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associated with the RE1 and RE2 p53-response elements of the
p21 promoter, but not with an unrelated region of p21 (Fig. 3D).
Knockdown of MOZ expression by pretreatment of MCF-7
cells with a MOZ-specific siRNA partially inhibited the recruit-
ment of p53 to the p21 promoter by DNA damage, but not
MDM2, Bax, and Puma (Fig. 3E, and supplemental Fig. §3,
H=J). Furthermore, binding of MOZ to the p21 promoter was
detected in p53*/* HCT116 cells but not in p53~'~ HCT116
cells (Fig. 3F). Thus, these results suggest that the p53-MOZ
interaction is involved in recruitment to and activation of the
p21 gene promoter, and that the recruitment of the p53-MOZ
complex to the p21 promoter is p53 dependent.

Increase in the Level of the p53-MOZ Complex in Response to
DNA Damage—To test interactions between endogenous p53
and MOZ proteins, levels of MOZ, as well as p300, in p53
immunoprecipitates were monitored in v irradiation-exposed
MCF-7 cells. A p53-MOZ complex was nearly undetected in
non-irradiated cells, but appeared following irradiation of
MCE-7 cells and reached a maximum at 2 h (Fig. 44). An
increase in p53-p300 complex was also observed after irradia-
tion. Immunoblot analysis indicated that these increases were
associated with increases in overall p53 protein level, as well as
in p53 phosphorylation on Ser'®, and were followed by an
increase in p2l1 expression. These results indicate that p53
interacts with MOZ in response to DNA damage.

Post-translational Modification of pS3 Correlates with pS3-
MOZ Interaction—p53 is stabilized and activated upon DNA
damage primarily through post-transcriptional modifications
including phosphorylation and acetylation (14-19, 22, 41-43).
Differential modifications of p53 may be important for differ-
ential activation of target genes (44 -46). To test the effects of
such modifications on p53 interactions, we performed co-im-
munoprecipitation analysis using p53 mutant proteins, in
which potential modification sites were altered. Interaction of
p53 with MOZ was impaired by mutation of Ser'® to Ala (S15A)
and Ser®® to Ala (S20A) (Fig. 4B). In contrast, the p53-MOZ
interaction was enhanced by mutation of Ser'® to Asp (S15D)
and Ser®® to Asp (520D), which mimic serine phosphorylation.
However, mutation of Ser® to Asp (S46D) showed defects in
enhancement of the interaction. These results indicate that
phosphorylation of p53 on Ser'® and Ser” enhances its inter-
action with MOZ, Furthermore, substitution of the major
acetylation site (Lys**?) with Arg (K382R) strongly enhanced
the p53-MOZ interaction, but not K382Q (Fig. 4B), suggesting
that Lys®®? acetylation also plays an important role in the p53-
MOZ interaction. These results suggest that the interaction
between p53 and MOZ correlates with specific post-transla-
tional modifications, such as phosphorylation and acetylation.

pS53-MOZ Complex Is Associated with p21 Expression—To
further investigate this hypothesis, we compared interactions of
p53-MOZ and p53-p300 following various doses of UV irradi-
ation in MCF-7 cells. Levels of the p53-p300 complex increased
in a dose-dependent manner (Fig. 4C). In contrast, levels of the
p53-MOZ complex increased after MCF-7 cells irradiation of
30 J/m?, but not 50 J/m?. The lower irradiation dose was corre-
lated with induction of p21 expression and G, arrest (Fig. 4, C
and D). Thus these results suggest that interactions of p53-
MOZ and p53-p300 are differentially regulated, and that the
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FIGURE 4. Phosphorylation and on correlates with p53-MOZ
complex formation. A, both p53-MOZ and p53-p300 complexes were
formed over time following y irradiation (IR, 10 gray) of MCF-7 cells. Cell
lysates were Immunoblotted using antl-p53, anti-phospho (Ser'®)-p53, or
anti-p21 antibodies, p53-MOZ and p53-p300 complexes were detected by
Immunoprecipitation using an anti-p53 antibody (DO-1). The immunopre-
clpitates (p53-MOZ-p300 complex) and input lysates (INPUT MOZ/p300) were
subjected to immunoblot analysis using anti-MOZ or anti-p300 antibodies to
detect complex farmation with p53. 8, Bosc 23 cells were transfected with the
indicated FLAG-tagged wild-type (WT) or mutant (S15A, S15D, S20A, 5200,
S46A, 546D, K3B2R, or K382Q) of p53 together with HA-tagged MOZ. Cell
lysates were immunoprecipitated with anti-FLAG M2 affinity beads and sub-
jected to immunoblot analysis using anti-HA or anti-FLAG antibodies to
detect p53-MOZ complexes or p53, respectively. Input lysate samples were
subjected to immunoblot analysis using anti-HA antibody (INPUT MOZ).
C, complex formation of p53-MOZ and p53-p300 and expression of p21 after
the indicated doses of UV radlation in MCF-7 cells. Complexes were detected
by immunoprecipitation with anti-p53 antibody (IP: DO-1), followed by
Immunoblot analysis using anti-p53, anti-MOZ, or anti-p300 antibodies. Input
lysate samples (INPUT) were subjected to immunaoblot analysis using anti-
P53, anti-MOZ, anti-p300, anti-p21, or anti-B-actin (loading control) antibod-
ies. D, fluorescence-activated cell sorter analysis after UV radiation. The G,
population in MCF-7 cells was analyzed at 24 h following exposure to the
indicated doses of UV radiation. E, the of p53 ¢ with p53-
MOZ complex formation. Bosc 23 cells were co-transfected with FLAG-tagged
MOZ (-MOZ) together with HA-tagged p53, as indicated. At 24 h after trans-
fection, the cells were treated with or without 20 wum Nutlin-3 for 6 h. The cell
lysates were immunoprecipitated with anti-FLAG M2 affinity beads and sub-
Jected to Immunablot analysis using the anti-HA (p53-MOZ complex) or anti-
FLAG (-MOZ) antibodies. Input lysates were partially subjected to immuno-
blot analysis using anti-HA (INPUT p53) antibody.

