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The Notch signaling pathway appears to perform an important function in a wide variety of organisms and
cell types. In our present study, we provide evidence that UV irradiation-induced Tip60 proteins reduced
Notchl activity to a marked degree. Accumulated UV irradiation-induced Tip60 suppresses Notchl transcrip-
tional activity via the dissociation of the Notch1-IC-CSL complex. The binding between endogenous Tip60 and
Notch1-IC in UV radiation-exposed cells was verified in this study by coimmunoprecipitation. Interestingly, the
physical interaction of Tip60 with Notch1-IC occurs to a more profound degree in the presence of CSL but does
not exist in a trimeric complex. Using Notch1-IC and Tip60 deletion mutants, we also determined that the N
terminus, which harbors the RAM domain and seven ankyrin repeats of Notchl-IC, interacts with the zinc
finger and acetyl coenzyme A domains of Tip60. Furthermore, here we report that Notch1-IC is a direct target
of the acetyltransferase activity of Tip60. Collectively, our data suggest that Tip60 is an inhibitor of the Notchl
signaling pathway and that Tip60-dependent acetylation of Notch1-IC may be relevant to the mechanism by

which Tip60 suppresses Notchl signaling.

Notch is a vitally important signaling receptor which modu-
lates cell fate determination and pattern formation in a num-
ber of ways during the development of both invertebrate and
vertebrate species (2, 3, 19, 46, 54, 64, 70, 74, 75). In verte-
brates, Notch proteins comprise a family of four transmem-
brane receptors (Notchl to Notch4) which harbor multiple
epidermal growth factor-like repeats, followed by conserved
cysteine-rich Notch/Linl2 repeats in their extracellular do-
main, and seven cdcl0/ankyrin repeats and a PEST domain
within their intracellular domains (41, 57, 73, 74). Interactions
between Notch and its proposed ligand Delta or Serrate/
Jagged induce a cleavage step near the transmembrane region
of the C-terminal protein fragment, which results in the release
of the intracellular domain (Notch-IC), followed by its nuclear
translocation. An important nuclear target of Notch-IC is the
DNA binding protein CSL/CBF-1, the mammalian homologue
of Drosophila melanogaster Suppressor of Hairless [Su(H)] (52,
72). Notchl-IC interacts with CSL/Su(H) primarily through
the RAM domain, a sequence located N-terminal to the
ankyrin repeats, resulting in the activation of target gene tran-
scription (67). Several downstream targets of Notch signaling
have also been identified, including Enhancer of split [E(spl)]
complex members and the mammalian homologues of Hairy
and E(spl), Hesl and Hes5 (1, 16, 34, 35, 50, 60). These basic
helix-loop-helix (bHLH) proteins antagonize other bHLH fac-
tors, such as MyoD, which induces muscle differentiation (31,
42, 43, 76). The nuclear activity of the Notch intracellular
domain is linked with complexes that regulate chromatin or-
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ganization via the deacetylation and acetylation of histones.
Remodeling of the chromatin template via the inhibition of
histone deacetylase activities represents a higher level of Notch
expression in the presomitic mesoderm major (14, 32, 36, 45,
53, 80).

The histone acetyltransferase (HAT) Tip60 is a member of
the MYST family, which acetylates principally histone H4 of
the histone acetyltransferases, and was initially identified as a
60-kDa human immunodeficiency virus (HIV) Tat-interacting
protein (13, 65, 81). Tip60 is able to interact with and enhance
human androgen receptor activity via the acetylation of the
human androgen receptor (7, 24, 25). Other studies have
shown that Tip60 associates with alternative transcription fac-
tors, including Bcl-3, Myc, TEL/ETV, and ING (17, 18, 23, 56).
Tip60 roles have been established in the transcription of the
amyloid precursor protein, in interleukin-1f signaling, and in
subsequent NF-kB-mediated gene regulation (4, 10). However,
Tip60 has also been shown to repress transcription by the
phosphorylated cyclic AMP response element binding (CREB)
protein and the signal transducer and activator of transcription
3 (Stat3) protein (27, 79). In Drosophila melanogaster chroma-
tin remodeling complexes, Tip60 exists as part of a multiple
component complex that includes TRRAP, actin, Baf53a,
Epcl, p400/domino, Reptin, Pontin, MrgBP, Brd8, Gas4l,
YL1, Ing3, and DMAP1 (44). Genetic studies using the fly
system have shown that TRRAP and domino have functions in
Notch signaling. However, findings do not rule out the possi-
bility that TRRAP and domino can also act independently of
Tip60 (20, 26). Cellular responses to DNA damage also involve
the HAT Tip60, as the overexpression of a dominant negative
HAT-defective Tip60 mutant decreases both DNA repair and
apoptosis upon the induction of DNA double-stranded breaks
(12, 33, 69). Tip60 levels have been shown to increase signifi-
cantly as a result of the UV irradiation of Jurkat cells, and the
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HAT activity of Tip60 is regulated via phosphorylation by
cyclin-dependent kinases (30, 47). Numerous studies have
demonstrated that Tip60 is able to regulate transcription either
positively or negatively, depending on the cell type or the
promoter.

In this study, we have demonstrated that Tip60 is involved in
the negative regulation of the Notch signaling pathway. Accu-
mulated UV irradiation-induced Tip60 suppresses Notchl
transcriptional activity via the dissociation of the Notch1-IC-
CSL complex. Interestingly, the physical interaction of Tip60
with Notch1-IC is much more profound in the presence of CSL
but does not involve the formation of a trimeric complex.
Using Notch1-IC and Tip60 deletion mutants, we were also
able to determine that the N terminus containing seven
ankyrin repeats of Notch1-IC interacts with the zinc finger and
acetyl (acetyl-coenzyme A CoA) domains of Tip60. Further-
more, we identified four lysine residues in Notch1-IC as direct
acetylation sites for Tip60. Collectively, our data show that
Tip60 is an inhibitor of the Notchl signaling pathway and that
direct interaction with Notch1-IC may be relevant to the mech-
anism by which Tip60 suppresses Notchl signaling.

MATERIALS AND METHODS

Cell culture and transfection. NIH 3T3 and human embryonic kidney (HEK)
293 cells were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% bovine calf serum, penicillin (100 U/ml), and streptomycin (100 wg/ml). For
plasmid DNA transfection, cells were plated at a density of 2 X 10° cells/100-mm
dish, grown overnight, and transfected with the appropriate expression vectors in
the presence of the indicated combinations of plasmid DNAs, via the calcium
phosphate and liposome method (11).

