60-dependent chromatin organiza-
tion and ATM activity. Limiting ATF2 nuclear localization or
its association with TIP60 may serve as a novel strategy to treat
tumors inwhichATF2 overexpression limits TIP60 availability.
Based on the present studies, we suggest that ATF2 is part of

a feed-forward loop regulating availability and activity ofTIP60,
which in turn is required to activate ATM. Thereafter, ATF2
requires ATM for its localization within DSB repair foci and for
its contribution to intra-S phase checkpoint control (Fig. 9).
This model distinguishes between the activities of ATF2 in the
absence of DNA damage and those following IR. Prior to IR
ATF2 primarily serves to limit TIP60 activity, through which it
controls TIP60-dependent acetylation. However, after forma-
tion of DSB by IR, ATF2 dissociates from TIP60, enabling an
increase in TIP60 stability, and activity. Consequently,
increased ATM activity serves to activate sensor and mediator
proteins functioning in DNA damage responses. Among the
substrates of ATM is ATF2, which when phosphorylated on
residues 490 and 498 colocalizes with the MRE11 complex in
DSB repair foci and contributes to the intra-S phase check-
point. The role of ATF2 in regulating TIP60, in addition to its
transcriptional activities and DNA damage response function,
may vary with its localization within distinct functional com-
plexes in different subcellular pools. For each function ATF2
likely requires different post-translational modifications, some
of which are known (JNK or ATM phosphorylation on N- or
C-terminal sites), whereas others await further studies.
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