p300

p53-MOZ complex is associated with p21 expression and in-
duction of G, arrest.

Oncogenic G279E Mutation Inhibits the p53-MOZ
Interaction—Mutations in p53 are frequently found in human
cancers. Although ~1400 different p53 mutations have been
reported, the large majority of mutations are located in the core
domain that is essential for binding to specific DNA sequences
(47, 48), suggesting that impaired interaction of p53 with DNA
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FIGURE 5. The encogenic G279E mutation inhibits the p53-MOZ interaction, and the MOZ-CBP fusion
protein inhibits p53-mediated transactivation. A, DNA binding assay of somatic mutants versus wild-type
(WT) p53. WT and Indicated mutants of p53 were incubated with a **P-labeled wild-type p21 oligonucleotide,
subjected to electrophoresis, and visualized by autoradiography. The expression level of transfected p53 is
shown in the bottom panel (Input p53). B, effects of previously reported somatic p53 mutants on transcription
of p21. Saos-2 cells were transfected with 50 ng of p21-luc (lanes 1-16), 200 ng of WT or mutant pLNCX-p53
(lanes 2-16), and pRL-CMV as a control for transfection efficiency. Luciferase assays were performed 24 h
post-transfection, C, effects of pS3 mutants on interaction with MOZ. Bosc 23 cells were transfected with
FLAG-tagged WT or mutant (R181L, R273H, or R279E) of p53 together with HA-tagged MOZ/p300. Cell lysates
were immunoprecipitated with anti-FLAG M2 affinity beads and subjected to immuncblot analysis using
anti-HA or anti-FLAG antibodles to detect the p53-MOZ/p300 complex and p53, respectively, Input lysate
samples were subjected to immunoblot analysis using anti-HA antibody (INPUT MOZ/p300), D, MOZ-CBP inhib-
its pS3-mediated transcription. Saos-2 cells were transfected with 50 ng of p21-luc, 10 ng of pLNCX-p53 (lanes
2-8)and 30 (lane 3 and 6), 100 (lanes 4 and 7), or 350 ng {lanes 5 and 8) MOZ-CBP or E1A, and 25 ng of pRL-CMV
as a control for transfection efficiency. Luciferase assays were performed 24 h post-transfection. £, schematic
representation of the structure of MOZ-CBP deletion mutants used for determining the p53 interacting
domains. The PHD-type zinc finger domain (PHD), acidic domain (acidic), bromo domain (Bromo), HAT, Cys/
His-rich domain (C/H), and Glu-rich domain (Q) are indicated. F, effects of MOZ-CBP deletion mutants on p53
activity. Saos-2 cells were transfected with 50 ng of p21-luc (lanes 1-13), 200 ng of pLNCX-~p53 (lanes 2-13), 350
ng of pLNCX-HA-MOZ-CBP mutants (lanes 3-13) and 25 ng of pRL-CMV. Luciferase assays were performed 24 h
post-transfection.

is associated with cancer. In fact, most of these mutations in the
core domain abolish p53 DNA binding and activation of tran-
scription (Fig. 5, A and B). The.G279E mutant, however, lacks
the ability to activate transcription, but still has the ability to
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bind DNA. The MOZ-interacting
domains also map to the p53 core
domain (Fig. 1D and supplemental
§2); therefore, we tested the interac-
tion of this G279E mutant with MOZ,
and found that the G279E mutant is
unable to bind MOZ (Fig. 5C).