Cloning and preparation of recombinant proteins. A full-length mouse Tip60
gene, a mouse Notchl gene, and deletion mutants were constructed via PCR and
inserted into either the mammalian expression vector p3XFlag-CMV (Sigma) or
the bacterial expression vector pGEX4T-3 (Amersham Pharmacia). The Tip60
deletion mutants constructed for the present study were Tip60-CM (chromodo-
main; amino acid residues 1 to 258), Tip60-ZF (zinc finger motif; amino acid
residues 69 to 290), Tip60-ZCoA (zinc finger motif and acetyl-CoA binding
domain; amino acid residues 158 to 395), and Tip60-CoA (acetyl-CoA binding
domain; amino acid residues 285 to 513). The Notchl-IC deletion mutants
constructed for the present study were Notch1-IC-RAM-ANK (amino acid res-
idues 1744 to 2110), Notchl-IC-RAM (amino acid residues 1744 to 1870),
Notchl-IC-OPA (amino acid residues 2076 to 2369), and Notchl-IC-PEST
(amino acid residues 2369 to 2531). The C-terminal Myc-tagged constitutively
active form of Notchl (AEN1-Myc) and Myc-tagged Notchl-IC (Myc-Notchl-
IC) were kind gifts from Raphael Kopan (Washington University, St. Louis,
MO). Expression of the recombinant glutathione S-transferase (GST) fusion
proteins within the transformed bacteria was induced using 1 mM isopropyl-B-
D-thiogalactopyranoside (Sigma). GST fusion proteins were purified with gluta-
thione (GSH)-agarose beads (Sigma), in accordance with the manufacturer’s
instructions.

Site-directed mutagenesis. Site-directed mutagenesis of Notch1-IC cDNA was
performed with a QuikChange kit (Stratagene), and the mutagenic primers were
K2019R (5'-GTGGATGACCTAGGCAgGTCGGCTTTGCATTGG-3"), K2039/
2044R (5'-GTGCTCCTGAgGAACGGAGCCAACAgGGACATGCAG-3'), and
K2068R (5'-GCTATGAGACTGCCAgAGTGTTGCTGGACC-3") (mismatches
with the Notch1-IC cDNA template are indicated by lowercase letters). The muta-
tions were verified by automatic DNA sequencing.

Luciferase reporter assay. After 48 h of transfection, the cells were lysed in
chemiluminescent lysis buffer (18.3% of 1 M K,HPO,, 1.7% of 1 M KH,PO,, 1
mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol) and assayed for
luciferase activity using a luciferase assay kit (Promega). The activity of the
luciferase reporter protein in the transfected cells was normalized with regard to
the B-galactosidase activity in the same cells (61).

Antibodies and reagents. We purchased antibodies to cleaved Notch1(Val1744)
(catalog number 2421; Cell Signaling), Tip60 (catalog number 07-038; Upstate
Biotechnology), acetylated-lysine (catalog number 9441; Cell Signaling), Flag M2
(catalog number F-3165; Sigma), Myc (9E10) (catalog number 1667149; Roche
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Molecular Biochemicals), hemagglutinin (HA) (12CAS) (catalog number
11583816001; Roche Molecular Biochemicals), and B-actin (catalog number SC-
47778; Santa Cruz Biotechnology). The secondary antibodies used in our experiment
were goat anti-mouse immunoglobulin G (IgG) and goat anti-rabbit IgG and were
purchased from Cell Signal Biotechnology. All other reagents were obtained from
Sigma.

Knockdown of Tip60 in cells. The short interfering RNA targeting Tip60
(siTip60) was used as previously described (38). Sham control or Tip60 siRNA
was transfected into HEK293 or NIH 3T3 cells by using Fugene6 reagent
(Roche), in accordance with the manufacturer’s instructions.

RNA isolation and reverse transcriptase PCR. Total RNA was isolated using
TRIzol reagent (Invitrogen). All samples were treated with RNase-free DNase I
(Takara) at 37°C for 30 min under the following conditions: 20 pug of RNA, 40
mM Tris-HCI, 8 mM MgCl,, 5 mM dithiothreitol, 0.4 unit/pul RNase inhibitor
(Promega), and 10 units of DNase I in a volume of 50 wpl. Then, a phenol-
chloroform extraction was performed, and the RNA was precipitated. Total
RNA (2 ng) was used to synthesize cDNA with Moloney murine leukemia virus
reverse transcriptase (Promega) according to the manufacturer’s instructions;
contaminating DNA was removed by treating the samples with RNase-free
DNase. The primers used in PCR analysis were Hes1 forward (5'-CAGCCAG
TGTCAACACGACAC-3"), Hesl reverse (5'-TCGTTCATGCACTCGCTGA
A-3"), Hes5 forward (5'-CGC ATC AAC AGC AGC ATA GAG-3'), Hes5
reverse (5'-TGG AAG TGG TAA AGC AGC TTC-3'), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) forward (5'-GTC ATC ATC TCC GCC CCT
TCT GC-3"), GAPDH reverse (5'-GAT GCC TGC TTC ACC ACC TTC TT
G-3"), B-actin forward (5'-GTG GGG CGC CCC AGG CAC CA-3'), and
B-actin reverse (5'-CTC CTT AAT GTC ACG CAC GAT-3"). GAPDH and
B-actin were used as controls for PCR analysis.

Coimmunoprecipitation assays. The cells were lysed in 1 ml of radioimmu-
noprecipitation assay buffer for 30 min at 4°C. After 20 min of centrifugation at
12,000 X g, the supernatants were subjected to immunoprecipitation with the
appropriate antibodies coupled to protein A-agarose beads. The resulting im-
munoprecipitates were then washed three times in phosphate-buffered saline
(pH 7.4). Laemmli sample buffer was then added to the immunoprecipitated
pellets, and the pellets were heated for 5 min at 95°C and analyzed via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Western blot-
ting was conducted using the indicated antibodies.

In vitro binding assay. The recombinant GST-Notchl-IC protein was ex-
pressed in Escherichia coli strain BL21, using the pGEX system as indicated. The
GST-Notchl-IC protein was then purified using glutathione-agarose beads
(Sigma), in accordance with the manufacturer’s instructions. An equal amount of
GST or GST-Notchl-IC fusion protein was incubated with the lysates of
HEK293 cells, which had been transfected for 3 h with combinations of expres-
sion vectors at 4°C, with rotation. After incubation, the beads were washed three
times with ice-cold phosphate-buffered saline and boiled with 20 pl of Laemmli
sample buffer. The precipitates were separated via SDS-PAGE, and the pull-
down proteins were detected via immunoblotting with specific antibodies.

