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The histone acetyltransferase TIP60 regulates the DNA
damage response following genotoxic stress by acetyla-
ting histone and remodeling chromatin. However, the
molecular mechanisms underlying the TIP60-dependent
response to UV-induced DNA damage remain poorly
understood. To systematically analyse proteins that
regulate TIP60 activity in response to UV irradiation,
we performed a proteomic analysis of proteins selectively
bound to TIP60 in response to UV irradiation using mass
spectrometry and identified a novel regulatory mechanism
by which TIP60 orchestrates transcriptional activation of
p53-dependent checkpoint response in UV-irradiated cells.
The initial step of this pathway involves UV-induced
association of TIP60 with SUMO-conjugation enzymes
and site-specific sumoylation of TIP60 at lysines 430 and
451 via Ubc9. This sumoylation initiates the relocation of
TIP60 from nucleoplasm to the promyelocytic leukemia
body, which is essential for the UV-irradiated DNA
damage repair response via a p53-dependent pathway.
Significantly, inhibition of TIP60 sumoylation by over-
expression of non-sumoylatable mutant abrogates the
p53-dependent DNA damage response, demonstrating the
importance of TIP60 sumoylation in response to UV
irradiation. Our biochemical characterization demon-
strated that the sumoylation of TIP60 augments its
acetyltransferase activity in vitro and in vivo. Thus, this
study shed new light on the function and regulation of
TIP60 activity in UV-irradiated DNA damage response.
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Introduction

TIP60 was first identified as a 60-kDa protein associated
with the HIV Tat protein (Kamine er al., 1996).
Sequence analysis indicates that it belongs to the highly
conserved MOZ, Ybf2/Sas3, Sas2 and Tip60 acetyl-
transferase family (MYST) family of histone acetyl-
transferases (HATs) (Utley and Cote, 2003). TIP60
specifically acetylates lysines on amino-terminal peptides
of histones H2A, H3 and H4, but not H2B (Yamamoto
and Horikoshi, 1997). The role of chromatin acetylation
by HATs in transcriptional regulation is well established
(for example, Carrozza et al., 2003).

In addition to the HAT activity, purified TIP60
complex possesses ATPase, DNA helicase and structur-
al DNA-binding activities. Cells expressing mutated
TIP60 lacking acetylase activity failed to undergo
apoptosis in response to DNA damage (for example,
Ikura et al., 2000). Like p53, TIP60 accumulates in
response to DNA damage (for example, Legube et al.,
2004). Suppression of TIP60 blocks ATM activation
and ATM-dependent phosphorylation of p53, suggest-
ing that TIP60 is an upstream molecule in ATM-
dependent DNA damage response (Sun ez al., 2005).

Sumoylation is emerging as an important regula-
tory mechanism that affects protein function through
relocation of modified proteins to specific subcellular
compartments (for example, Hay, 2005). In addition,
sumoylation alters the biochemical property of its
substrates, such as mass and charge. Conjugation of
SUMO to the g-amino groups of certain lysine residues
is carried out by a single E1 enzyme (Aosl/Uba2) and a
single E2 enzyme (Ubc9). Before conjugation, SUMO
isoforms must be cleaved by a SUMO-specific protease
to expose a C-terminal di-glycine motif. The ligation of
SUMO to its target is conducted by E3 ligases (for
example, Hay, 2005). Sumoylation is often augmented in
response to genotoxic stress (for example, Stelter and
Ulrich, 2003) which can induce an activation of p53-
dependent responses via an array of downstream events
and lead to cell-cycle arrest or apoptosis (for example,
Vogelstein et al., 2000). Here, we identify TIP60 as a
previously unrecognized substrate for SUMOI1 and
illustrate the molecular pathway by which TIP60
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controls transcriptional activation of the p53-dependent
checkpoint response in UV-irradiated cells.

Results

SUMO modifying enzymes form a complex with TIP60 in
response to UV irradiation

TIP60 plays an important role in the DNA damage
repair (for example, Kusch et al., 2004), and the UV
irradiation induces TIP60 translocation into punctuate
subnuclear structures named nuclear bodies (NBs; also
called promyelocyti leukemia (PML) bodies) in 293T
cells (for example, Supplementary Figure S1). To further
understand the role of TIP60 in the UV irradiation-
mediated DNA damage response and identify the
proteins that account for the UV-induced translocation
of TIP60, we carried out a proteomic search for nuclear
proteins that bind to TIP60 in response to UV irradiation.
To this end, nuclear extracts from UV-irradiated 293T
cells stably expressing FLAG-TIP60 were purified using
FLAG antibody-affinity chromatography. 293T cells
were chosen because of a high level expression of
FLAG-TIP60. The bound proteins were eluted with
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the FLAG peptide and fractionated on sodium
dodeyl sulphate—polyacrylamide gel eletrophoresis
(SDS-PAGE) (Figure la, lane 4). As a control, we
performed a mock affinity-purification using a non-
specific IgG (Figure la, lanes 1 and 3). In addition,
nuclear extracts from non-irradiated cells were empolyed
(Figure la, lane 2).