A MOZ-CBP fusion gene is pro-
duced by the t(8;16) translocation
associated with acute monocytic
leukemia. We tested the effects of
MOZ-CBP on p53-dependent tran-
scription, and found that the
MOZ-CBP fusion protein, as well as
adenovirus E1A, strongly inhibited
p53-dependent transcription of p21
in a dose-dependent manner (Fig.
5D). Deletion analysis showed that
the bromo and HAT domains in the
CBP region of the fusion protein are
important for MOZ-CBP inhibition
of p53-mediated transcription (Fig.
5, Eand F).

DISCUSSION

The data presented here demon-
strate that MOZ, a MYST-type his-
tone acetyltransferase, directly in-
teracts with p53, and that the
interaction is regulated by phospho-
rylation and acetylation. Like other
co-factors, such as p300/CBP and
PCAF, MOZ functions as a co-acti-
vator of p53. However, MOZ stimu-
lates p53-mediated transcription of
P21 to induce cell-¢ycle arrest, but
not other p53 target genes, such as
Bax or AIP1. We partially purified
MOZ complexes from transfected
Bosc 23 cells that transiently
expressed FLAG-tagged MOZ. Mass
spectrometry and IP immunoblot
analyses revealed that MOZ could
interact with p53. In contrast with
previous reports in which levels of
the p53-p300 or p53-CBP interac-
tion increased in a dose-dependent
manner with increasing DNA dam-
age (16, 18, 19), levels of the p53-
MOZ complex increased with levels
of DNA damage to induce cell-cycle
arrest (Fig. 4C).

Among the most distinctive fea-
tures of p53 is the ability to induce

either cell-cycle arrest or apoptotic death. Although this differ-
ential activity may be partially explained by the molecular
mechanisms of promoter discrimination, the precise mecha-
nism of the selective activation of p53 target genes remains
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unknown. In response to severe DNA damage, MYST acetyl-
transferases, such as TIP60 and MOF, acetylate Lys'?? of p53.
This acetylation results in preferential accumulation of p53 on
proapoptotic promoters, such as Baxand PUMA (50, 52). CAS/
CSE1L, which suppresses histone H3K27 methylation, selec-
tively associates with the PIG3 and AIP1 promoters, but not the
p21 promoter (12). In addition, Hzf, which is a p53 target gene,
interacts directly with the p53 DNA binding domain, and
induces preferential expression of p53 target genes that block
the cell cycle, such as p21 and 14-3-3c (10).

In this report, we demonstrated that MOZ could interact
with p53 and that the p53-MOZ complex increases p21 expres-
sion in cells exposed to doses of DNA damage that induce cell-
cycle arrest. In response to DNA damage, p53 is phosphoryla-
ted on Ser'® and Ser®® to recruit MOZ, and subsequently the
p53-MOZ complex preferentially induces transcription of the
cell cycle-related p21 gene. The interaction between p53 and
MOZ is regulated by post-translational modification, such as
phosphorylation and acetylation, of N- and C-terminal residues
of p53, respectively (Fig. 4B). In addition, deletion of either the
N- or C-terminal of p53 enhances its interaction with MOZ
(supplemental Fig. S2). These results suggest that the MOZ-
binding domain of p53 is masked by its N- and C-terminal
domains and that post-translational modifications, such as
phosphorylation and acetylation, of N- and C-terminal regions
of p53 have an effect on its conformation to regulate interac-
tions with MOZ. Furthermore, p53-MOZ interaction was also
slightly affected by Nutlin-3, the antagonist of MDM2, suggest-
ing that the stabilization of p53 is also important for regulation
of p53 and MOZ interaction (Fig. 4E) (49, 50).

ChIP analysis and reporter analysis showed that DNA dam-
age could induce recruitment of the p53-MOZ complex to the
p21 promoter. Experiments using MOZ ™/~ MEFs revealed that
MOZ-deficient cells failed to arrest in the G, phase in response
to DNA damage and were more sensitive to DNA damage. As
shown by immunoblot and RT-PCR analyses, the expression of
p21 was profoundly impaired in MOZ™'~ MEFs after ADR
treatment (Fig. 3, A and B, supplemental Fig. $3, A-C). These
results suggest that MOZ stimulates p53-dependent transcrip-
tion of the p21™* gene, thereby regulating cell-cycle arrest.