In vitro Notch1-IC acetylation assay. Notch1-IC acetylation assays were car-
ried out as follows: 20 ml of reaction mixture contained 50 mM Tris-HCI (pH
8.0), 10% glycerol (vol/vol), 0.1 mM EDTA, 1 mM dithiothreitol, 10 mM sodium
butyrate, 5 mM acetyl-CoA (Sigma), 100 ng of GST-Notch-IC proteins, and 200
ng of Tip60. The mixture was incubated at 30°C for 60 min and analyzed on
SDS-PAGE. Acetylated Notchl-IC was detected by Western blotting using
the anti-acetyl-lysine antibody. GST-Notchl-IC proteins were visualized with
Ponceau staining using the same membrane as that for Western blotting.

RESULTS

Tip60 inhibits Notch transcriptional activity. In order to
evaluate the possible function of Tip60 in Notch signaling, a
reporter assay was conducted with NIH 3T3 and HEK293 cells,
using luciferase reporter genes. The NIH 3T3 or HEK293 cells
were transfected with 4XCSL-Luc and either the active Notchl
mutant AEN1 or an empty vector. As expected, AEN1-medi-
ated transcription activity increased in these samples in both
cell lines (Fig. 1A and B). We determined that Tip60 attenu-
ated the ability of AENT1 to stimulate transcription (Fig. 1A
and B). The bHLH proteins Hesl and Hes5, both of which
harbor multiple CSL binding DNA sequences on their promot-
ers, were identified as essential targets of Notch in the epithe-
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FIG. 1. Tip60 inhibits Notch transcriptional activity. (A) NIH 3T3 cells were transfected with expression vectors for 100 ng of 4XCSL-Luc, 100
ng of Hes-1-Luc, 100 ng of Hes-5-Luc, and 100 ng of B-galactosidase, along with 100 ng of AEN1 and 100 ng of Tip60, as indicated. (B) HEK293
cells were transfected with expression vector for 100 ng of 4XCSL-Luc, 100 ng of Hes-1-Luc, 100 ng of Hes-5-Luc, and 100 ng of B-galactosidase,
along with 100 ng of AEN1 and 100 ng of Tip60, as indicated. After 48 h of transfection, the cells were lysed, and the luciferase activity was
determined. Data were normalized with B-galactosidase. Results represent the means + average deviations of three independent experiments.

R.L.U, relative luciferase units.

lial cells (60). Therefore, we have confirmed the effects of
Tip60 on the Notchl signaling pathway, using the Hesl and
Hes5 reporter systems, respectively. Expression of the active
form of Notchl was determined to significantly induce activa-
tion of the Hes1 and Hes5 reporter systems (Fig. 1A and B).
Tip60 overexpression inhibits constitutively active Notch1-in-
duced natural Hes1 and Hes5 promoter transcriptional activ-
ities (Fig. 1A and B).

UV suppresses Notchl transcriptional activity via the in-
duction of Tip60. As the Tip60 protein is known to be induced
by UV irradiation, we attempted to determine whether UV
radiation could modulate Notchl signaling (47). In our exper-
iment, we observed that Tip60 protein is accumulated in a
time-dependent manner by UV radiation-exposed HEK293
cells (Fig. 2A). However, during this time, cell death is not
observed (data not shown). Luciferase has a half-life in mam-
malian cells of approximately 3 h. Due to this short half-life,
changes in the promoter activity are rapidly reflected in the
luciferase activity since it is not accumulated. As is shown in
Fig. 2B, UV radiation profoundly suppresses Notch1 transcrip-
tional activity in a time-dependent manner. Because UV irra-
diation can induce the expression of a variety of proteins,
including Tip60, we attempted to determine whether Tip60
induction was a major requirement for the UV radiation-in-
duced suppression of Notchl signaling. In order to evaluate
the involvement of Tip60 in the UV radiation-induced sup-
pression of Notch signaling, we employed a Tip60 dominant
negative mutant and Tip60 siRNA to reduce enzyme activity
and down-regulate the expression of Tip60, respectively. Un-
like the levels observed for the control short interference plas-
mid-transfected cells, the cells transfected with short interfer-
ence Tip60 harbored low levels of Tip60 (Fig. 2C). Whereas

Notchl-IC-mediated transcriptional activity was repressed in
the UV radiation-exposed HEK293 cells, the UV radiation-
induced suppression of Notchl transcriptional activity was re-
stored via coexpression of the Tip60 dominant negative mutant
(Fig. 2D). In order to delineate the possible role for Tip60 in
the regulation of Notchl signaling in intact cells, we assessed
the effects of the Tip60 knockdown on Notch signaling. We
determined that Tip60 siRNA was able to block the suppres-
sive effects of UV radiation on Notchl-IC-induced transcrip-
tional activity (Fig. 2E). Furthermore, we determined that the
transfection of Tip60 siRNA into HEK293 cells resulted in a
robust increase of Notchl transcriptional activity in intact cells
but that the control siRNA does not affect Notch activity (Fig.
2F). From these results, it was assumed that UV radiation can
decrease the expression of the Notchl target gene through
upregulation of Tip60. In order to demonstrate this assump-
tion, reverse transcriptase PCR (RT-PCR) was performed for
Hesl and Hes5. HEK293 cells were transfected with empty
vector or with siTip60 prior to their exposure to UV irradia-
tion. The expression levels of Hes1 and Hes5 were decreased
by UV irradiation, as expected, and the UV irradiation-in-
duced suppression of Hesl and Hes5 was restored via coex-
pression of the siTip60 (Fig. 2G). Thus, taken together, our
results appear to suggest that Tip60 induction is a prerequisite
for the suppression of the Notch signaling pathway.

Fe65 does not affect the Tip60-mediated suppression of
Notchl signaling. Previous reports have shown that the Tip60
histone acetyltransferase forms a complex with the Fe65 nu-
clear adaptor protein (10). In order to determine the function
of Fe65 in the Tip60-mediated suppression of Notch signaling,
we introduced a Tip60 mutant (Tip60*), which is unable to
bind to Fe65 (10). The expression of NotchlAE (AEN1) was
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FIG. 2. UV suppresses Notchl transcriptional activity through Tip60 induction. (A) HEK293 cells were exposed to UV light (60 J/m?) and then
incubated for an additional 1 to 8 h at 37°C. The cell lysates were then subjected to immunoblotting analysis with anti-Tip60 and anti-B-actin
antibody. B-Actin was used as a loading control. (B) HEK293 cells were transfected with expression vector for 100 ng of 4XCSL-Luc and 100 ng
of B-galactosidase, along with 100 ng of Notch1-IC, as indicated. After 40 h of transfection, cells were exposed to UV light (60 J/m?) and then
incubated for an additional 1 to 8 h at 37°C. (C) HEK293 cells were transfected with the expression vectors for 0.5 pg of HA-Tip60 and 0.5 pg
(+) and 1 pg (++) of siTip60, as indicated. Cell lysates were subjected to immunoblotting (IB) analyses with anti-HA or anti-B-actin antibody.
(D) NIH 3T3 cells were transfected with expression vector for 100 ng of 4XCSL-Luc, 100 ng of Tip60-DN, and 100 ng of B-galactosidase, along
with 100 ng of Notch1-IC, as indicated. After 40 h of transfection, the cells were exposed to UV light (60 J/m?) and then incubated for an additional
8 h at 37°C. (E) HEK293 cells were transfected with expression vector for 100 ng of 4XCSL-Luc, 200 ng of siControl, 200 ng of siTip60, and 100
ng of B-galactosidase, along with 100 ng of Notch1-IC, as indicated. After 40 h of transfection, the cells were exposed to UV light (60 J/m?) and
then incubated for an additional 8 h at 37°C. (F) HEK293 cells were transfected with expression vector for 100 ng of 4XCSL-Luc, 200 ng of
siControl, 200 ng of siTip60, and 100 ng of B-galactosidase, along with 100 ng of Notch1-IC, as indicated. After 48 h of transfection, the cells were
lysed and the luciferase activity was assayed. Data were normalized with B-galactosidase. Results are expressed as the means * average deviations
of three independent experiments. R.L.U, relative luciferase units. (G) HEK293 cells were transfected with 2 pg of siTip60 and exposed to UV
light (60 J/m?), and then the total RNA was extracted from the cell lysates. Reverse transcriptase PCR was performed using Hes1, Hes5, GAPDH,
and B-actin primers with the cDNA from the total RNA. GAPDH and B-actin were used as a control for RT-PCR.