As shown in Figure la (lane 4), five major protein
bands marked with asterisks were found reproducibly
enriched on the FLAG antibody-affinity matrix from
UV-irradiated sample (lane 4) but not the control
(lane 2). These bands were removed, digested in-gel
by trypsin, and the resulting peptide fragments were
extracted and analysed by mass spectrometry. As
listed in the Supplementary Table 1, eight peptides from
band P3 (for example, NGLPGSRPGSPER, NQDNE-
DEWPLAEILSVK, QGVPMNSLR and IADNHTPK)
match tryptic fragments derived from TIP60 and
SUMOI.

Reptin, a well-known component of TIP60 complex,
was retained on the affinity matrix regardless of UV
irradiation (Figure 1b), consistent with previous reports
(for example, Ikura et al., 2000). In addition, an 18-kDa
band was identified as SUMO-conjugation enzyme
Ubc9 while a 120-kDa band was identified as
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Figure 1 Identification of proteins preferentially associated with TIP60 in response to UV irradiation. (a) The TIP60 complex was
immunoprecipitated from the nuclear extracts of TIP60-expressing 293T cells using an anti-FLAG antibody-agarose beads, and the
bound materials were eluted with FLAG peptide (lanes 2 and 4). A control purification using mouse 1gG was performed (lanes 1 and
3). Eluted proteins were resolved by SDS-PAGE and stained with Coomassie brilliant blue. The major polypeptides differentially
purified from the UV-irradiated cells are indicated by asterisks. (b) SUMO-modifying enzymes Ubc9 and SUSP1 co-precipitated with
TIP60 from UV-irradiated cells. The TIP60-precipitating proteins were subject to immunoblotting for p400, SUSP1, TIP60, reptin and
Ubc9. (¢) TIP60 co-precipitates with SUSP1 from nuclear extract of UV-irradiated cells. The SUSP1 was immunoprecipitated from
nuclear extracts of 293T cells with and without UV irradiation. (d) TIP60 co-precipitates with Ubc9 from nuclear extract of UV-

irradiated cells.
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SUMO1-specific protease 1 (SUSP1). Of proteins pre-
ferentially bound to TIP60, the presence of Ubc9 and
SUSPI1 was novel and particularly exciting (Figure la,
lane 4). Western blot analyses confirmed their presence
in irradiated samples (Figure 1b, lane 4) but absent from
non-irradiated samples (lane 3).

SUSP1-immunoprecipitation (Figure Ic) confirmed
the association of SUSP1 with TIP60 in UV-irradiated
cells (lane 4). No TIP60 was found in the control
preparation (lanes 2 and 6). Ubc9-immunoprecipitation
confirmed the SUSP1-TIP60 complex in UV-irradiated
cells (Figure 1d, lane 4). Again, no TIP60 was found in
control preparations (lanes 2 and 6). Thus, we conclude
that Ubc9 and SUSP1 form a complex with TIP60 in
response to UV irradiation.

UV irradiation induces the sumoylation of TIP60 at
lysines 430 and 451

The existence of SUMO-conjugating and proteolytic
enzymes in the TIP60 complex suggests the possible
sumoylation of TIP60 in response to UV irradiation.
Our in silico analysis predicted that TIP60 is a substrate
of sumoylation (for example, Zhou et al., 2005). Indeed,
anti-SUMO1 immunoblotting confirmed that UV-irra-
diation induced TIP60 sumoylation (Figure 2a, lane 4).
This modification was readily apparent when FLAG-
TIP60, His-SUMO1 and HA-Ubc9 were co-transfected
into 293 cells (Figure 2b, lane 4), although overexpres-
sion of SUMO1 and Ubc9 also induced detectable
sumoylation of FLAG-TIP60 without UV irradiation
(Figure 2a, lane 2). A reconstitution assay using
bacterial recombinant proteins confirmed that TIP60 is
modified by SUMOI1 (data not shown). Thus, we
conducted computational analyses and revealed two
highest probability sites on TIP60 (K430 and K451;
Figure 2c). These two lysine residues were individually
mutated to arginine, and double mutation of K430 and
K451 abrogated SUMO modification in vivo (Figure 2d,
lane 3). Therefore, we conclude that TIP60 is sumoy-
lated on the lysine**® and lysine*' in response to UV
irradiation.

As Ubc9 interacts with TIP60 in UV-irradiated cells,
we examined its role in TIP60 sumoylation. As shown in
Figure 2e, depletion of UbcY protein using the siRNA
inhibited UV-induced TIP60 sumoylation (lane 4).
Thus, we conclude that Ubc9 mediates SUMOI1
conjugation to TIP60.