MOZ ™'~ mice die at around embryonic day 15 (E15) (33).
The response of MOZ '~ MEFs to DNA damage suggests
that the p53 pathway may be altered in MOZ™’~ MEFs. In
fact, induced expression of p21 was profoundly impaired in
MOZ™'~ MEFs as assessed by immunoblot and RT-PCR
analyses.

A previous report demonstrated that p21 expression was not
induced in p53~~ cells after ADR treatment, and Bax expres-
sion was only slightly affected (51). DNA damage-induced cell-
cycle arrest was impaired in MOZ™'~ MEFs (Fig. 24), as
observed in p53-null and p21-null cells. These results suggest
that the enhanced apoptosis found in MOZ ™'~ MEFs may be
due to reduced induction of p21 and impaired cell-cycle arrest.
In fact, reporter analysis indicated that MOZ did not increase
the activity of the Bax and AIP1 promoters (supplemental Fig.
$3, Fand G). Although the specific expression mechanisms are
currently unknown, there are two possibilities. Because the
p53-MOZ complex prefers the p21 promoter to other promot-
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ers (Fig. 3D), formation of the p53-MOZ complex may inhibit
transcription of apoptotic genes by reducing levels of available
p53. Alternatively, MOZ may enhance p53-mediated cell-cycle
arrest, thereby inhibiting transcription of apoptotic genes indi-
rectly. p300~/~ MEFs retain the ability to respond to UV irra-
diation by stabilization of p53 and induction of p21 (52).
Because CBP functions as a co-activator to p53 as well as p300,
CBP may compensate for p300 function in p300™/~ MEFs.

Somatic mutations in p53 are found in ~50% of all human
cancers. Approximately 1400 different p53 mutations have
been reported, with the large majority of such mutations
located in the DNA binding core domain (47, 48). Domain anal-
ysis using p53 deletion mutants indicated that the DNA-bind-
ing core domain of p53 is required for interactions with MOZ,
which suggests that the p53-MOZ complex controls access of
p53 to binding sites in target gene promoters and that MOZ
may play a role in the selectivity of p53-mediated activation of
transcription. In the process of screening somatic tumor-asso-
ciated p53 mutants, we found that the G279E mutation of p53,
which did not affect DNA binding to p53 responsive elements
but impaired transcription of p21, disrupted the interaction
between p53 and MOZ., These results suggest that MOZ func-
tions as a co-activator of p53, and that activation of p53-de-
pendent transcription of p21 may depend on the interaction of
p53 with MOZ to recruit p53 to the p21 promoter.

The MOZ-CBP leukemic fusion gene is produced by the
t(8,16) translocation, which is associated with acute myeloid
leukemia, suggesting that MOZ-CBP may affect the growthand
differentiation of hematopoietic cells. We found that the MOZ-
CBP fusion protein inhibits p53-mediated transactivation of
p21 (Fig.5, D and F). Because MOZ-CBP fusion protein showed
reduced activity for acetylation of p53 as compared with either
CBP or MOZ alone, MOZ-CBP might suppress p53 acetylation
by competing with other HAT protein such as CBP and MOZ
(supplemental Fig. $4, A and B).

Another leukemia-associated fusion, MOZ-TIF2, also inhib-
its p53-dependent transcription (37). ChIP analysis indicated
that MOZ-CBP directly inhibits binding of p53 to the p21 pro-
moter (supplemental Fig. 54C). These results suggest that p53
dysfunction associated with MOZ gene translocations and
inhibition of p53/MOZ-mediated transcription are involved in
the pathogenesis of leukemia and other cancers.
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PML, a nuclear protein, interacts with several transcription factors and their coactivators, such as HIPK2
and p300, resulting in the activation of transcription. Although PML is thought fo achieve transcription
activation by stabilizing the transcription factor complex, little is known about the underlying molecular
mechanism. To clarify the role of PML in transcription regulation, we purified the PML complex and identified
Fbxo3 (Fbx3), Skpl, and Cullinl as novel components of this complex. Fbhx3 formed SCF™* ubiquitin ligase
and promoted the degradation of HIPK2 and p300 by the ubiquitin-proteasome pathway. PML inhibited this
degradation through a mechanism that unexpectedly did not involve inhibition of the ubiquitination of HIPK2.
PML, Fbx3, and HIPK2 synergistically activated p53-induced transcription. Our findings suggest that PML
stabilizes the transcription factor complex by protecting HIPK2 and p300 from SCF Pt induced degradation
until transeription is completed. In contrast, the leukemia-associated fusion PML-RAR« induced the degra-
dation of HIPKZ2, We discuss the roles of PML and PML-retinoic acid receptor o, as well as those of HIPK2
and p300 ubiquitination, in transcriptional regulation and leukemogenesis.