found to significantly induce the activation of the Hesl-Luc
reporter system (Fig. 3A). When Tip60 was transiently coex-
pressed in NIH 3T3 cells, constitutively active Notch1AE-me-
diated transcriptional activity was suppressed to a substantial
degree (Fig. 3A). However, the forced expression of Fe65 and
Tip60* had no effect on the negative role of Tip60 in AEN1-
mediated transcriptional activity. Moreover, we also verified
the effects of Fe65 on the Tip60-induced suppression of Notch
signaling, using Notch1-IC. When Tip60 was transiently coex-
pressed in NIH 3T3 cells, constitutively active Notch1-IC-me-
diated transcriptional activity was clearly suppressed (Fig. 3B).
However, overexpression of Fe65 and Tip60* had no effect on
the negative role of Tip60 in Notchl-IC-mediated transcrip-
tional activity (Fig. 3B). Our findings further indicated that the
Tip60-induced suppression of Notch activity was not correlated
significantly with the inhibition of the +y-secretase-dependent
proteolytic cleavage of NotchlAE (AENT1) (Fig. 3C). Also, the
steady-state protein level of Notch1 was not diminished in this
case (Fig. 3D), suggesting that at least in part, the Tip60-
induced inhibition of Notch can be linked neither to the reg-
ulation of cleavage patterns nor to protein stability.

HAT activity of Tip60 is required for the transcriptional re-
pression of Notch1-IC. Two major phosphorylation sites, Ser-86
and Ser-90, were identified, and the phosphorylation of Tip60 was

determined to modulate its histone acetyltransferase activity (30).
As Tip60 acetyltransferase activity is controlled by phosphoryla-
tion, we then attempted to determine whether the phosphoryla-
tion of Tip60 might also be linked to the negative regulation of
Notch signaling. In the luciferase reporter gene assay conducted
with the HEK293 cells, Tip60(S86A), Tip60(S90A), and Tip60
(S86/90A) were transfected, and the effects of these transfections
on the transcriptional activation of Notch1-IC target genes were
then evaluated using 4XCSL-Luc. Notch1-IC transcriptional ac-
tivity was inhibited by Tip60(S90A) but was not inhibited by
Tip60(S86A) and Tip60(S86/90A) (Fig. 4A). We also attempted
to determine the effects of the dominant negative form of Tip60
on Tip60-induced suppression of Notch1-IC transcriptional activ-
ity. Notch1-IC transcriptional activation was restored by the co-
transfection of dominant-negative Tip60 (Tip60-DN) in 4XCSL-
Luc reporter genes (Fig. 4B). Results indicated that Tip60 HAT
activity was essential to the negative transcriptional regulation of
Notchl target genes.

Next, we conducted immunofluorescence staining to deter-
mine whether Tip60 was colocalized with Notch1-IC and CSL.
The nucleus may constitute the primary site of interaction
between Notch1-IC and CSL. Tip60 is also located predomi-
nantly within the nucleus (10). As expected, the Tip60 stain
was localized to the nucleus, as were the stains for CSL and
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FIG. 3. Fe65 does not affect Tip60-mediated suppression of Notch signaling. (A) NIH 3T3 cells were transfected with expression vector for 100
ng of Hes-1-Luc and 100 ng of B-galactosidase, along with 100 ng of AEN1, 100 ng of Tip60, 100 ng of Fe65, and 100 ng of the Tip60* mutant,
as indicated. (B) NIH 3T3 cells were transfected with expression vector for 100 ng of Hes-1-Luc and 100 ng of B-galactosidase, along with 100 ng
of Notch1-IC, 100 ng of Tip60, 100 ng of Fe65, and 100 ng of Tip60*, as indicated. After 48 h of transfection, the cells were lysed and the luciferase
activity was assayed. Data were normalized with 3-galactosidase. Results are expressed as the means = average deviations of three independent
experiments. R.L.U, relative luciferase units. (C and D) HEK293 cells were transfected with expression vector for 1 pg of the AEN1 mutant, 1 pg
of Notchl1-IC, and 1 g of Tip60, as indicated. Cell lysates were also subjected to immunoblotting (IB) analysis with the indicated antibodies.

Notchl-IC (data not shown). The image overlay revealed the
nuclear colocalization of Notch1-IC, CSL, and Tip60 (data not
shown). Furthermore, when the cells were transfected with
Tip60 or the mutated Tip60*, Notch1-IC and CSL subcellular
localization did not change to any substantial extent (data not
shown). This suggests that Tip60 does not significantly regulate
the Notch signaling pathway via the disruption of the cellular
distribution of Notch1-IC and CSL.

