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Tip60 Modulates PLAGL2-Mediated
Transactivation by Acetylation

Jinying Ning, Gang Zheng, and Yu-Chung Yang*

Department of Pharmacology and Cancer Center, School of Medicine, Case Western Reserve University,
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Abstract Pleiomorphic adenoma gene (PLAG) family proteins are oncogenes involved in various malignancies
including lipoblastomas, hepatoblastomas, and acute myeloid leukemia. Overexpression of PLAGL2 induces cell
transformation and proliferation, but little is known about how its activities are regulated. We previously showed that
transcriptional activity of PLAGL2 is negatively regulated by sumoylation. Here we report that Tip60 modulates PLAGL2
functions through acetylation. Tip60 associates with PLAGL2 through its zinc finger domain and acetylates PLAGL2. Wild-
type but not the histone acetyltransferase (HAT)-minus mutant form of Tip60 enhances PLAGL2-mediated transactivation.
In addition, coexpression of Tip60 and PLAGL2 completely abolishes the sumoylation of PLAGL2. Both Tip60 and DN-
Ubc9 increase transactivation activity of wild-type but not the sumoylation deficient form of PLAGL2 (K250, 269, 356R),
indicating that Tip60 acetylates PLAGL2 and abolishes the sumoylation of PLAGL2 possibly through modification of
the same lysine residues (K250, 269, 356) within PLAGL2. Tip60 effects vary between different PLAGL2 target gene
promoters, suggesting that Tip60 is a novel promoter-specific coactivator of PLAGL2. This is the first demonstration that
Tip60 can function as a sumoylation inhibitor in part through its intrinsic acetyltransferase activity to regulate specific gene

expression. J. Cell. Biochem. 103: 730-739, 2008. © 2007 Wiley-Liss, Inc.
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Pleiomorphic adenoma gene—like (PLAGL)2
is a member of the PLAG gene family of
transcription factors, which are characterized
by the presence of seven C2H2 zinc fingers as
DNA-binding domains at the N-terminus [Kas
et al., 1998]. To date, three members (PLAG1,
PLAGL1, and PLAGL2) of this superfamily
in human and mouse have been identified
with high sequence homology [Pendeville
et al., 2006]. Dysregulated PLAG1 expression,
which results from chromosomal translocation,
is crucial for the formation of pleiomorphic
adenomas of the salivary gland [Kas et al.,
1997] and lipoblastomas [Astrom et al., 2000;
Hibbard et al., 2000; Gisselsson et al., 2001].
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Both PLAG1 and PLAGL2 play important roles
in the pathogenesis of acute myeloid leukemia
in cooperation with Cbfb-MYH11 [Castilla
et al., 2004; Landrette et al., 2005]. Conversely,
PLAGL1 appears to function as a tumor sup-
pressor protein since it induces apoptosis and
cell cycle arrest [Spengler et al., 1997] and is
mutated in some breast and pituitary tumors
[Bilanges et al., 1999; Pagotto et al., 2000].
PLAG1 and PLAGLZ2 have similar DNA-bind-
ing sequences and their binding affinities to the
IGFII promoter are indistinguishable. Over-
expression of both PLAG1 and PLAGLZ2 induces
transformation in NIH3T3 cells [Voz et al.,
2000; Hensen et al., 2002]. Despite these simi-
larities, the basal-level transcriptional activity
of PLAGL2 when fused to the Gal4 DNA-
binding domain is much lower than that of
PLAG1, suggesting these two proteins might
be regulated differently. A recent study showed
that PLAGL2, which is highly expressed in
adult lung tissue, is a novel transcription
factor of surfactant protein (SP)-C promoter,
suggesting that PLAGL2 may play a role in
lung tissue maturation [Yanget al., 2005]. How-
ever, little is known about the mechanisms
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in modulating the PLAGLZ2 transactivation
functions.

Tip60 was originally identified as a
cellular HIV-Tat interacting protein and has
been shown to augment Tat-dependent tran-
scription [Kamine et al., 1996]. Subsequently,
Tip60 was shown to interact with c-Myec,
NFkappaB, as well as androgen receptor (AR)
[Baek et al., 2002; Gaughan et al., 2002; Patel
et al., 2004; Kim et al., 2005]. As a histone
acetyltransferase (HAT), apart from histones,
cellular Tip60 can directly acetylate its inter-
acting partners, such as AR, c¢c-Myc, and
upstream-binding transcription factor (UBF)
[Sapountzi et al., 2006]. However, the functions
of Tip60 vary in different gene contexts and cell
types. For example, it can either be a coactivator
to enhance AR transactivation to initiate tran-
scription of KAI1l, one of the NF-kappaB target
genes, or be a corepressor to inhibit Stat3
transactivation [Li et al., 2001; Gaughan et al.,
2002; Xiao et al., 2003; Kim et al., 2005]. Since
p300, a well-established acetyltransferase, is
involved in the regulation of PLAG proteins and
associates with Tip60 endogenously [Col et al.,
2005; Zheng and Yang, 2005], and both Tip60
and p300 are involved in c-Myc regulation
[Patel et al., 2004; Faiola et al., 2005], our
present study is designed to examine whether
Tip60 is also a regulator of PLAGL2.

MATERIALS AND METHODS
Reagents and Antibodies

Monoclonal anti-Flag (M2) antibody was
purchased from Sigma. Monoclonal anti-HA
antibody was purchased from BAbco (Rich-
mond, CA). Anti-c-Myc rabbit antibody (A-14)
and anti-GFP (FL) antibody were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-
acetylated-lysine was from Cell Signaling
(Beverly, MA). HEK-293 cells were cultured in
Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum.