In human leukemia, specific chromosomal translocations re-
sult in the expression of specific fusion proteins and malig-
nancy (16, 39). The PML gene is the target of the 1(15;17)
chromosome translocation in acute promyelocytic leukemia
(APL) and is fused to the retinoic acid receptor a (RAR«)
gene, which leads to the generation of a PML-RAR« fusion
protein (11, 12, I8, 28). The PML protein is known to localize
in discrete nuclear speckles called PML nuclear bodies (NBs)
{58). In the NBs, PML interacts with several transcription
factors such as p53 and AMLI, transcription coactivators such
as HIPK2 and p300, and apoptosis modulators such as pRB
and DAXX (27, 52, 53). PML enhances p53-dependent apop-
tosis by inducing p53 target genes (15, 20). Additionally, PML
can lead to cell senescence by activating p53 (46). We have
reported that PML interacts with AMLI, a larget of several
chromosome translocations in leukemia (41), and stimulates
the AML1-dependent differentiation of murine myeloid pro-
genitor cells (44). APL-derived PML-RAR« is thought to be
dominant negative 10 PML, PML-RARa disrupts NBs into
microspeckles (14) and inhibits DNA damage-induced apop-
tosis (56) and PML 1V enhancement of PU.1-induced myeloid
differentiation (57). Thus, PML activates and PML-RAR« re-
presses transcription. However, little is known about how PML
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activates transcription. Moreover, it remains unclear why tran-
scription factors and coactivators are localized in NBs,

The ubiquitin-proteasome pathway involves two successive
steps: labeling of the substrates with multiple ubiguitin mole-
cules and degradation of the labeled substrates at the 265
proteasome. Ubiquitin conjugation is catalyzed by three en-
zymes: the ubiquitin-activating enzyme E1, the ubiguitin-con-
jugating enzyme E2, and the ubiquitin-protein ligase E3 (17).
E3 ubiquitin ligases arc classilied into several types, including
HECT-ype E3, RING finger motif-containing E3, and U-box
domain containing E3. MDM2, the APC/C complex, and the
SCF complex are known 1o be the RING finger motif-contain-
ing E3 (21, 33, 54). The SCF complex is composed ol F-box
protein, Skpl, Cullinl (Cull), and ROCI. In the SCF complex,
F-box proteins recognize specific substrates for ubiquitination.
Therelore, the different SCF complexes are designated accord-
ing to their F-hox proteins (7, 24, 30), Proteins ubiquitinated by
the SCF complex are degraded rapidly by the proteasome.

In this study, we purified the PML complex to clarify the role
of PML in transcription and identified Fbxo3 (Fbx3), Skpl,
and Cull as components of the PML complex. We found that
Fbx3, whose substrates were unknown, formed SCF™ ubig-
uitin ligase and regulated the degradation of HIPK2 and p300
by the ubiquitin-proteasome pathway. This degradation was
inhibited by PML through a mechanism that did not involve
the inhibition of ubiquitination. PML, HIPK2, and Fbx3 in-
creased p53 transcriptional activity synergistically. Our data
suggest that the interplay between SCF™-induced ubiqui-
tination and degradation of transcription coactivators, such as
HIPK2 and p300, and the stabilization of these coactivators by
PML play critical roles in transcriptional regulation.
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MATERIALS AND METHODS

Cell culture, infection, and antibodies. K562 cclis, MOLT-4 cells, HI299 cells,
MUCF7 cells, and NB4 cells were cultured in RPMI 1640 medium supplemented
wilh 104 fetal calf serum (FCS). SKNO-1 cells were cultored in GIT (Wako).
BOSC23 cells and PLAT-E cells were cultured in Dulbecco’s modified Eagle's
medium supplemented with 10% FCS, NIH 3T3 cells were cultured in Dulbec-
mtmmmcsmwudwﬁhlimuﬂm Mouse booe

(BM} cell suspensions were prepared by flushi d femom with
phosphate-bulfered saline (PBS), and the colls were cultured in StemPro-34
with 259 nutrient supplement. 2 mM 1-glstamine. 10 ng/ml
interleukin-3, 50 ng/ml SCF, 10 ng/ml in M. 20 ng/ml interleukin-6. 1%
penicillin-streptomycin, and 0,17 tylosin. For the production of reroviruses,
PLAT-E cells were trnnsfected with pMSCV-derived retroviruses by the calcium
precipitation method, and culture supermatants were collected 48 h
after transfection. NIH 3T3 cells were infected by incubation in the culture
supunmu{PLATEndhiﬂ:ﬂmaw 24 h
Anti-!l.lﬂi. i ‘w‘ i pr sty (20), Anti-Fio3 antibody was
I by i mice with hione S-4ransferase-lngged i,
mwmmwmmmnhm“m
glutinin (anti-HA) (3F10; Roche), anti-FLAG (M2; Sigma), anti-Gald (RKSCL;
Santa Cruz), anti-pi00 (N15: Santa Cruz), antitubulin (H235; Santa Cruz), an-
liubiquitin (FK2; Nippon Bio-Test), and anti-PML (001 [MBL], H238 [Santa
Cruz), or 36.1-104 [UBL]).