A 100

Tip60 disrupts the binding of Notch1-IC to CSL. The tran-
scriptional activation of downstream target genes by Notchl-IC
depends on the association of Notchl-IC with CSL within the
nucleus. Thus, we attempted to demonstrate the effects of Tip60
on Notch1-IC and CSL binding, both in vitro and in intact cells.
In the in vitro binding studies, purified GST or GST-Notch1-IC
proteins were immobilized onto GSH-agarose. Flag-tagged CSL
(Flag-CSL) and HA-tagged Tip60 (HA-Tip60) cells expressing
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FIG. 4. HAT activity of Tip60 is required for the transcriptional repression of Notch1-IC. (A) HEK293 cells were transfected with expression
vector for 100 ng of 4XCSL-Luc and 100 ng of B-galactosidase, along with 100 ng of Notch1-IC, 100 ng of Tip60, 100 ng of Tip60(S86A), 100 ng
of Tip60(S90A), and 100 ng of Tip60(S86/90A), as indicated. (B) HEK293 cells were transfected with expression vector for 100 ng of 4XCSL-Luc
and 100 ng of B-galactosidase, along with the 100 ng of Notch1-IC, 100 ng of Tip60, and 100 ng of Tip60 dominant negative mutants, as indicated.
After 48 h of transfection, the cells were lysed and the luciferase activity was assayed. Data were normalized with -galactosidase. Results are
expressed as the means * average deviations of three independent experiments. R.L.U, relative luciferase units.
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FIG. 5. Tip60 disrupts the binding of Notchl-IC to CSL. (A) Recombinant GST and GST-Notchl-IC proteins were immobilized onto
GSH-agarose, as described in Materials and Methods. HEK293 cells were transfected for 48 h with the expression vectors for 1 ug of Flag-CSL
and 1 ng of HA-Tip60, as indicated. Cell lysates were then subjected to GST-pulldown experiments with immobilized GST or GST-Notch1-IC.
Proteins bound to GST or GST-Notch1-IC were analyzed via immunoblotting (IB) with anti-Flag antibody. GST or GST-Notch1-IC proteins were
visualized via staining with Coomassie brilliant blue. (B) HEK293 cells were transfected for 48 h with the indicated combinations of expression
vectors for 1 pg of Myc-Notchl-IC, 1 pg of Flag-CSL, and 1 pg of HA-Tip60. Cell lysates were then subjected to immunoprecipitation (IP) with
anti-Myc or anti-Flag antibody, and the resulting precipitates were subjected to immunoblotting analysis with anti-Flag or anti-Myc antibody. Cell
lysates were also subjected to immunoblotting analysis with the indicated antibodies. (C) HEK293 cells were transfected for 40 h with the indicated
combinations of expression vectors for 1 ug of Myc-Notch1-IC, 1 ng of Flag-CSL, 2 pg of siControl, and 2 pg of siTip60. Cells were exposed to
UV light (60 J/m?) and then incubated for an additional 8 h at 37°C. Cell lysates were then subjected to immunoprecipitation with anti-Flag
antibody, and the resulting precipitates were subjected to immunoblotting analysis with anti-Myc antibody. Cell lysates were also subjected to
immunoblotting analysis with the indicated antibodies. (D) HEK293 cells were transfected for 48 h with the indicated combinations of expression
vectors for 1 pg of Myc-Notchl-IC, 1 ng of Flag-CSL, 1 pg of HA-Tip60, 1 pg of the HA-Tip60(S86A), 1 ng of HA-Tip60(S90A) and 1 pg of
HA-Tip60(S86/90A). Cell lysates were then subjected to immunoprecipitation with anti-Flag antibody, and the resulting precipitates were
subjected to immunoblotting analysis with anti-Myc antibody. Cell lysates were also subjected to immunoblotting analysis with the indicated
antibodies. (E) HEK293 cells were transfected for 40 h with the vectors for 2 pg of siControl or 2 pg of siTip60, after which the cells were exposed
to UV light (60 J/m?) and incubated for an additional 8 h at 37°C. Cell lysates were then subjected to immunoprecipitation with anti-Notch1-IC
or IgG antibody, and the resulting precipitates were subjected to immunoblotting analysis with anti-CSL, anti-B-actin, or anti-Tip60 antibody.

the cell lysates were incubated with either GST or with GST-
Notchl1-IC, both of which were immobilized onto GSH-agarose.
The interaction between GST-Notch1-IC and CSL was previously
verified on bead complexes in the absence of Tip60 (Fig. SA).
Formation of the GST-CSL and Notch1-IC complexes was sub-
stantially suppressed as the result of Tip60 expression in vitro.
In order to determine the effects of Tip60 on the molecular
interactions occurring between Notch1-IC and CSL, coimmuno-
precipitation was conducted with HEK293 cells via the cotrans-
fection of Myc-Notch1-IC, Flag-CSL, and HA-Tip60. The trans-
fected cell lysates were immunoprecipitated using anti-Flag M2
antibody and immunoblotted with anti-Myc antibody (9E10) (Fig.
5B). Conversely, under conditions identical to those described

above, we analyzed immunocomplexes which had been precipi-
tated against anti-Myc antibody and immunoblotted with anti-
Flag antibody. The results indicated that Tip60 interrupts the
physical association between Notch1-IC and CSL (Fig. 5B). Fur-
thermore, we also attempted to confirm the effects of Tip60 on
the physical association occurring between Notch1-IC and CSL,
using UV radiation induction and Tip60 siRNA. Whereas UV
irradiation stimulates the dissociation of Notchl-IC and CSL,
Tip60 siRNA was found to robustly restore the interaction be-
tween Notch1-IC and CSL (Fig. 5C). Furthermore, we also found
that loss-of-function Tip60 mutants also increased the binding
ability between Notch1-IC and CSL (Fig. 5D). These results have
patterns similar to those shown in Fig. 2D and 4A. We can
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IgG antibody, and the resulting precipitates were subjected to immunoblotting analysis with anti-Tip60 or B-actin antibody.

assume that the hyperstimulation of Notchl transcription activity
shown in Fig. 2D and 4A is due to stabilization of the Notchl-
IC/CSL complex.

Next, we attempted to ascertain whether Tip60 was able to
interrupt the association between Notch1-IC and CSL in intact
cells. HEK293 cells were transfected with Tip60 siRNA and
then exposed to UV irradiation. The cells were subjected to
immunoprecipitation with anti-Notch1-IC, and the resultant
immunopellets were examined via immunoblotting analysis
with anti-CSL antibody (Fig. SE). The immunoblot data
showed that the accumulated Tip60 protein, which had been
induced by UV irradiation, suppressed endogenous interaction
between Notchl-IC and CSL in the intact cells (Fig. SE).
However, the physical association between Notchl-IC and
CSL in the presence of UV radiation was not substantially
diminished by coexpression with Tip60 siRNA (Fig. 5SE). These
results imply that Tip60 negatively regulated the transactiva-
tion of Notchl-IC target genes via the suppression of the
interaction between Notch1-IC and CSL in intact cells.