Plasmid Construction

Wild-type, HAT minus, and different trunca-
tion mutants of Flag-tagged Tip60 and Myc-
tagged Tip60 were described previously [Xiao
et al., 2003]. pcDNA3-HA-Tip60 construct was
a gift of Dr. Didier Trouche (Institut d’Explo-
ration Fonctionnelle des Genomes, Toulouse,
France) [Legube et al.,, 2002]. pcDNAS3-
DNUbc9, Flag-tagged SUMO1, PM-PLAGL2,

GFP-PLAGL2, and PM-PLAGL2(RRR) con-
structs were described previously [Zheng and
Yang, 2005]. The IGF-II promoter plasmid
[(-1229/+140) of IGF-II promoter 3 in pSLA3
luciferase vector], which contains at least one
functional PLAG1-binding site (GGGGCCCC-
GGGGGGGG) [Voz et al., 2000], was a generous
gift of Dr. Elly Holthuizen (Universiteit, Utrecht,
The Netherlands). Human surfactant protein
(SP)-C-luciferase reporter construct SP-C-luc
was provided by Dr. Yih-Sheng Yang through
cloning the SP-C promoter fragment from —320
to +1, which contains one PLAGL2-binding
site (GGGGCTCTCACAGGGG), into the pGL3
luciferase vector (The University of Texas
Southwestern Medical Center at Dallas) [Yang
et al., 2005].

Transient Transfection, Inmunoprecipitation,
and Western Blot Analysis

HEK-293 cells were transfected by the cal-
cium phosphate precipitation method with
various plasmid combinations as indicated.
Forty-eight hours later, cells were washed with
phosphate-buffered saline (PBS), and 1 ml of
ice-cold lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% Nonidet P-40, 1 mM EGTA,
2 mM NagVOy,, 15 pg/ml aprotinin, 10 pg/ml
leupeptin, 1 mM phenylmethylsulfonyl fluo-
ride) was added. Cells were lysed for 30 min at
4°C with occasional vortexing. The lysates were
collected into 1.5-ml tubes and cleared of nuclei
by centrifugation for 10 min at 14,000 rpm. The
supernatants (whole cell extracts) were incu-
bated with different antibodies for 16 h at 4°C,
and protein A-agarose beads were added in the
last 2 h. The beads were washed five times in
TNEN buffer (20 mM Tris-HCI, pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 2 mM
Na3VO,4, 1 mM phenylmethylsulfonyl fluoride,
1 mM NaF). Bound proteins were extracted with
SDS—PAGE sample buffer, and analyzed on
SDS—PAGE followed by Western blot analysis
with the ECL detection system. For sumoyla-
tion assays, 36 h after transfection, cells were
lysed in a denaturing buffer (2% SDS, 10 mM
Tris-HCI pH 8.0, 150 mM NaCl), and analyzed
by SDS—PAGE and Western blotting.

Luciferase Assay

Cells were plated in 12-well plates and grown
overnight before transfection. The total amount
of DNA transfected was adjusted with pcDNAS3.
Luciferase assay was performed according to
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the manufacturer’s instructions (Promega).
Renilla luciferase internal control plasmid was
cotransfected with the plasmids as indicated.
The relative luciferase activity was normalized
based on Renilla luciferase activity. For Gal4
fusion-driven luciferase reporter assays, 0.1 pg/
well of reporter (pGb-luc) was cotransfected
with 0.1 pug of Gal4 fusion expression plasmid
in 12-well plates. For IGF-II-luciferase and SP-
C-luciferase reporter assays, 0.05 pg/well of
reporter plasmid was cotransfected with effec-
tor plasmids of indicated amounts in 12-well
plates.

RESULTS

Tip60 Interacts With PLAGL2 and Increases its
Transactivation Through Acetylation

Our previous study showed that both sumoy-
lation and acetylation are involved in the
regulation of PLAG1 and PLAGL2 [Zheng
and Yang, 2005]. To test the possibility that
PLAGL2 is regulated by Tip60, which is a
transcription cofactor with intrinsic acetyl-
transferase activity, the interaction between
PLAGL2 and Tip60 was examined. Myc-Tip60
and Flag-PLAGL2 were ectopically expressed
in HEK293 cells. Cell extracts were immuno-
precipitated and immunoblotted with antibod-
ies to the tags. In cells expressing both proteins,
antibodies to Myc coprecipitated Flag-FLAGLZ2,
and antibodies to Flag coprecipitated Myc-
Tip60 (Fig. 1A). Coprecipitation did not occur
in cells expressing Flag-PLAGL2 or Myc-Tip60
alone and thus was not the result of antibody
crossreactivity. To substantiate the interaction
data, the subcellular distribution of Tip60 and
PLAGL2 in HeLa cells was examined by
immunofluorescence microscopy. Both Tip60
and PLAGL2 are nuclear proteins, and they
colocalize in the nucleus (data not shown). As
shown in Figure 1B, when fused to the DNA-
binding domain of Gal4, PLAGL2 had a low
transcriptional activity on the Gal4 reporter
gene, which is consistent with our previous
report that PLAGL2 is a weak transactivator
[Zheng and Yang, 2005]. However, cotransfec-
tion of increasing amounts of Tip60 plasmid
progressively increased Gal4 activation by
PLAGL2, thus suggesting that Tip60 is a
PLAGL2 coactivator.