Sumoylation initiates the relocation of TIP60

to the PML body

Previous studies show that protein sumoylation plays
an important role in relocation of nuclear proteins
such as PML (for example, Fu et al., 2005). To evaluate
the impact of sumoylation on TIP60 distribution,
HeLa cells were transfected with GFP-TIP60 and
assessed for its subcellular localization. GFP-TIP60 is
diffused throughout the nucleoplasm (Figure 3Aa;
green), similar to the endogenous TIP60 distribution
(for example, Figure 3Ca; green). However, co-trans-
fection of RFP-SUMO1 with GFP-TIP60 resulted in
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a redistribution of TIP60 from the nucleoplasm to
NB, which is superimposed onto that of SUMOI
(Figure 3Ab; merge).

To test whether the sumoylated TIP60 is indeed
located in the NB, the transfected cells expressing GFP-
TIP60 and histidine-SUMO1 were stained for PML
distribution. As shown in Figure 3A (c; arrows),
overexpression of SUMOI1 resulted in redistribution of
TIP60 to the NB. If SUMOI specifies TIP60 redistribu-
tion, SUMOI1-TIP60dm fusion protein would go to the
NB. Indeed, GFP-TIP60dm-SUMOI is co-distributed
with PML (Figure 3Ad; arrows).

Since UV irradiation induced TIP60 sumoylation
(Figure 2), we reasoned that UV irradiation would trigger
TIP60 relocation to the NB. To test this, real-time imaging
was performed on GFP-TIP60-expressing HeLa cells.
Indeed, UV irradiation causes a time-dependent accumu-
lation of TIP60 in the NB (Figure 3B).

UV irradiation triggered the relocation of both
endogenous (Figure 3Ca-b) and exogenous GFP-
TIP60 (Figure 3Da) to NB. This translocation is a
function of sumoylation as suppression of Ubc9-abrogated
sumoylation (Figure 2e) and TIP60 relocation to the NB
(Figure 3Cc). While this UV-elicited relocation does not
require addition of exogenous SUMOI (Figure 3Da),
overexpression of SUMO1 induced a greater accumulation
of TIP60 in the NB (Figure 3Db). To examine whether the
sumoylation accounts for TIP60 redistribution in response
to UV irradiation, a constitutively sumoylated form of
TIP60 was generated and its expression resulted in
exclusive NB localization (Figure 3Dc; green). Conversely,
co-expression of non-sumoylatable mutant TIP60 with
SUMOI failed to localize in the NB (Figure 3Dd).
However, TIP60dm-SUMOI1 fusion protein enables the
localization of non-sumoylatable TIP60 to the NB
(Figure 3De). Together, these data indicate that sumoyla-
tion is an active mechanism responsible for recruiting
TIP60 to the NB.

Sumoylation of TIP60 is necessary in the UV-induced
DNA damage response

Cells expressing catalytically inactive TIP60 harbor double
strand breaks, suggesting that TIP60 is important for
DNA damage repair (for example, Ikura et al., 2000). To
assess the function of TIP60 in UV-induced DNA damage
response, we introduced siRNA oligonucleotides to
suppress TIP60 protein level. As reported previously (for
example, Legube et al, 2004), the siRNA duplexes
suppress TIP60 protein accumulation (Figure 4A).

Since UV-irradiation induces TIP60 sumoylation, we
hypothesized that sumoylation may be required for
TIP60-dependent DNA damage response. To this end,
U20S cells were transfected with GFP-TIP60, GFP-
TIP60dm, GFP-TIP60dm-SUMOI1 and TIP60 siRNA
duplex, respectively. U20S cells were selected as they
harbor wild-type p53. Thirty-six hours post-transfec-
tion, cells were irradiated with UV (100J/m?) and
allowed to recover and repair UV lesions for 4 h before
harvesting for cell-cycle distribution analysis. As shown
in Figure 4B(b), UV-induced DNA damage led to a
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G1/S block, and this block is augmented when GFP-
TIP60 is added (c). Even more cells accumulated in Gl
phase when GFP-TIP60dm-SUMOI is overexpressed
(d), suggesting that TIP60 sumoylation participates in
the DNA damage response. If TIP60 sumoylation is

essential for the UV-induced Gl arrest, suppression of
such modification would impair the Gl checkpoint.
Indeed, overexpression of TIP60dm abrogated G1 arrest
and induced a G2/M block instead (f). Cell-cycle
distribution analysis supports the notion that TIP60 is
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essential for UV-induced damage repair (g and h). Thus,
we conclude that TIP60 sumoylation is necessary in the
UV-induced DNA damage response.