Tip60 interacts directly with Notch1-IC in intact cells. Dur-
ing our previous investigations, we have noticed that Tip60
may interact with Notch1-IC. In order to delineate more pre-
cisely the manner in which Tip60 prevents Notchl-IC- and
CSL-mediated transcription, we conducted a series of in vitro
binding and coimmunoprecipitation experiments. In the in
vitro binding studies, purified GST or GST-Tip60 proteins
were immobilized onto GSH-agarose. Flag-CSL and Myc-
Notch1-IC expressing the cell lysates were incubated with ei-
ther GST or GST-Tip60, both of which had been immobilized
onto GSH-agarose. The interaction between GST-Tip60 and
Notch1-IC has been detected on bead complexes in the ab-
sence of CSL (Fig. 6A). However, despite the performance of
repeated experiments, no interaction was determined to have
occurred between GST-Tip60 and CSL (Fig. 6A). Surprisingly,
the strength of the interaction between GST-Tip60 and
Notch1-IC was stronger in the presence of CSL than with
Notch1-IC alone (Fig. 6A).

In order to characterize the physical interaction occurring
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between Tip60 and Notch1-IC or CSL, coimmunoprecipitation
was conducted with HEK293 cells via the cotransfection of
Myc-Notch1-IC, Flag-CSL, and HA-Tip60. The transfected
cell lysates were immunoprecipitated with anti-HA antibody
and immunoblotted with anti-Myc (9E10) or anti-Flag anti-
body (Fig. 6B). The results indicated that Tip60 interacts with
Notch1-IC and that this association is significantly stronger in
the presence of CSL, although no trimeric complex was de-
tected in this case (Fig. 6B). To address the role of CSL in
enhancing the recognition of Notch1-IC by Tip60, we exam-
ined whether Tip60 destabilizes preformed CSL/Notchl-IC
complexes. Flag-CSL and Myc-Notch1-IC expressing the cell
lysates were immunoprecipitated and then incubated with ei-
ther GST or with GST-Tip60. The formation of the CSL and
Notchl-IC complex was substantially suppressed by Tip60 in
vitro (Fig. 6C).

Next, we attempted to ascertain whether Tip60 was able to
physically associate with Notchl-IC in intact cells. HEK293
cells were transfected with Tip60 siRNA and then exposed to
UV irradiation. The cells were subjected to immunoprecipita-
tion with anti-Notchl-IC, and the resultant immunopellets
were examined via immunoblotting analysis with anti-Tip60
antibody (Fig. 6D). The immunoblot data showed that the
accumulated Tip60 protein, which had been induced by UV
irradiation, interacted directly with endogenous Notch1-IC in
the intact cells (Fig. 6D). In our experiments, no endogenous
Tip60 could be detected, as has also been reported in similar
previous studies (30, 48). Furthermore, the physical association
occurring between Tip60 and Notch1-IC in the presence of UV
radiation was diminished by the coexpression with Tip60
siRNA (Fig. 6D). These findings strongly suggest that a phys-
ical interaction between the two endogenous proteins Tip60
and Notchl does occur in intact cells in response to UV irra-
diation.

The zinc finger and acetyl-CoA domains of Tip60 are critical
for the suppression of Notchl signaling. Notch1-IC harbors a
CDC domain which includes a RAM domain, seven ankyrin
repeats, an OPA domain, and a PEST domain within its struc-
ture. We attempted to determine which, if any, of these do-
mains might be involved in the interaction between Notch1-1C
and Tip60. We utilized a variety of Flag-Notchl deletion mu-
tants, Notchl-IC-RAM-ANK, Notchl-IC-RAM, Notchl-IC-
OPA, and Notch1-IC-PEST. We conducted an in vitro binding
assay in which the deletion mutants expressing the cell lysates
were applied to GST-Tip60 immobilized onto GSH-agarose
beads (Fig. 7A). Our results indicated that Tip60 bound to
Notchl-IC-RAM-ANK and to Notchl-IC-RAM but not to
Notch1-IC-OPA or Notch1-IC-PEST. In order to verify these
findings, we conducted coimmunoprecipitation assays using
the same four Notch1-IC deletion mutants and HA-Tip60. As
shown in Fig. 7B, the RAM and RAM-ANK domains of
Notch1-IC interact with Tip60. Next, we attempted to ascertain
whether Tip60 was able to interrupt the association between
Notchl-IC-RAM and CSL. HA-CSL and Flag-Notchl-IC-
RAM expressing the cell lysates were immunoprecipitated and
then incubated with either GST or GST-Tip60. The formation
of the CSL and Notchl-IC-RAM complex was substantially
suppressed by Tip60 in vitro (Fig. 7C).

We then attempted to determine which of the domains of
Tip60 was required for its association with Notch1-IC. Tip60
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harbors a chromodomain, a zinc finger motif, and an acetyl-
CoA domain within its structure. We used a variety of Flag-
tagged Tip60 deletion mutants, Tip60-CM (chromodomain),
Tip60-ZF (zinc finger motif), Tip60-ZCoA (zinc finger motif
and acetyl-CoA domains), and Tip60-CoA (acetyl-CoA do-
main). We conducted an in vitro binding assay in which dele-
tion mutants expressing cell lysates were applied to GST-
Notchl1-IC immobilized onto GSH-agarose beads (Fig. 7D).
Our results indicate that Notch1-IC bound to Tip60-ZCoA but
not to Tip60-CM, Tip60-ZF, or Tip60-CoA (Fig. 7D). In order
to confirm these findings, we conducted coimmunoprecipita-
tion assays using the same four Tip60 deletion mutants and
Myc-Notchl-IC. As shown in Fig. 7E, the zinc finger motif and
the acetyl-CoA domain of Tip60 were found to interact with
Notch1-IC. This indicates that both the zinc finger motif and
the acetyl-CoA domain of Tip60 are relevant to the interaction
of this protein with the RAM domain of Notchl-IC.

We then assessed the inhibition of Notchl activity by the
Tip60-ZCoA proteins (Fig. 7F). Notch1-IC transcriptional ac-
tivity was suppressed almost completely upon treatment with
Tip60-ZCoA. These data, therefore, suggest that both the zinc
finger motif and the acetyl-CoA domains of Tip60 are critical
to the interaction of Tip60 with Notchl-IC, as well as its
Notchl signaling-inhibitory effects.

Tip60-mediated acetylation of lysine residues in Notchl.
Based on our observation that the N-terminal region of
Notch1-IC interacts with Tip60 proteins, we asked whether Tip60
could also acetylate Notch1-IC. In order to characterize the acet-
ylation, coimmunoprecipitation was conducted with the HEK293
cells via the transfection of HATip60 or siTip60 and then exposed
to UV radiation. The transfected cell lysates were immunopre-
cipitated with anti-acetyl-lysine antibody and immunoblotted with
anti-Notch1-IC antibody (Fig. 8A). This experiment revealed that
Tip60 acetylates Notch1-IC protein.