Plasmids. Human Fbad ¢cDNA was amplificd by PCR from a human ¢DNA
litbrary generated from paly(A)* RNA of K362 cells by use of the oligonucieo-
tides 5'-ACCGGOOCAGGCAAGATGGC-3" as the upstream primer and 5'-G
CAAACCCAAACAATCCAATTCC-Y as the downstream primer. The N-ter-
minal FLAG tag and HA tag were fused to Fhx3 cDNAs by use of the
oligonucleotide 5'-ACOTACCGCGGACCATGGCAGACTACAAGGACGA
CGATGACAAGGCGGCCATGGAGACCGAGAC-Y or 5-ACGTACCGLG
GACCATGOGCATACCCATACGACGTGCCTGACTACGCTGCGGCCATG
GAGACCUGAGAC-3 as the upsircam primer and 5'-TCTGUGCTTCCACAG
CATCG-3' as the downstream primer in the PCR, Fbo3 deletion mutants were
generated by PCR using peDNA-HA-Fbad or peDNA-FLAG-Fhixd as the tem-
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RNA interference, RT-PCR, und real-time PCR, Find-specific and conirol
small interdering RNAs (siRNAs) were purchased [rom Ambion. RARa-specific
and control stealth siRNAs were purchased from Invitrogen. MOLT cells md
NB4 cells were transfected with these sIRNAs by using Nucleofector {Amaxa).
NIH 373 cells were transfected five times with these sIRNAs by use of Lipo-
fectamine 2000. For revense transcriptase PCR (RT-PCR). 1otal RNA was pu-
rified using an RNeasy mini kit (Qingen), and cDNAs were transcribed using
SuperScript Tl RT (Invitrogen ). PCRs were perf J using the following prim-
enc Find (human) forward (5GGTGTCOCTCGGATGGTTTTATCTC-3) and
reverse (5-TCTCTGATGATGGGGAAGCCAC-3), Fbud (mouse) forwnrd
(5"-ACCCTCTGCTGCTCATCTTATOC-3) and reverse (5'-CCACTAACTTT
TGCCCGTTGTG-3' ), HIPK2 forward (5'-GCTTCCAGCACAAGAACCACA
C-3') and reverse (5" -GCAATGACACAACCAAGGGACC-3'), p300 forward
s -(';CMWAAMAOGCMH’ICJ} and Toverse (5 Tﬂa\G&CﬂM
GACACACAGGACAATC-3'), gly hyde-3-ph
forward (5 -CTTCACCACCATGGAG, AmBilndm{S-GGCATU
GACTOTGGTCATGAG-3'), PML-RARa forward (53-CCAATACAACGAC
AGCCCAGAAG-3") and tevense (S -CCATAGTGOTAGOCTGAGGACTTG-
), and RARa forwnnd (5-CAGAACTGCTTGACCAAAGGACC-3') and
reverse (5-AAGGUTTGTAGATGCGGGGTAGAG-3'), Real-time PCR was
performed using the 7500 fast real-time PCR system (Applied Biosystems). The
expression of the p2/ gene was normalized with respect 10 the expression of the
TBP gene.

In vivo degradotion assay, BOSC23 cells were transfected with the desired
veclors, incrensing amounts of peDNA-HA-Fix3, and pFA-CMV for expression
utlhg(thNA-binﬁnadnmin{GmBD]nanmumﬂmud Afer 24 b,
the cells were lysed. The lysates were analyzed by W blotti

1n vivo ubiquitination assay. BOSC23 cells were transfected with the desired
vectors, Cells were treated with 50 uM MG132 | b before harvesting and hysed
in lysis buller. To assay the stabilization of ublquitinated HIPK2, cells were lyed
in radioimmunoprecipitation assay buffer (20 mM Tris-HC1, pH 7.5, 150 mM
NaCl, 2 mM EDTA, 0.25% SDS, 1% NP-40, 1% sodium deoxycholic acid, § mM
DTT, and | mM PMSF} suppl d with Complete, The lysates were incu-
bated with anti-FLAG antibody-conjugated tmuh as described above. Ulriqui-

plate. The PML, AMLI, p300, and HIPK2 expression vectors were g | as
described previously (1, 32, 37, 44, §7), pS3 expression vectors and the MDMI-
tuc reporter were kindly provided by Y, Tayn.