TIP60 sumoylation regulates DNA damage response
through p53 pathway

TIP60 is essential for p53 protein stabilization and DNA
damage repair (for example, Ikura et al., 2000) while p53
regulates CDK inhibitor p21 protein expression, result-
ing in cell-cycle arrest in G1 phase (Vogelstein et al.,
2000). Since suppression of TIP60 sumoylation affected
G1 block (Figure 4B and E), we reasoned that TIP60
sumoylation may be essential for p53-p21 signaling
cascade. To validate this hypothesis, we analysed p21
protein levels in UV-irradiated U20S cells-expressing
GFP-TIP60, TIP60dm, TIP60dm-SUMO1 and TIP60
siRNA duplexes, respectively. Expression of both TIP60
and TIP60dm-SUMOI elevated p21 protein levels in
response to UV irradiation (Figure 4C, lanes 2 and 4)
and suppression of TIP60 by siRNA markedly reduced
p21 protein level (Figure 4C, lane 5). Since UV-
irradiation activates the ATR/ChKI1 kinase cascade
that triggers the phosphorylation of Ser® on p53
important for the stabilization of p53 (for example,
Shieh et al., 2000), we assessed the phosphorylation of
Ser® on p53 using a phospho-antibody. As shown in
Figure 4D, TIP60dm-SUMOIL fusion protein enhanced
the phosphorylation of p53 at Ser® (lane 5). Suppression
of TIP60 by siRNA markedly reduced Ser* phosphor-
ylation (Figure 4D, lane 6), suggesting that TIP60
sumoylation is a function of UV-induced checkpoint
response. UV-induced TIP60 sumoylation activates
ATR and subsequent Chkl as judged by Ser*®
phosphorylation on ATR and Ser** phosphorylation
on Chkl (Figure 4D). The activated Chk1 is responsible
for Ser* phosphorylation on p53 protein. Thus, we
conclude that TIP60 sumoylation stabilizes p53 in
response to UV irradiation via ATR/Chkl cascade,
which then transactivates for p21 protein synthesis.

TIP60 sumoylation recruits p53 to the NB

Since UV-irradiation triggers TIP60 sumoylation and
accumulation in the NB, we assessed whether TIP60
sumoylation governs the nuclear distribution of p53. To
this end, we carried out an immunofluorescence study of
TIP60 and p53 in U20S cells (Figure 5Aa). Remark-
ably, UV irradiation resulted in accumulation of p53 to
nuclear dots in a majority of cells (Figure 5Ab; red),
which is superimposed onto that of TIP60 (Figure 5Ab;
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merge). If TIP60 sumoylation is essential for its
recruitment of p53 to the NB, TIP60dm would block
the translocation of p53 to the NB. Indeed, over-
expression of TIP60dm retained p53 protein diffused
throughout the nucleoplasm regardless of UV irradia-
tion (Figure 5Ad). In contrast, TIP60dm-SUMOI1
restored the NB localization of p53 in U20S cells
without UV irradiation (Figure 5Ac), indicating the
TIP60 sumoylation is essential for the localization of
p53 in NB. Both TIP60 and TIP60dm-SUMOI retained
their NB localization in pS53-deficient Saos-2 cells
regardless of UV irradiation (Supplementary Figure 2),
confirming that TIP60 Ilocalization to the NB is
independent of p53. Thus, we conclude that TIP60
sumoylation specifies the NB localization of p53.

The association and co-localization of TIP60 and p53 in
UV-irradiated cells led us to hypothesize that sumoylation
may be essential for the interaction between TIP60 and
p53. To this end, we probed for p53 in GFP-immunopre-
cipitates from lysates of UV-irradiated 293T cells tran-
siently transfected to express GFP-TIP60, GFP-TIP60dm
or GFP-TIP60-SUMOI, respectively. Our immunoblot-
ting confirmed that p53 was pull down by wild type but
not non-sumoylatable TIP60 (Figure 5B, lower panel, lane
5), suggesting that p53 associates with sumoylated TIP60
in response to UV irradiation. Furthermore, a reciprocal
immunoprecipitation validated that only sumoylated
TIP60 proteins (wild type and TIP60dm) were found in
p53 immunoprecipitates (Figure 5C, lanes 2 and 6). Non-
sumoylatable TIP60 failed to interact with p53 (Figure 5C,
lane 4). Thus, we conclude that UV-irradiation induces
co-distribution of p53 with TIP60 to the NB in a TIP60-
sumoylation-dependent manner.