Since Tip60 is a well-established acetyltrans-
ferase involved in modulation of c-Myc and other
nuclear receptors by acetylation [Gaughan

et al., 2002; Patel et al., 2004], to explore the
underlying mechanism by which Tip60 increas-
es PLAGL2 transactivation, we examined
whether PLAGL2 can be acetylated by Tip60.
The proteins were expressed by cotransfection
of HEK293 cells. After transfection, cells were
lysed and PLAGLZ2 proteins were immunopre-
cipitated and subjected to Western blotting with
antibodies that specifically recognize acetylated
lysines. This analysis revealed that lysine
residues in PLAGL2 were specifically acety-
lated in the presence of Tip60 (Fig. 1C). To
further confirm the increase in transactivation
of PLAGL2 is dependent on its acetylation,
PLAGL2-Gal4 plasmid was cotransfected with
either wild-type or HAT-mutant of Tip60 plas-
mid in HEK293 cells [Ikura et al., 2000].
Luciferase assay shows that although wild-type
Tip60 significantly enhanced transactivation of
PLAGL2, the HAT-mutant only had modest
effect (Fig. 1D), suggesting that modulation of
PLAGL2 by Tip60 depends on its HAT activity.

Tip60 Inhibits Sumoylation of PLAGL2 and
Modulates its Transactivation

Since our previous study showed sumoylation
of PLAGL2 significantly inhibits its transacti-
vation and the three lysine residues (K250,
K269, K356) play an important role in the
inhibition of PLAGL2-mediated transactiva-
tion, we speculated that modulation of PLAGL2
by Tip60 may also be mediated by these lysine
residues [Zheng and Yang, 2005]. To test
our hypothesis, we first tested if overexpression
of Tip60 inhibits sumoylation of PLAGLZ2. Tip60
and PLAGL2 plasmids were cotransfected
in HEK293 cells with or without SUMO1 (Small
Ubiquitin-related Modifier; also known as
PIC1, UBL1, Sentrin, GMP1, and Smt3). DN-
Ubc9, adominant negative form of Ubc9 (SUMO
E2 enzyme) plasmid, was also cotransfected
with PLAGL2 as a positive control. The results
showed sumoylated bands of PLAGL2 with or
without SUMO1 expression, but overexpression
of Tip60 or DN-Ubc9 completely abrogated the
sumoylation of PLAGL2 (Fig. 2A). This indicat-
es that Tip60 can inhibit PLAGL2 sumoylation.
We next examined the effect of sumoylation on
PLAGLZ2’s transactivation activity. Gal4-luci-
ferase reporter and Gal4-PLAGL2 plasmid
were cotransfected with or without Tip60 or
DN-Ubc9 plasmid in HEK293 cells and the
luciferase assay was performed 24 h later. As
expected, both Tip60 and DN-Ubc9 enhanced
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Fig. 1. Tip60 interacts with PLAGL2 and increases PLAGL2-
mediated transactivation through acetylation. A: Tip60 interacts
with PLAGL2. HEK293 cells were transfected with Flag-PLAGL2
(4pg) and Myc-Tip60 (4pg) plasmids. Cell extracts were
immunoprecipitated with anti-Myc or anti-Flag antibody.
Immunoprecipitates were immunoblotted with anti-Flag or
anti-Myc antibody as indicated. B: Tip60 increases Gal4-
PLAGL2 transactivity. HEK293 cells in 12-well plates were
transfected with 0.1 pg of pG5-luc reporter, 0.1 pg of Gal4-
PLAGL2, pRL-null (Renilla, 0.005 pg), and different amounts of
pcDNA3-HA-Tip60 either alone or in combination as indicated.
Activity of the firefly luciferase was normalized to that of the
Renilla luciferase and expressed as relative luciferase unit.
Total cell lysates were blotted with anti-HA antibody to detect
the expression of Tip60 (bottom panel). C: PLAGL2 can be

PLAGL2 transactivation (Fig. 2B), indicating
that blocking sumoylation of PLAGLZ2 increases
its transactivation activity. We previously
showed that the mutant form of PLAGL2
(K250R, K269R, K356R) has higher transacti-
vation activity than that of wild-type, because
these mutations abolished the sumoylation of
the three lysine residues that significantly
inhibits transactivation function of PLAGL2.
If Tip60 also functions through inhibition of
sumoylation of the same lysine residues, we
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acetylated by Tip60. Lysates from HEK293 cells (in 60 mm plates)
transfected with 2 pg of HA-tagged Tip60 and 2 pg of GFP-
PLAGL2 plasmid either alone or in combination were immuno-
precipitated with anti-GFP antibody. Immunoprecipitates or
whole cell lysates were analyzed by immunoblot with indicated
antibodies. D: Wild-type but not mutant form of Tip60 enhances
transactivation of PLAGL2. HEK293 cells in 12-well plates were
transfected with 0.1 pg of pG5-luc reporter, pRL-null (Renilla,
0.005 pg), 0.1 pg of PM-Gal4 (negative control), Gal4-PLAGL2,
and Flag-tagged-Tip60 or Flag-tagged HAT-mTip60 plasmid as
indicated. Luciferase activity was assayed and normalized as in
Figure 1B. Total cell lysates were blotted with anti-Flag antibody
to detect the expression of Tip60 (bottom panel). All the data in
this figure are representatives of at least three independent
experiments.

expected that the transactivation of mutant
PLAGL2 (K250R, K269R, K356R) will no longer
be affected by Tip60. We tested this hypothesis
with Gal4-luciferase reporter assay, and the
results showed that transactivation of the wild-
type but not the triple-mutant form of PLAGL2
was significantly increased when cotransfected
with Tip60 plasmid (Fig. 2C). To exclude the
possibility that Tip60 non-specifically affects
histone acetylation or protein sumoylation,
we also examined the effect of Tip60 on the
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Fig. 2. Tip60 abolishes sumoylation of PLAGL2 and modulates
its transactivation. A: Tip60 abolishes sumoylation of PLAGL2.
HEK293 cells in 6-well plates were transfected with 0.5 pg of
pcDNA-HA-PLAGL2 in the presence or absence of 0.3 pg of Flag-
SUMO-1 plasmid, 0.5 pg of Flag-Tip60, and 0.5 pg of DNUbc9
plasmid as indicated. Thirty-six hours after transfection, cells
were lysed with denaturing buffer and analyzed with indicated
antibodies. B: Both Tip60 and DNUbc9 increase transactivation
of PLAGL2. HEK293 cells in 12-well plates were transfected with
0.1 ug of pG5-luc reporter, pRL-null (Renilla, 0.005 pg), 0.1 pg of
PM-Gal4 (negative control), and Gal4-PLAGL2 plasmids plus
0.3 pg of Flag-Tip60 or DNUbc9 plasmid as indicated. Luciferase
activity was assayed and normalized as in Figure 1B. C: Tip60