To identify which lysine residue(s) is acetylated in a Tip60-
dependent manner, two purified Notchl-IC deletion mutants,
Notch1-IC-RAM-ANK and Notchl-IC-RAM, were incubated
with purified Tip60 and then an in vitro acetylation assay was
performed using an anti-acetyl-lysine antibody. Acetylation was
detected only in Notchl-IC-RAM-ANK, suggesting that the
ankyrin repeats of Notch1-IC are possible targets for acetylation
(data not shown). In silico studies have shown that Notchl
ankyrin repeats contain five possible conserved lysine residues in
vertebrates; four lysine residues (K2019/2039/2044/2068) are ac-
cessible and are located between ankyrin repeats; one residue
(K1935) is buried inside of an ankyrin repeat. Thus, we estimated
that those four lysine residues could be the target of acetylation
modification. To identify the precise targets of acetylation,
Notchl-IC mutants with lysine-to-arginine substitutions were
tested for Tip60-dependent acetylation with HEK293 cells. Im-
munoprecipitation and Western blotting analysis showed that
proteins of the mutant carrying all four lysine substitution resi-
dues (K2019/2039/2044/2068R) exhibited a marked decrease in
acetylation (Fig. 8B). This result implies that the residues K2019,
K2039, K2044, and K2068 of Notch1-IC are the major targets of
the acetyltransferase activity of Tip60.

Next, we examined the effect of Tip60 on the transcrip-
tional activity of Notchl-IC mutants in HEK293 cells.
Whereas Tip60 inhibits Notch1-IC(K2019/2068R)- and
Notch1-IC(K2039/2044R)-induced transcriptional activity,
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FIG. 8. Tip60 control Notch transcription activity through acetylation. (A) HEK293 cells were transfected with expression vector for 1 ug of Tip60,
2 g of siControl (Con) and 2 pg of siTip60, as indicated. After 40 h of transfection, the cells were exposed to UV light (60 J/m?) and then incubated
for an additional 8 h at 37°C. Cell lysates were then subjected to immunoprecipitation (IP) with anti-acetyl-lysine antibody, and the resulting precipitates
were subjected to immunoblotting analysis with anti-Notch1-IC antibody. Cell lysates were also subjected to immunoblotting (IB) analysis with the
indicated antibodies. (B) HEK293 cells were transfected for 48 h with the indicated expression vector for 1 pg of Myc-Notch1-IC (K2019/2068R), 1 pg
of Myc-Notch1-IC (K2039/2044R), or 1 pg of Myc-Notch1-IC(K2019/2039/2044/2068R), along with 1 pg of HA-Tip60. Cells were lysed and immuno-
precipitated against anti-acetyl-Lys antibody. The immunocomplexes were analyzed via SDS-PAGE and immunoblotting against anti-Myc antibody. Cell
lysates were also subjected to immunoblotting analysis with the indicated antibodies. (C) HEK293 cells were transfected with expression vector for 100
ng of 4XCSL-Luc, 100 ng of B-galactosidase, 100 ng of Notch1-IC(K2019/2068R), 100 ng of Notch1-IC(K2039/2044R), or 100 ng of Notch1-IC(K2019/
2039/2044/2068R), along with 100 ng of Tip60, as indicated. Cells were then lysed and assayed for luciferase activity. Results represent the means =+
average deviation of three independent experiments. R.L.U, relative luciferase units; WT, wild type.

Tip60 did not prevent Notch1-IC(K2019/2039/2044/2068R)- DISCUSSION

induced transcriptional activity (Fig. 8C). These data sug-

gest that Tip60-mediated acetylation is the important mech- In the present study, we have demonstrated that UV radiation-
anism by which Tip60 suppresses Notchl-IC activation in induced Tip60 physically interacts with Notch1-IC in intact cells,
intact cells. thereby inhibiting Notchl transcriptional activity. Accumulated

wg of Flag-RAM-ANK, 1 pg of Flag-RAM, 1 pg of Flag-OPA, and 1 ng of Flag-PEST. Cell lysates were then subjected to GST-pulldown experiments
with immobilized GST-Tip60. Proteins bound to GST-Tip60 were analyzed via immunoblotting with anti-Flag antibody. Cell lysates were also subjected
to immunoblotting analysis with the indicated antibodies. (B) HEK293 cells were transfected for 48 h with the indicated combinations of expression
vectors for 1 pg of Flag-RAM-ANK, 1 pg of Flag-RAM, 1 pg of Flag-OPA, and 1 pg of Flag-PEST, along with 1 ug of HA-Tip60. Cell lysates were
then subjected to immunoprecipitation (IP) with anti-HA antibody, and the resultant precipitates were subjected to immunoblotting (IB) analysis with
anti-Flag antibody. Cell lysates were also subjected to immunoblotting analysis with the indicated antibodies. (C) HEK293 cells were transfected for 48 h
with expression vectors for 1 pg of Flag-Notch1-IC-RAM and 1 g of HA-CSL. Cell lysates were then subjected to immunoprecipitation with anti-HA
antibody, and the resulting precipitates were incubated with either GST or with GST-Tip60 for 1 h on ice. The immunopellets were also subjected to
immunoblotting analysis with anti-Flag antibody. GST or GST-Tip60 proteins were visualized via staining with Coomassie brilliant blue. (D) Recom-
binant GST-Notchl-IC proteins were immobilized onto GSH-agarose, as described previously. HEK293 cells were transfected for 48 h with the
expression vectors for 1 pg of Flag-CM, 1 pg of Flag-ZF, 1 pg of Flag-ZCoA, and 1 g of Flag-CoA. Cell lysates were then subjected to GST-pulldown
experiments with immobilized GST-Notch1-IC. Proteins bound to GST-Notch1-IC were analyzed via immunoblotting with anti-Flag antibody. Cell
lysates were also subjected to immunoblotting analysis with the indicated antibodies. (E) HEK293 cells were transfected for 48 h with the indicated
combinations of expression vectors for 1 pg of Flag-CM, 1 pg of Flag-ZF, 1 pg of Flag-ZCoA, and 1 pg of Flag-CoA, along with 1 g of Myc-Notch1-IC.
Cell lysates were then subjected to immunoprecipitation with anti-Myc antibody, and the resulting precipitates were subjected to immunoblotting analysis
with anti-Flag antibody. Cell lysates were also subjected to immunoblotting analysis with the indicated antibodies. (F) HEK293 cells were transfected with
expression vectors for 100 ng of 4XCSL-Luc and 100 ng of B-galactosidase, along with 100 ng of Notch1-IC and 100 ng (+), 200 ng (++), and 300 ng
(+++) of Tip60-ZCoA, as indicated. After 48 h of transfection, the cells were lysed, and the luciferase activity was assayed. Data were normalized with
B-galactosidase. Results represent the means * average deviations of three independent experiments. R.L.U, relative luciferase units.
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FIG. 9. Model for the role of Tip60 in the regulation of Notch transcription activity. At the active gene, Notch1-IC interacts with CSL and with
coactivator complexes to promote target gene expression. The HAT Tip60 proteins are accumulated when cells were exposed to genotoxic stress
such as UV irradiation. Notch1-IC is a substrate for the HAT activity of Tip60. Acetylation of Notch1-IC by Tip60 may induce and then dislodge

it from Notch1-IC-CSL complex.