Sumoylation promotes TIP60 HAT activity in response
to UV irradiation

Since TIP60 is sumoylated in response to UV irradiation
(Figure 2) and its HAT activity is activated by DNA
damage (Sun et al., 2005), we tested whether the sumoyla-
tion modulates its HAT activity using histone-2A acetyla-
tion as a reporter (Yamamoto and Horikoshi, 1997). As
shown in Figure 6a, the level of histone-2A acetylation is
increased in cells expressing GFP-TIP60 with the highest
level observed in cells expressing SUMO-TIP60dm. A lower
level of acetylation was seen in cells expressing non-
sumoylatable TIP60dm while the lowest level was seen in
cells depleted of TIP60. Because neither exogenously
expressed TIP60 levels nor histone-2A levels were altered
by DNA damage, increased histone-2A acetylation in cells

Figure 2 TIP60 is sumoylated in response to UV irradiation. (a) TIP60 complexes precipitated from nuclear extracts of UV-irradiated
and non-irradiated cells were probed for TIP60 and SUMO1. Western blot of TIP60 revealed a higher molecular weight (~ 100 kDa)
band enriched in UV-irradiated sample, which also contains SUMOI1 (lower panel, lane 4). (b) UV-irradiation induced TIP60
sumoylation. 293T cells were transfected with FLAG-TIP60, His-SUMO1 and HA-Ubc9 followed by UV irradiation (100 J/m?). The
lysates were prepared under denaturing condition and incubated with nickel-coupled Sepharose beads. The bound proteins were
probed for TIP60 and SUMOI (lane 4, upper arrow). (¢) Schematic diagram of SUMO-modification sites predicted by SUMOsp. (d)
Lys*® and Lys*' are substrates of SUMOI in response to UV irradiation. 293T cells transfected with FLAG-TIP60 (wild type and non-
sumoylatable TIP60dm) were exposed to UV-irradiation (100J/m?) 24 h after transfection. The lysates were prepared and equivalent

amounts of proteins were subject to immunoblotting. Mutation of Lys**” and Lys

451

abolishes SUMOI conjugation (lane 3, upper

arrow). (e) Ubc9 is essential for TIP60 sumoylation. 293T cells transfected with Ubc9 siRNA and scramble control were exposed to UV
irradiation as described above. The lysates were prepared and equivalent amounts of proteins were applied for immunoblotting of

TIP60, SUMOI and Ubc9.

935

Oncogene



d

UV induces TIP60 sumoylation
Z Cheng et al

936

—r
e

N
.
+His-SUMO1

P
-7

10:00

50:00

Merge

20:00

60:00

(9}
o

>
Z c
<

=3

s
C
<

+UV
+Ubc9 siRNA

+UV
Scramble siRNA

+
<

e

N
A
.

uv

Figure 3 UV irradiation induces the sumoylation of TIP60 and its translocation to NB. (a) TIP60 sumoylation promotes its translocation
to NB. HelLa cells were transfected with various GFP-TIP60 constructs. Thirty-six hours after transfection, cells were fixed, permeabilized
and stained for PML or SUMOI. Co-transfection of SUMOI1 with TIP60 resulted in accumulation of GFP-TIP60 in the NB (b and c,
merges; arrows). Bars: 10 um. (b) Real-time imaging UV-induced TIP60 accumulation in NB. HeLa cells transfected with GFP-TIP60 for
36 h before exposed to UV irradiation. Bars: 10 um. (¢) Suppression of Ubc9 by siRNA eliminates the accumulation of TIP60 at the NB.
Bars: 10 um. (d) Sumoylation is essential for UV-induced translocation of TIP60 to NB. HeLa cells were transfected with various constructs.
Thirty-six hours after transfection, cells were exposed to UV irradiation, fixed, permeabilized and stained for TIP60, PML or SUMOI. Co-
transfection of SUMOI1 with TIP60 resulted in greater accumulation of GFP-TIP60 in the NB in response to UV (b). This SUMOI-
dependent accumulation of TIP60 in NB was confirmed in the NB (c) regardless of UV irradiation (e). Non-sumoylatable TIP60 failed to
accumulate in the NB (d). Bars: 10 um. (e) Quantification of SUMOI-mediated translocation of TIP60 to the NB.

expressing wild-type TIP60 or TIP60dm-SUMOI1 probably
reflects an elevated HAT activity induced by UV-elicited

sumoylation.

To test this hypothesis, we carried out an enzymatic
assay using a synthetic histone peptide as a substrate

Oncogene

and immuno-isolated FLAG-TIP60 from UV-irradiated
cells. Sumoylation of TIP60 does indeed contribute to
the augmentation of HAT activity since: UV-irradiation
increased HAT activity about fivefolds, HAT activities
were minimal in HAT-defective TIP60mt (TTP60<775/G30E)