transactivation activity of ZNF76, a transcrip-
tional factor which can also be acetylated and
sumoylated in cells [Zheng and Yang, 2004;
Zheng and Yang, 2006] (Fig. 2D). Cotransfec-
tion of Tip60 plasmid did not increase ZNF76
transactivation activity, indicating that Tip60
modulation of PLAGL2’s transactivation ability
is target-specific.

To define the regions in Tip60 required for
interacting with PLAGL2, various Flag-tagged
Tip60 mutant plasmids described previously
[Xiao et al., 2003] were expressed in HEK293
cells together with HA-tagged PLAGL2 plas-
mid. Anti-HA immunoprecipitates and the total
cell lysates were analyzed by SDS—PAGE.
Western blot was performed with anti-Flag
antibody, stripped, and re-immunoblotted with
anti-HA antibody. As shown in Figure 3A, in
contrast to full-length Tip60, mutant Tip60
C3 (amino acids 1-255) did not interact with
PLAGL2. Since Tip60 C3 expression was com-
parable with that of wild-type Tip60 and other
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increases transactivation of Gal4-PLAGL2 but not the sumoyla-
tion mutant. HEK293 cells in 12-well plates were transfected
with 0.005 pg pRL-null (Renilla), 0.1 pg of pG5-luc reporter, PM-
Gal4 (negative control), PM-PLAGL2, Gal4-PLAGL2 (RRR), and
0.3 pgof Flag-Tip60 as indicated. Luciferase activity was assayed
and normalized as in Figure 1B. D: Tip60 has no effect on PM-
Gal4-ZNF76. HEK293 cells in 12-well plates were transfected
with 0.1 pg of pG5-luc reporter, 0.005 pg pRL-null (Renilla),
0.1 pg of PM-Gal4 (negative control), 0.1 pug of Gal4-ZNF76, and
0.3 pg of Flag-Tip60 as indicated. Luciferase activity was assayed
and normalized as in Figure 1B. All the data in this figure are
representatives of at least three independent experiments.

mutants in total cell lysates, we conclude that
the region between amino acid 261 and 366 of
Tip60 containing a typical zinc finger motif is
required for its interaction with PLAGL2.
However, we cannot exclude the possibility that
sequences outside the zinc finger domain may
also be required for PLAGL2 binding.

To further examine the role of the zinc finger
domain of Tip60 in the inhibition of PLAGL2
sumoylation, PLAGL2 plasmid was cotrans-
fected with either wild-type Tip60 or Tip60 C3
plasmid in HEK293 cells and DN-Ubc9 was
included as a positive control. In contrast to
wild-type Tip60 or DN-Ubc9, Tip60 C3 did not
abolish sumoylation of PLAGL2 (Fig. 3B)
despite its expression level was higher than
that of wild-type Tip60. Furthermore, Tip60 C3
also did not affect transactivation of PLAGL2
(Fig. 3C). These results further support
the hypothesis that Tip60 increases PLAGL2
transactivation by inhibiting its sumoylation.
Tip60 specifically blocks PLAGL2 sumoylation
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Fig. 3. Zinc Finger domain of Tip60 is necessary for the
inhibition of PLAGL2 sumoylation. A: Zinc Finger domain of
Tip60 mediates its interaction with PLAGL2. HEK293 cells were
transfected with HA-PLAGL2 plasmid (5 pg) and various deletion
mutants of Flag-Tip60 (5 pg of each). Cell extracts were
immunoprecipitated with anti-HA antibody. Immunoprecipi-
tates were immunoblotted with anti-Flag antibody as indicated.
B: The mutant form of Tip60 which cannot interact with PLAGL2
does not inhibit sumoylation of PLAGL2. HEK293 cells in 6-well
plates were transfected with 0.5 pg of pcDNA-HA-PLAGL2
plasmid and 0.3 pg of Flag-SUMO-1 plasmid in the presence or

through its direct interaction with PLAGL2
because other sumoylated proteins were not
affected by Tip60 (Figs. 2D and 3B) and Tip60
C3 (Figs. 2A and 3B).

Tip60 Modulates PLAGL2-Dependent
Transcriptional Activity

Since Tip60 enhances transactivation of
PLAGLZ2, we analyzed the impact of Tip60 on
the expression of PLAGL2-dependent target
genes, such as SP-C and IGFII [Hensen et al.,
2002; Yang et al., 2005] (Fig. 4). Both promoters
contain PLAGL2-binding sites, a core sequence

WT-Tipgo| = | = |= |05 |06| =

absence of 0.5 pg each of Flag-Tip60, Flag-Tip60-C3, and
DNUbc9 plasmids as indicated. Thirty-six hours after trans-
fection, cells were lysed with denaturing buffer and analyzed
with indicated antibodies. C: The mutant form of Tip60 does not
affect transactivation of PLAGL2. HEK293 cells in 12-well plates
were transfected with 0.1 pg of pG5-luc reporter, 0.1 pg of Gal4-
PLAGL2 plasmid, 0.005 pg pRL-null (Renilla), and 0.5 pg of
pcDNA3-HA-Tip60, and 0.5 pg of Tip60-C3 plasmid either alone
or in combination as indicated. Luciferase activity was assayed
and normalized as in Figure 1B. All the data in this figure are
representatives of at least three independent experiments.