Purification of the PML complex. K562 cells were transfected with pLNCX or
PLNCX-FLAG-PML I by electroporation, Cells sinbly expressing FLAG-PML 1
protein were cloned. The cells (1 % 10" cells) were lysed by sonication at 4°C
in 500 ml of 500 mM NaCl lysis buffer (20 mM sodium phosphate, pH 7.0, 500
mM NaCL 30 mM sodium te, 0,15 NP-40, $mM EDTA, 10 mM
NaF. 5 mM dithinthreitol |DTT], and | mM phenylmethylsulfonyl fuorid
[PMSF]) sup d with Complete (Roche). The lysates were cleared by
centrifugation at 40,000 % g for 30 min at 4°C and incubated with 2.5 mi of
anti-FLAG monoclonal antibody (M2)-conjugnied beads with a1 4°C for
12 h. The beads with absorbed PML T ph were washed six times
with 50 mi of lysis buffer (20 mM sodium phosphate, pH 7.0, 250 mM NaCl, 30
mM sodium pyrophosphate, 0.1% NP-40, § mM EDTA. {0 mM NaF, 5 mM
DTT, and | mM PMSF). The PML 1 complexes wore selectively cluted by
incubating twice with 0.2 mg/ml FLAG peptide in 7.5 ml of lysis buffer for 2 h.
m:lmmummmudndngnﬂmhndﬂuwmudbymdinm

¥l sulfate-polyacryl gel el horesis (SDS-PAGE). Proteins were
ﬂmdﬂlhwmmmmmHMMum
¢ and 50% itsile, dried, digested with seq de modified
trypsin in 50 mM Tris-HC (pH 7.6), extracted with 5% trif ic acid-50%
acetonitrile, and subjected to liquid chromatography-tandem mass spectrometry
analysis.

Immunoprecipitation and Western blotting. BOSC23 cells were transfected
with the desired vectors. After 15 h, culiure supernatants were exchunged for
fresh media and cells were treated with or without 10 pM MG132 (Calbiochem)
for 9 b, The cells were lysed by incubation at 4°C for 30 min in kysis bulfer. The
lysates were cleared by centrifugation at 40,000 g for 30 min at 4°C and the
supemnatants were incubsted with ami-FLAG gited bends with
rotation at 4°C for 12 h, The beads were washed six times with | ml of lysis buffer.
Afer being washed, the cell extracts were selectively eluted by incubaring with
0.2 mg/ml FLAG peptide for 2 h,

Cell lysates and P were (i d on SDS-p ylamid
gels and ferred onto nitrocelil (Amersham)  The mem-
hlnmwcn: lnnlbnmdvnlh prhny antibodies and whh horseradish peroxidase-

The i were visunlized by the

Ly

ECI. ur ECL-Plus lndamqm.- (Amersham).

tinated HIPK2 was d d by i blotting with the antiubiguitin antibody
followed by with b dish o Jugated dary anth-
bodies as described above.

Tmmunofluorescence. MCFT cells were d in four-well ch slides
and transfected with pLNCX-FLAG-PML 1 and pcDNA-HA-Cull, pcDNA-HA-
Findh, or peDNA-HA-Skpl, or pLNCX-FLAG-PML 1V and pLNCX-HA-HIPK2
or pLNCX-HA-p300 by use of Li 2000. The cells were treated with
or without 10 uM MGI32 for 18 h (HIFK2) or 9 h (p300). After MG132
treatment, the cells were fived with 4% fi ldehyde in PBS and incubated with
02% Triton X-100 in PBS for § min st wom lempemture, Antibodies were
dikited in blocking buffer (1% FCS in PBS), Cells were incubnted with the

pnnwrymshndiu[uruhumnndm bated with the
antibodics. The slides were m Vi J (Vector Lab:
Imnges were cay d on an Olymp

Mmm Hlmmlhme lunsfu:tul using the calcium phosphate
itntion method or Lipof ine 2000 in 24-well plates, and tucifemss
nc!hrity was assayed after 24 1y with & Veritas luminometer (Tumer Biosystems)
g 10 the manufocturer’s (P ). Results of reparter assays
mwnmmmwmmwmmwpmm

four i d i and | against the activity of the enzyme
form ﬂRG-TK 48 an intemat control.
RESULTS