UV induces TIP60 sumoylation
Z Cheng et al

@ v -uv +UV
A SIRNA #1 siRNA #2 ) %v% c
M $ £ S & F
() 0 12 24 36 Hour MK S B . N S s & 3
< S & @ & 5 &
— & & 5 S > > 3
p400 R N S $ S & S
200 — 200 — & & $ $ $ & $
M) & < & & ISR PN
66 — 66 — 66 -
N S— — TIP60O — e —— e RS 0 G - < D53
43 — 43 — 43 -
66 — 66 — 21 - —_—— 02 R - p21
' G G SN Tubulin S S Tubulin 12 p
43 — 43 —
66 -
B —-_— T S W W @D sy < Tubulin
43 -
1 2 3 4 5
55% G1 63% G1 66% G1 73% G1
1% S b 8% S c 8% S d 7%S uv LUV
26% G2/M 21% G2/M 15% G2/M 12% G2/M D
~
Q
SN
S & 2 T
<L g & £
S N A~
F & £ & & &
MK & s ¢ & R
—_—————— <« ATR
200 —
-uv +UV GFP-TIP60 + UV GFP-TIP60dm-SUMO1 + UV - — ~ Phospho-Ser*23(aTR)
200 —
66 —
55% G1 44% G1 39% G1 38% G1 — — — — — —— Ok
e 1% S f 9% S g 9% S h 9% S 43
25% G2/M 32% G2/M 40% G2/M 41% G2/M i e— s < Phospho-Ser>*3(Chk1)
43 -
66 — 2
— N — ~- Phospho-Ser” " (p53)
I — N NS — G - <+ D53
43 -
66 -
-— S S SN WY W <~ Tubuln
GFP-TIP60dm -UV GFP-TIP60dm + UV TIP60 RNAi#1 + UV TIP60 RNAI#2 + UV 43 =

1 2 3 4 5 6

Figure 4 TIP60 sumoylation is essential for DNA damage checkpoint signaling. (a) Left; suppression of TIP60 protein level by
siRNA. U20S cells were transfected with the TIP60 siRNA oligonucleotide (siRNA #1) for different intervals (0, 12, 24 and 36 h).
Right; Another siRNA oligonucleotide (siRNA #2) targeted to a different sequence also suppressed TIP60 protein accumulation.
(b) Cell-cycle analyses of Hela cells transiently transfected to express various TIP60 constructs or treated with TIP60 siRNA. Thirty-six
hours after the transfection, these cells were exposed to UV irradiation and allowed 4 h for recovery. The cells were then stained with PI
and assessed for cell-cycle distribution. (¢) p21 protein expression level as a function of TIP60-sumoylation. U20S cells were transiently
transfected to express various TIP60 constructs or treated with TIP60 siRNA (siRNA#1 and siRNA#2). Thirty-six hours after the
transfection, these cells were exposed to UV irradiation and allowed 4 h for recovery. The cells were then subjected to immunoblotting
of p53 and p21. (d) p53 protein phosphorylation at Ser® as a function of TIP60-sumoylation. U20S cells were transiently transfected to
express TIP60, non-sumoylatable-TIP60 and SUMO-TIP60 fusion proteins. The cells were then treated as above and collected for
immunoblotting after recovery from irradiation. Top two panels, ATR and phospho-ATR (p-Ser**®); the third and fourth panels: Chk1
and phospho-Chk1 (p-Ser**); the fifth and sixth panels: phospho-p53 (pSer®) and p53, lower panel, tubulin.

and both non-sumoylatable TIP60 and depletion of Ubc9
yielded a minimal level of HAT activity (Figure 6b).

Having demonstrated that UV irradiation is able to
induce TIP60 sumoylation, phosphorylation of Ser* on
p53, p2l protein expression and an elevation of HAT
activity, we sought to determine the temporal order of
these events and their relationship in the orchestration
of DNA damage repair. Strikingly, sumoylation of
TIP60 is readily apparent within Smin following UV
irradiation (Figure 6¢). Phosphorylation of p53 at Ser®
peaks at 15-20 min while protein levels of p21 peak by
20 min. These experiments support a model in which
TIP60 sumoylation triggers a p53-dependent G1 check-
point activation cascade and induces histone acetylation
essential for DNA damage repair (Figure 6d).

Discussion

Genetic and biochemical studies have revealed that the
process of UV-irradiated DNA damage repair in
eukaryotic cells is extremely complicated. In the present
study, we validate the critical role for TIP60 in the

UV-irradiation response and show its involvement in
both p53-dependent cell-cycle checkpoint signaling and
histone acetylation at DNA lesions. We identified and
characterized Ubc9 as a SUMO E2-ligase catalysing the
conjugation of SUMO to TIP60 in response to UV
irradiation. Significantly, we mapped the sumoylation
sites on TIP60 and revealed the role of such sumoylation
in linking cell-cycle signaling to UV-irradiated DNA
lesion repair.