(GRGGC) and a G-cluster (RGGK) [Voz et al.,
2000]. The promoter of the IGFII gene was
activated 1.5-fold on average by PLAGLZ2 in 293
cells. In contrast, Tip60 had no effect on the
IGFII promoter, which is consistent with pre-
vious findings that Tip60 does not have trans-
activation potential on its own [Hass and
Yankner, 2005]. When both PLAGL2 and
Tip60 plasmids were cotransfected, reporter
gene expression increased to threefold (Fig. 4A).
Thus, Tip60 was capable of modulating the
transcriptional activity of PLAGL2 on the IGFII
promoter. On the contrary, Tip60 behaved
differently on SP-C promoter, which is also a



736 Ning et al.

A IGF-ll-Luc
35 -
> 34
=
2259 |aMock
> @ PLAGL?
g 27
ke
S 15
|
2 1+
s
& 05
0 -
o~ Tip60

Fig. 4. Tip60 modulates PLAGL2-dependent transcriptional
activity. A: Tip60 enhances PLAGL2 transcriptional activity on
IGF-II promoter. A luciferase reporter under the control of the
IGF-Il promoter was transfected either alone or in combination
with 0.05 pg of PLAGL2 plasmid, 0.1 pg of Tip60 plasmid, or a
combination of both as indicated. Luciferase activity was assayed
and normalized as in Figure 1B. B: Tip60 does not affect PLAGL2

target gene for PLAGL2. Tip60 was unable to
increase PLAGL2-dependent activation of the
SP-C promoter (Fig. 4B). The fact that PLAGL2
by itself activated the SP-C promoter reporter
by fivefold may suggest that sumoylation of
PLAGL2 does not inhibit its transactivation on
the SP-C promoter and Tip60 has no effect on
PLAGL2 transactivation on this promoter. The
effect of Tip60 on the transcriptional activity of
PLAGL2 therefore appears to depend on the
promoter and may be context-dependent.

DISCUSSION

In our current study, we report that Tip60
interacts with PLAGL2 and inhibits its sumoy-
lation, possibly through acetylation of the same
lysine residues, and acts as a coactivator of
PLAGL2 specifically on the IGFII promoter.

Though well established for its HAT activity
[Sterner and Berger, 2000], Tip60 can also affect
transcription factors, for example, c-Myc and
AR, through directly acetylating these sub-
strates [Gaughan et al., 2002; Patel et al.,
2004]. Our results showed that wild-type
Tip60 (Fig. 1C) but not the HAT-minus mutant
acetylates PLAGL2, and only the wild-type
Tip60 significantly enhances transactivation
of PLAGLZ2, suggesting that the effect of Tip60
on PLAGLZ also depends on its acetyltransfer-
ase activity (Fig. 1D). Interestingly, coexpres-
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transcriptional activity on SP-C promoter. A luciferase reporter
under the control of the SP-C promoter was transfected either
alone or in combination with 0.05 pg of PLAGL2 plasmid, 0.1 pg
of Tip60 plasmid, or a combination of both as indicated.
Luciferase activity was assayed and normalized as in Figure 1B.
All the data in this figure are representatives of at least three
independent experiments.

sion of Tip60 and PLAGL2 completely abolished
the sumoylation of PLAGL2. As a result, the
increased transactivation activity of PLAGL2
can be explained by either acetylation or lack of
sumoylation of PLAGL2. However, the mutant
form of PLAGL2 (K250R, K269R, K356R)
incapable of either being acetylated or sumoy-
lated has higher activity than that of the
wild-type PLAGL2 (Fig. 2C), suggesting that
sumoylation is the key mechanism in the
regulation of PLAGLZ2 transactivation. Cotran-
sfection of a dominant-negative form of Ubc9
inhibited global sumoylation, and increased
PLAGL2 transactivation activity (Fig. 2A and
B). Interestingly, Tip60 did not inhibit global
sumoylation, instead there was an apparent
increase of protein sumoylation in the presence
of overexpressed Tip60 (Figs. 2A and 3B). This
phenomenon is worthy of further investigation,
and it is unlikely that sumoylated Tip60 contri-
buted to the increase of sumoylated proteins.
When we coexpressed Tip60 with PIAS1
(SUMO E3 enzyme) and SUMO1, we could not
detect any sumoylated Tip60 (data not shown).
Nevertheless, the inhibition of sumoylation of
PLAGL2 by Tip60 is not a general phenomenon
and suggests that such modulation is target
specific. When ZNF76, another transcription
factor also capable of being sumoylated and
acetylated, was examined in a similar fashion,
Tip60 had no effect on its transactivation
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(Fig. 2D). Another evidence for specific modu-
lation of PLAGLZ2 activity by Tip60 comes from
their specific interaction. Using coimmunopre-
cipitation, we demonstrated that Tip60 specif-
ically interacted with PLAGL2 (Fig. 1A), and
the interaction domain was mapped to the zinc
finger domain of Tip60 with minor contribution
from the HAT domain (Fig. 3A). We concluded
that the specific interaction between Tip60 and
PLAGL2 is required for acetylation of PLAGL2
by Tip60. This modification in turn prevents
sumoylation of PLAGLZ2, possibly because
sumoylation and acetylation occur at the same
lysine residues. Whether the same lysines in
PLAGL2 are sumoylated and acetylated needs
to be further pursued. Post-translational mod-
ifications such as phosphorylation [O’Shea
et al., 2002], acetylation [Freiman and Tjian,
2003], methylation [Mowen et al., 2001], ubig-
uitination [Freiman and Tjian, 2003], and
sumoylation [Freiman and Tjian, 2003] are
important mechanisms to regulate activities of
different transcription factors. Sumoylation,
the process of conjugating SUMO, a 101- amino
acid polypeptide, to target proteins is highly
similar to that of ubiquitination [Kim et al.,
2002], but the consequences of sumoylation are
markedly distinct. In most cases described to
date, sumoylation of transcriptional regulators
correlates with inhibition of transcription
although this is not due to degradation of the
modified transcriptional factors [Gill, 2005]. In
contrast, acetylation can activate the modified
transcriptional factors, for example, in the case
of p53 and Stat3 [Gu and Roeder, 1997; Barlev
et al., 2001; Yuan et al., 2005]. Since modifica-
tion sites of acetylation, ubiquitination, and
sumoylation can all occur on lysine residues,
transcription factors can potentially undergo a
cascade of modifications that modulate their
functions. For example, the major site of Sp3
sumoylation is identical to the major site of
acetylation, and both of these modifications are
involved in modulating Sp3 activation [Braun
et al., 2001]. Sumoylation of a lysine residue in
IxkBa can block its ubiquitination at this site
thereby protecting IxBa from degradation [Des-
terro et al., 1998]. We demonstrate that Tip60
modulates PLAGL2 by blockage of its sumoyla-
tion. This function of Tip60 may be a general
theme in its regulation of target proteins. Other
factors that are regulated by Tip60, for example,
AR and LEF1 [Kioussi et al., 2002], can also be
modulated by sumoylation [Poukka et al., 2000;