Tip60 induced by UV irradiation suppresses Notchl transcrip-
tional activity via dissociation of the Notchl-IC-CSL complex.
Furthermore, the HAT activity of Tip60 is critical to the binding
and inhibition of the Notchl signaling pathway. To our knowl-
edge, this is the first demonstration of the HAT Tip60-mediated
negative regulation of Notch signaling.

To allow the Notch signal to be deployed in numerous con-
texts, a host of distinct mechanisms have evolved in order to
regulate the level, duration, and spatial distribution of Notch
activity. Regulation occurs at multiple levels, including pat-
terns of ligand and receptor expression, Notch-ligand interac-
tions, receptor and ligand trafficking, and a variety of covalent
modifications, including glycosylation, phosphorylation, ubig-
uitination, and protein-protein interaction (5, 6, 21, 22, 28, 29,
37,40, 51, 55,58, 62, 63, 66, 68, 71, 78). Our results showed that
Notchl transcriptional activity was inhibited by Tip60 in intact
cells, which suggests that Tip60 may also be involved in the
suppression of Notchl transcriptional activity.

In Drosophila melanogaster chromatin remodeling com-
plexes, Tip60 exists as part of a multiple component complex
that includes TRRAP, actin, Baf53a, Epc1, p400/domino, Rep-
tin, Pontin, MrgBP, Brd8, Gas41, YL1, Ing3, and DMAP1
(44). Recent reports have shown that using genetic studies in
flies, the Nipped-A/Tral/TRRAP proteins and the SRCAP/

DOM proteins are required for the activity of Notch through
its coactivator protein, mastermind, during wing development
and are key component of the Tip60 histone acetylase complex
(20, 26, 44). The Notch intracellular domain was not identified
among the proteins associated with Nipped-A/Tral/TRRAP
and SRCAP/DOM in the Tip60 complexes (9). However, we
found that Tip60 binds to the Notch intracellular domain as a
single factor (39). It seems likely then that Tip60 participates in
one or more protein complexes, distinct from the currently
characterized complexes. Tip60 has recently been determined
to be involved in DNA repair and apoptosis in response to
DNA damage (12, 33, 69). The HAT activity of Tip60 also
appears to be important, as the overexpression of a catalyti-
cally dead Tip60 mutant has been shown to impair cellular
apoptotic responses to genotoxic stress (33). UV irradiation
facilitates the degradation of Mdm2 and thereby prevents the
degradation of Tip60 (47). Therefore, the cellular expression
of Tip60 is increased in response to UV irradiation, resulting in
an accumulation of Tip60 in Jurkat cells (47). Consistent with
the results of a previous report, we determined that the expo-
sure of NIH 3T3 cells to UV irradiation induced an accumu-
lation of Tip60 in living cells, thereby suppressing Notch1 tran-
scriptional activity. In our experiments, no endogenous Tip60
was detected in the cell lines, as was the case in other studies
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(30, 48). The downregulation of endogenous Tip60 expression,
using Tip60 siRNA, results in an increase in Notchl transcrip-
tional activity. Thus, the functional role of endogenous Tip60
levels in Notchl signaling can be estimated from our result.

In the present study, we observed both in vivo and in vitro
binding between the Tip60 and Notchl-IC proteins. Surpris-
ingly, the interaction between the Tip60 and Notchl-IC pro-
teins was more profound in the presence of CSL than in the
presence of Notch1-IC alone. However, we did not detect any
formation of the Tip60-Notch1-IC-CSL trimeric complex in
this case. The manner in which CSL is directly involved in the
association between Notchl-IC and Tip60 remains unclear.
Furthermore, Tip60 was found to inhibit the interaction be-
tween Notch1-IC and CSL in intact cells. On the basis of these
results, we propose that endogenous Tip60, which is induced
by UV irradiation, may prevent Notchl transcriptional activity
via binding to Notchl1-IC, as the result of the dissociation of
Notch1-IC and CSL.

The activity of HATs is known to be critical for proper gene
expression control (8, 77). Many mechanisms relevant to the
regulation of enzyme activity have thus far been described (15,
49, 59). This can occur via posttranslational modifications, as
has been shown for Tip60, which is activated by phosphoryla-
tion (30). We determined that the phosphorylation-deficient
forms of Tip60 mutants profoundly induced Notchl transcrip-
tional activity. Our data indicate that the HAT activity of
Tip60, which is regulated by phosphorylation, plays a critical
role in the suppression of Notchl signaling. Tip60 harbors a
chromodomain, a zinc finger motif, and an acetyl-CoA binding
domain. The zinc finger motif and acetyl-CoA binding domain,
in particular, play pivotal roles in the HAT activity of Tip60.
Interestingly, our results appear to show that the zinc finger
motif and acetyl-CoA domain of Tip60 are capable of inhibit-
ing Notchl transcriptional activity via direct binding, whereas
the chromodomain, zinc finger, and acetyl-CoA binding do-
mains alone neither bind to Notchl nor inhibit Notchl tran-
scriptional activity. Thus, both the zinc finger motif and the
acetyl-CoA binding domain are essential for the binding of
Tip60 to Notchl and the Tip60-induced inhibition of Notchl
signaling, which suggests that the suppression of Notchl sig-
naling by Tip60 is dependent on its well-characterized HAT
activity. In the present study, we observed both in vivo and in
vitro acetylation of Notch1-IC by Tip60. However, despite the
important role of Tip60 in acetylation and the inhibition of
Notchl signaling, the precise relevant mechanisms in this phe-
nomenon remain obscure. From our results, however, we can
postulate that Notchl-IC is a direct substrate of Tip60 and
acetylation is one of the key factors in the regulation of the
Notchl signaling pathway (Fig. 9).

In summary, we have described the suppression of Notch sig-
naling by UV radiation-induced Tip60, occurring as the conse-
quence of direct physical interaction and acetylation. The dys-
regulation of Notchl activity appears to be relevant to the
development of tumors, and a host of studies have been targeted
toward the development of effective therapeutics that might in-
hibit the relevant signaling pathways. Tip60 has been linked
closely to the regulation of the metastasis suppressor gene in
prostate cancer (38). The finding that the HAT activity of Tip60
is crucial to the suppression of Notchl signaling indicates that
loss-of-function Tip60 mutants may contribute to the develop-
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ment of disease states. Further studies, however, will be required
in order to better understand the biological implications of Tip60
as a target for the treatment of various diseases.
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