Protein sumoylation is an important regulatory
mechanism in orchestrating cellular dynamics. SUMO
is attached to most substrates at the lysine in a WKXE
sequence (Johnson, 2004). Our early computational
analysis predicted that TIP60 is a potential substrate
for SUMO modification as it contains two consensus
YKXE motifs, LK*SE and IK*'KE (Zhou et al,
2005). Our present studies validated that Lys*° and
Lys*' are indeed the substrates for SUMOI1 and
essential for DNA damage response. It has been shown
that TIP60 regulates the ATM/ATR activation caused
by ionizing radiation (Sun et al., 2005) and participates
in UV-induced DNA damage repair (Murr et al., 2006).
Identification of TIP60 sumoylation provides great
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insight into the molecular mechanisms underlying DNA
damage responses to UV irradiation vs ionizing radia-
tion. The comparative proteomics established here will

help to delineate pathways and networks involved in
the aforementioned damage responses. Future work will
be directed to illustrate how TIP60 sumoylation is

GFP
Immuno-
precipitation
Mi(K)
4« Sumoylated GFP-TIP60
116 - — s <— GFP-TIP60-SUMO!1
97 T — — — — < GFP-TIP60
66 -
66 -
— p53
43 -
1 2 3 4 5 6
C GFP- GFP- GFP-TIP60dm
TIP60 TIP60dm -SUMO
% RS} o Q o Q)
@ g o
F & & & & &
MK < < S Q0= Q
p53 66—
Immuno- — — —— —— — —t— 53
precipitation

w

Oncogene

. Sumoylated GFP-TIP60
— w— <+ GFP-TIP60dm-SUMO1

<~ GFP-TIP60



UV induces TIP60 sumoylation

Z Cheng et al
939
-uv +UV c
M(K) UV irradiation (min)
$§ S 116
g g g & £ 97
N N N S N
0 Q' e © © 66
43
14
21
Sumoylated TIP60
116 GFP-TIP60dM-SUMO1 4
97 GFP-TIP60
66 UV irradiation
Tubulin

1 2 3 4 5
sumo
b ® Ubc9
v\
DNA
80 A ® @}y = lesions
o | [on]
®
40 4 MDM
\ .
TIP60 DNA

20 A damage
repair
. ulll
NS

HAT Activity
(% of max)

= ®
¢ & ¢ N
Q"OQ @g & Q%Q S @g ™ QBQ % TIP60 —) - — 3 Checkpoint
PN & S S & ININES activation
30' & & \y@Qé@ \yo’ & & \ye 0
X F & S Y PR xv‘* PML body
-uv +UV

Figure 6 Sumoylation of TIP60 augments its HAT activity. (a) HeLa cells were treated as above and collected after recovery from
irradiation for immunoblotting of acetyl-histone 2A (upper panel), GFP (middle panel) and tubulin (lower panel). (b) Sumoylation of
TIP60 promotes its HAT activity in vitro. 293T cells were transiently transfected to express various FLAG-TIP60 proteins. An aliquot
of 293T cells was co-transfected with FLAG-TIP60 and Ubc9 siRNA (100 nM). Cells were then treated as above and collected for anti-
FLAG immunoprecipitation after recovery from irradiation. FLAG immunoprecipitates were normalized and added into HAT assay
containing acetyl-CoA and histone H4 peptide. The error bars represent s.e.; n =3 preparations. (¢) Molecular dynamics in response to
UV irradiation. Aliquots of U20S cells were exposed to UV (100 J/m?) and an aliquot of cells was collected at intervals of 10 min. The
cell lysates were then collected for immunoblotting of SUMO1-TIP60 (upper panel), p53 protein (second panel), phospho-Ser® of p53
(third panel), p21 (fourth panel) and acetyl-histone 2A (lowest panel). (d) Working model of TIP60 sumoylation in UV-induced
damage repair. UV irradiation triggers TIP60 sumoylation which augment its HAT to acetylate proteins such as histone 2A.
Sumoylated TIP60 also facilitates the activation of ATR-Chkl signaling cascade which leads to the phosphorylation of p53 at Ser®.
Phosphorylation of p53 at Ser® disrupts p53-MDM?2 association which allows the association of p53 with sumoylated TIP60 and
subsequent translocation to PML nuclear body. The p53-mediated transactivation allows p21 protein synthesis and subsequent G1
checkpoint activation. This enables sufficient time to allow DNA damage to repair.

Figure 5 Sumoylated TIP60 interacts with and recruits p53 into the NB. (a) TIP60-sumoylation promotes the translocation of p53 to
NB. U20S cells were transiently transfected to express various TIP60 fusion proteins. The cells were then treated as above and
collected for immunofluorescence after recovery from irradiation. The fixed and permeabilized cells were then stained for TIP60 and
p53. Both endogenous TIP60 and p53 proteins are diffused throughout the nucleoplasm (a; merge). UV-irradiation induced
accumulation of p53 to NB which is superimposed onto that of TIP60 (b; merge). While SUMO-TIP60 enhanced the accumulation of
pS3 in the NB (c), non-sumoylatable TIP60 failed to localize and recruit pS3 to the NB (d). Bars: 10 um. (b) TIP60 sumoylation
promotes its association with p53. 293T cells were transiently transfected to express various TIP60-GFP fusion proteins. Thirty-six
hours after the transfection, cells were exposed to UV irradiation followed by GFP-immunoprecipitation. The immunoprecipitates
were probed for TIP60 and p53. (c) p53 preferentially binds to sumoylated TIP60. 293T cells were transiently transfected to express
various TIP60-GFP fusion proteins. The cells were then treated as above and collected for anti-p53 immunoprecipitation. The
immunoprecipitates were probed with antibodies to p53 (upper) and GFP (lower).