Sachdev et al., 2001]. It will be interesting to
investigate whether Tip60 also blocks their
sumoylation and alters their activities.

We mapped the interaction between Tip60
and PLAGL2 to the zinc finger domain of Tip60.
This domain has also been documented to play
essential roles in mediating interactions
between Tip60 and other proteins. For example,
zinc finger region is critical for translocation
ETS leukaemia gene (TEL) binding to Tip60
[Nordentoft and Jorgensen, 2003]. We previ-
ously reported that Tip60 acts as a corepressor
of Stat3 by recruiting HDACT7 through its zinc
finger domain [Xiao et al., 2003]. PLAGL2 and
other proteins all interact with the common
Tip60 region and, as a consequence, PLAGL2
may compete with others for Tip60 binding. Our
study shows that Tip60 specifically affects the
transcriptional activity of PLAGL2 on the IGFII
promoter but not on the SP-C promoter, sug-
gesting that the effects of Tip60 on PLAGL2
may be context-dependent. One possible
explanation is that PLAGL2-occupied SP-C
promoter is not sensitive to sumoylation since
PLAGL2 has higher activity on the SP-C
promoter than the IGFII promoter (Fig. 4).
Another possibility is that the promoter context
dictates the interaction between PLAGL2 and
Tip60, especially if PLAGL2 competes with
other proteins for Tip60 binding. It is also
possible that some other transcription factors
bring endogenous HAT activity to PLAGL2 on
the SP-C promoter and therefore its activity
cannot be further boosted by ectopic expression
of Tip60.

Overexpression of PLAGLZ2 can induce trans-
formation of NIH3T3 cells. However, the under-
lying mechanisms are not clear. IGFII could be
one of the major targets of PLAGL2 to mediate
its transformation activity [Voz et al.,
2000; Hensen et al., 2002]. Our present study
shows that Tip60 acts as a coactivator of
PLAGL2 on IGFII promoter, suggesting that
Tip60 may be involved in tumorigenesis pro-
moted by PLAGL2. The involvement of Tip60
in AR regulation during prostate cancer
development has been well documented [Brady
et al., 1999; Gaughan et al., 2002; Halkidou
et al., 2003]. Tip60 also enhances c-Myc-trans-
forming activity mediated by human T-cell
lymphotropic virus type 1 (HTLV-1) pX splice-
variant p30II and may contribute to adult T-cell
leukemogenesis [Awasthi et al., 2005]. One
recent report showed that Tip60 may be
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involved in polyamine-mediated tumor promo-
tion [Hobbs et al., 2006]. Whether Tip60
modulates these transforming events through
similar mechanisms described in the current
study requires further investigation.

ACKNOWLEDGMENTS

We thank Dr. Ronald T. Hay for pcDNAS3-
DNUbc9, Dr. Shigeru Taketani for pCG-
PLAGLZ2, Dr. P. Elly Holthuizen for the human
IGF-II-luciferase reporter construct Hup3-luc,
Dr. Yu-Ting Chou and Dr. Shi Gu for reading
the manuscript, and Dr. Shi Gu for the analysis
of PLAG-binding sites in IGF-II and SP-C
promoters. This study was supported by NIH
grants RO1DK50570 and RO1HL76919 (to
Y.C.Y).

REFERENCES

Astrom A, D’Amore ES, Sainati L, Panarello C, Morerio C,
Mark J, Stenman G. 2000. Evidence of involvement of the
PLAG1 gene in lipoblastomas. Int J Oncol 16:1107—-1110.

Awasthi S, Sharma A, Wong K, Zhang J, Matlock EF,
Rogers L, Motloch P, Takemoto S, Taguchi H, Cole MD,
Luscher B, Dittrich O, Tagami H, Nakatani Y, McGee M,
Girard AM, Gaughan L, Robson CN, Monnat RdJ, Jr.,
Harrod R. 2005. A human T-cell lymphotropic virus type
1 enhancer of Myc transforming potential stabilizes Myc-
TIP60 transcriptional interactions. Mol Cell Biol 25:
6178-6198.

Baek SH, Ohgi KA, Rose DW, Koo EH, Glass CK, Rosenfeld
MG. 2002. Exchange of N-CoR corepressor and Tip60
coactivator complexes links gene expression by NF-
kappaB and beta-amyloid precursor protein. Cell 110:
55—-617.

Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG,
Halazonetis TD, Berger SL. 2001. Acetylation of p53
activates transcription through recruitment of coactiva-
tors/histone acetyltransferases. Mol Cell 8:1243—1254.

Bilanges B, Varrault A, Basyuk E, Rodriguez C, Mazumdar
A, Pantaloni C, Bockaert J, Theillet C, Spengler D,
Journot L. 1999. Loss of expression of the candidate
tumor suppressor gene ZAC in breast cancer cell lines
and primary tumors. Oncogene 18:3979—-3988.

Brady ME, Ozanne DM, Gaughan L, Waite I, Cook S, Neal
DE, Robson CN. 1999. Tip60 is a nuclear hormone
receptor coactivator. J Biol Chem 274:17599—-17604.

Braun H, Koop R, Ertmer A, Nacht S, Suske G. 2001.
Transcription factor Sp3 is regulated by acetylation.
Nucleic Acids Res 29:4994—-5000.

Castilla LH, Perrat P, Martinez NdJ, Landrette SF, Keys R,
Oikemus S, Flanegan J, Heilman S, Garrett L, Dutra A,
Anderson S, Pihan GA, Wolff L, Liu PP. 2004. Identi-
fication of genes that synergize with Cbfb-MYH11 in the
pathogenesis of acute myeloid leukemia. Proc Natl Acad
Sci USA 101:4924-4929.

Col E, Caron C, Chable-Bessia C, Legube G, Gazzeri S,
Komatsu Y, Yoshida M, Benkirane M, Trouche D,
Khochbin S. 2005. HIV-1 Tat targets Tip60 to impair

the apoptotic cell response to genotoxic stresses. Embo J
24:2634—-2645.

Desterro JM, Rodriguez MS, Hay RT. 1998. SUMO-1
modification of IkappaBalpha inhibits NF-kappaB acti-
vation. Mol Cell 2:233-239.

Faiola F, Liu X, Lo S, Pan S, Zhang K, Lymar E, Farina A,
Martinez E. 2005. Dual regulation of c-Myc by p300 via
acetylation-dependent control of Myc protein turnover
and coactivation of Myc-induced transcription. Mol Cell
Biol 25:10220-10234.

Freiman RN, Tjian R. 2003. Regulating the regulators:
Lysine modifications make their mark. Cell 112:11-17.
Gaughan L, Logan IR, Cook S, Neal DE, Robson CN. 2002.
Tip60 and histone deacetylase 1 regulate androgen
receptor activity through changes to the acetylation

status of the receptor. J Biol Chem 277:25904—-25913.

Gill G. 2005. Something about SUMO inhibits transcrip-
tion. Curr Opin Genet Dev 15:536—541.

Gisselsson D, Hibbard MK, Dal Cin P, Sciot R, Hsi BL,
Kozakewich HP, Fletcher JA. 2001. PLAG1 alterations in
lipoblastoma: Involvement in varied mesenchymal cell
types and evidence for alternative oncogenic mecha-
nisms. Am J Pathol 159:955-962.

Gu W, Roeder RG. 1997. Activation of p53 sequence-specific
DNA binding by acetylation of the p53 C-terminal
domain. Cell 90:595-606.

Halkidou K, Gnanapragasam VJ, Mehta PB, Logan IR,
Brady ME, Cook S, Leung HY, Neal DE, Robson CN.
2003. Expression of Tip60, an androgen receptor coac-
tivator, and its role in prostate cancer development.
Oncogene 22:2466-24717.

Hass MR, Yankner BA. 2005. A {gamma}-secretase-inde-
pendent mechanism of signal transduction by the
amyloid precursor protein. J Biol Chem 280:36895—
36904.

Hensen K, Van Valckenborgh IC, Kas K, Van de Ven W,
Voz ML. 2002. The tumorigenic diversity of the three
PLAG family members is associated with different DNA
binding capacities. Cancer Res 62:1510-1517.

Hibbard MK, Kozakewich HP, Dal Cin P, Sciot R, Tan X,
Xiao S, Fletcher JA. 2000. PLAG1 fusion oncogenes in
lipoblastoma. Cancer Res 60:4869—4872.

Hobbs CA, Wei G, Defeo K, Paul B, Hayes CS, Gilmour SK.
2006. Tip60 protein isoforms and altered function in skin
and tumors that overexpress ornithine decarboxylase.
Cancer Res 66:8116—8122.

Ikura T, Ogryzko VV, Grigoriev M, Groisman R, Wang J,
Horikoshi M, Scully R, Qin J, Nakatani Y. 2000.
Involvement of the TIP60 histone acetylase complex in
DNA repair and apoptosis. Cell 102:463—473.

Kamine J, Elangovan B, Subramanian T, Coleman D,
Chinnadurai G. 1996. Identification of a cellular protein
that specifically interacts with the essential cysteine
region of the HIV-1 Tat transactivator. Virology 216:
357-366.

Kas K, Voz ML, Roijer E, Astrom AK, Meyen E, Stenman G,
Van de Ven WJ. 1997. Promoter swapping between the
genes for a novel zinc finger protein and beta-catenin in
pleiomorphic adenomas with t(3;8)(p21;q12) transloca-
tions. Nat Genet 15:170-174.

Kas K, Voz ML, Hensen K, Meyen E, Van de Ven WJ. 1998.
Transcriptional activation capacity of the novel PLAG
family of zinc finger proteins. J Biol Chem 273:23026—
23032.



Regulation of PLAGL2 by Tip60 739

Kim KI, Baek SH, Chung CH. 2002. Versatile protein tag,
SUMO: its enzymology and biological function. J Cell
Physiol 191:257-268.