Oncogene



d

UV induces TIP60 sumoylation
Z Cheng et al

940

regulated in response to UV irradiation. In addition, it
would be of great interest to ascertain whether the
mechanisms described herein for transformed cells
would be applicable to primary cells.

Mounting evidence implicates TIP60 in DNA damage
response (for example, Kastan and Bartek, 2004). Our
studies show that UV-induced TIP60 sumoylation is
correlated with p53 accumulation in the NB, raising the
possibility that TIP60-p53 orchestrates the activity in
NB. It has been suggested that the NB is involved in
chromatin remodeling (Seeler and Dejean, 2003). TIP60,
as a HAT, is an important chromatin modifier to
regulate chromatin transcription (Kimura and Hori-
koshi, 1998). Our studies show that UV-irradiation
induced translocation of sumoylated TIP60 to the NB is
correlated with increased HAT activity and provide
mechanistic link between UV irradiation and p53
translocation to the NB. Since accumulation of p53 in
the NB turns on p53 transcriptional activity (for
example, Fogal et al., 2000), we propose that TIP60
sumoylation is essential for the assembly of p53
transcription complexes in response to UV irradiation.
The activation of DNA damage checkpoint in Gl
through increased p21 protein expression provides a
threshold for DNA lesion repair and maintaining
genomic stability.

Although TIP60 was initially identified as HAT, pure
TIP60 displays no detectable HAT activity on chroma-
tin (Yamamoto and Horikoshi, 1997). However, the
TIP60 complex bears HAT activity toward chromatin
(Ikura et al., 2000), suggesting that the conformational
change regulates TIP60 activity. Our studies demon-
strate that UV-irradiation induces TIP60 complex
remodeling with enrichment of SUMO-conjugation
enzyme Ubc9 and TIP60 sumoylation. This sumoylation
greatly promotes HAT activity in vivo and in vitro. Thus,
activation of TIP60 HAT by sumoylation may provide a
mechanistic link between UV irradiation-elicited signal-
ing and DNA lesion repair.

Several studies show that ATR-Chkl signaling
cascade plays a role in UV-induced DNA damage
response (for example, Helt et al., 2005). ATR/Chk2
phosphorylates p53 at Ser® and stabilize p53 protein
levels (for example, Legube et al., 2004). Sun et al.
(2005) demonstrated that TIP60 HAT activates ATM
autophosphorylation in response to DNA damage. Our
findings that UV-induced sumoylation of TIP60 is
concomitant with an elevated HAT activity and activa-
tion of ATR/Chkl demonstrate an essential role of
TIP60 in the orchestration of cellular dynamics in
response to DNA damage. Based on the temporal order
of p53 phosphorylation related to TIP60 sumoylation,
we propose that UV-irradiation triggers DNA damage
response by initiating sumoylation of TIP60 and
subsequent activation of ATR/Chk]1 signaling cascade
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via an activation of TIP60 HAT activity (Figure 6d).
Therefore, TIP60 sumoylation provides an essential link
between local DNA lesion repair process and cell-cycle
clock reset.

In conclusion, our studies identify a new signaling
pathway, sumoylation of TIP60, in the regulation of
UV-induced DNA damage response. Our results de-
monstrate that TIP60 HAT is a key component of the
signal-transduction pathway that links the detection of
DNA lesion to the activation of the p53-dependent cell-
cycle checkpoint. Thus, the sumoylated TIP60 complex,
through the combined action of the ATR/Chk1 and the
p53-p21-cyclin A-Cdk2 pathways, allows repair of the
damaged DNA before replication is initiated in order to
ensure genetic integrity of the replicated DNA.

Materials and methods

Cell culture and transfection

HeLa, U208, Saos-2 and 293T cells (American Type Culture
Collection, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA)
and transfected as described previously (Fang et al., 2006).

Affinity purification and proteomics analyses

The TIP60 complex was immunoprecipitated from UV-irradia-
ted 293T cells and fractionated on a SDS-PAGE gel. The protein
bands were removed for mass spectrometric identification essenti-
ally as described (Fang et al., 2006).

Histone acetyltransferase (HAT) activity assay
TIP60 immunoprecipitates were prepared and HAT assay was
performed according to Sun ez al. (2005).

Live cell imaging

HeLa cells grown on coverslips were transfected with GFP-
TIP60. Thirty-six hours post-transfection, cells were exposed
to UV (100 J/m?) and real-time images were acquiring using a
confocal microscope (LSM510, Carl Zeiss, Germany).
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HAT, histone acetyltransferase; MYST, MOZ, Ybf21/Sas3, Sas2
and Tip60 acetyltransferase family; NB, nuclear body.
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