Kim JH, Kim B, Cai L, Choi HJ, Ohgi KA, Tran C, Chen C,
Chung CH, Huber O, Rose DW, Sawyers CL, Rosenfeld
MG, Baek SH. 2005. Transcriptional regulation of a
metastasis suppressor gene by Tip60 and beta-catenin
complexes. Nature 434:921-926.

Kioussi C, Briata P, Baek SH, Rose DW, Hamblet NS,
Herman T, Ohgi KA, Lin C, Gleiberman A, Wang J,
Brault V, Ruiz-Lozano P, Nguyen HD, Kemler R, Glass
CK, Wynshaw-Boris A, Rosenfeld MG. 2002. Identifica-
tion of a Wnt/Dvl/beta-Catenin — Pitx2 pathway media-
ting cell-type-specific proliferation during development.
Cell 111:673-685.

Landrette SF, Kuo YH, Hensen K, Barjesteh van Waalwijk
van Doorn-Khosrovani S, Perrat PN, Van de Ven W,
Delwel R, Castilla LH. 2005. Plagl and Plagl2 are
oncogenes that induce acute myeloid leukemia in
cooperation with Cbhfb-M YH11. Blood 105:2900—-2907.

Legube G, Linares LK, Lemercier C, Scheffner M, Khoch-
bin S, Trouche D. 2002. Tip60 is targeted to proteasome-
mediated degradation by Mdm2 and accumulates after
UV irradiation. Embo J 21:1704-1712.

Li J, Peet GW, Balzarano D, Li X, Massa P, Barton RW,
Marcu KB. 2001. Novel NEMO/IkappaB kinase and NF-
kappa B target genes at the pre-B to immature B cell
transition. J Biol Chem 276:18579—-18590.

Mowen KA, Tang J, Zhu W, Schurter BT, Shuai K,
Herschman HR, David M. 2001. Arginine methylation
of STAT1 modulates IFNalpha/beta-induced transcrip-
tion. Cell 104:731-741.

Nordentoft I, Jorgensen P. 2003. The acetyltransferase
60 kDa trans-acting regulatory protein of HIV type
l-interacting protein (Tip60) interacts with the trans-
location E26 transforming-specific leukaemia gene (TEL)
and functions as a transcriptional co-repressor. Biochem
J 374:165-173.

O’Shea JJ, Gadina M, Schreiber RD. 2002. Cytokine
signaling in 2002: new surprises in the Jak/Stat path-
way. Cell 109 Suppl:S121-S131.

Pagotto U, Arzberger T, Theodoropoulou M, Grubler Y,
Pantaloni C, Saeger W, Losa M, Journot L, Stalla GK,
Spengler D. 2000. The expression of the antiproliferative
gene ZAC is lost or highly reduced in nonfunctioning
pituitary adenomas. Cancer Res 60:6794—6799.

Patel JH, Du Y, Ard PG, Phillips C, Carella B, Chen CJ,
Rakowski C, Chatterjee C, Lieberman PM, Lane WS,

Blobel GA, McMahon SB. 2004. The ¢-MYC oncoprotein
is a substrate of the acetyltransferases hGCN5/PCAF
and T IP60. Mol Cell Biol 24:10826—-10834.

Pendeville H, Peers B, Kas K, Voz ML. 2006. Cloning and
embryonic expression of zebrafish PLAG genes. Gene
Expr Patterns 6:267—276.

Poukka H, Karvonen U, Janne OA, Palvimo JJ. 2000.
Covalent modification of the androgen receptor by small
ubiquitin-like modifier 1 (SUMO-1). Proc Natl Acad Sci
USA 97:14145-14150.

Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F,
Grosschedl R. 2001. PIASy, a nuclear matrix-associated
SUMO E3 ligase, represses LEF1 activity by sequestra-
tion into nuclear bodies. Genes Dev 15:3088—-3103.

Sapountzi V, Logan IR, Robson CN. 2006. Cellular
functions of T IP60. Int J Biochem Cell Biol 38:1496—
1509.

Spengler D, Villalba M, Hoffmann A, Pantaloni C,
Houssami S, Bockaert J, Journot L. 1997. Regulation of
apoptosis and cell cycle arrest by Zacl, a novel zinc finger
protein expressed in the pituitary gland and the brain.
Embo J 16:2814-2825.

Sterner DE, Berger SL. 2000. Acetylation of histones and
transcription-related factors. Microbiol Mol Biol Rev 64:
435-459.

Voz ML, Agten NS, Van de Ven WJ, Kas K. 2000. PLAG1,
the main translocation target in pleomorphic adenoma of
the salivary glands, is a positive regulator of IGF-II.
Cancer Res 60:106—113.

Xiao H, Chung J, Kao HY, Yang YC. 2003. Tip60 is a
co-repressor for ST AT3. J Biol Chem 278:11197—
11204.

Yang MC, Weissler JC, Terada LS, Deng F, Yang YS. 2005.
Pleiomorphic adenoma gene-like-2, a zinc finger protein,
transactivates the surfactant protein-C promoter. Am J
Respir Cell Mol Biol 32:35—43.

Yuan ZL, Guan YJ, Chatterjee D, Chin YE. 2005. Stat3
dimerization regulated by reversible acetylation of a
single lysine residue. Science 307:269—273.

Zheng G, Yang YC. 2004. ZNF76, a novel transcriptional
repressor targeting TATA-binding protein, is modulated
by sumoylation. J Biol Chem 279:42410-42421.

Zheng G, Yang YC. 2005. Sumoylation and acetylation play
opposite roles in the transactivation of PLAG1 and PLA
GL2. J Biol Chem 280:40773—-40781.

Zheng G, Yang YC. 2006. Acetylation and alternative
splicing regulate ZNF76-mediated transcription. Bio-
chem Biophys Res Commun 339:1069-1075.