PML complex contains Cull, Fbx3, and Skpl. In order to
clarify the role of PML in transcription, we purified the PML
complex from the cell lysates of K562 cells expressing FLAG-
tagged PML 1 and resolved the complex by SDS-PAGE. Liquid
chromatography-tandem mass spectrometry analysis identified
Cull, Fbi3, and Skp! as components of the PML complex (Fig.
1A and B). Other proteins identified in the PML complex are
shown in Table S1 in the supplemental material. To test
whether Cull, Fin3, or Skpl interacts with PML I, we used
immunofluorescence analysis, HA-tagged Cull, HA-lagged
Fbx3, or HA-tagged Skpl was cotransfected with FLAG-
tagged PML 1 into MCF7 cells, and the locations of these
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FIG. 1. Ubiquitin ligase SCF*™ is part of the PML complex. (A) Purification of the PML complex. The PML complex was purified from cell
lysates prepared from K562 cells carrying an empty vector (mock) or stably expressing FLAG-tagged PML L. The complexes were incubated with
anti-FLAG antibody-conjugated agarose, and the bound materials were eluted with the FLAG peptide. The eluates were resolved by SDS-PAGE
and visualized by silver staining. The protcins were identified by mass spectrometry. (B) The amino acid sequences of the peptides derived from
the fractions specific o the FLAG-PML I-expressing cells. The proteins in the specific fractions were identified as Cull, Fbx3, and Skpl. (C) Cull,
Fbx3, and Skp! colocalized with PML 1. MCF7 cells were cotransfected with pLNCX-FLAG-PML I and pcDNA-HA-Cull, pcDNA-HA-Fbx3, or
pcDNA-HA-Skpl. Cull, Fbx3, and Skpl were stained with anti-HA antibody and PML 1 was stained with anti-PML (001) antibody. DAPIL,
4' 6'-dinmidino-2-phenylindole. (D) Fba3 forms a complex with Skpl, Cull, and ROCL, BOSC23 cells were transfecied with pcDNA-HA-Skpl,
peDNA-HA-Cull, pcDNA-HA-ROCL, and either the empty vector (—) or peDNA-FLAG-Fbx3. The expression of Skpl, Cull, and ROCI in the
lysates of transfectants was detected by immunoblotting using anti-HA antibody (left). The Fhx3 complex was immunoprecipitated with anti-FLAG
antibody. The immunoprecipitates were analyzed by immunoblotting using anti-HA and anti-FLAG antibodies (right). (E) The F-box domain is
required for the interaction between Fin3 and Skpl. BOSC23 cells were transfected with pcDNA-HA-Skpl and either mock or pcDNA-FLAG-
Fbx3 constructs as indicated. The expression of Skpl in the lysates of transfectants was detected by immunoblotting using anti-HA antibody (1op).
The lysates of transfectants were incubated with anti-FLAG antibody. The immunoprecipitates were analyzed by immunoblotting using anti-HA
(middle) and anti-FLAG (bottom) antibodies. (F) PML interacts with SCF*™ through Fbx3. BOSC23 cells were cotransfected with pcDNA-
HA-Fbx3, pcDNA-HA-Skpl, pcDNA-HA-Cull, pcDNA-HA-ROCI, and either mock empty vector or pLNCX-FLAG-PML 1. The interactions
between PML 1 and components of SCF™ were analyzed as described for panel D. (G) Endogenous Fhx3 interacts with endogenous PML.
SKNO-1 cells were lvsed and Fbx3 was immunoprecipitated with anti-Fbx3 antibody. The immunoprecipitates were analyzed by immunoblotting
with anti-Fbx3 and anti-PML (H238) antibodies. IP, immunoprecipitate; WB, Western blot; a-, anti-.
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proteins were detected by anti-HA antibody (Cull, Fbx3, or
Skpl) or anti-PML antibody (PML I). PML I was localized in
NBs, and Cull, Fbx3, or Skpl was colocalized with PML 1 at
the peripheries of NBs (Fig. 1C). Colocalization of Fbx3 with
PML [ was detected more significantly than that of Cull and
Skpl (Fig. 1C). Cull and Skp1 are known to be compaonents of
SCF ubiquitin ligase (17). The function of Fbx3 was unknown,
but it contains the F-box domain, which is found in a compo-
nent of the SCF complex that determines substrate specificity
(24). To confirm that Fbx3 was a component of the SCF com-
plex, BOSC23 cells were transfected with FLAG-tagged Fbx3
and HA-tagged Skpl, Cull, and ROCI. In immunoblot anal-
ysis, HA-tagged Skpl, Cull, and ROCI coprecipitated with
FLAG-tagged Fbx3 (Fig. 1D). The F-box domain is known to
be a Skpl interaction site (30), Therefore, we examined
whether the F-box domain of Fbx3 was required for interaction
with Skpl. The Fbx3 mutant lacking the F-box domain (AF-box
mutant; deletion of the region from 61 to 471) did not copre-
cipitate with Skpl (Fig. 1E). These results suggest that Fbx3
can form an SCF ubiquitin ligase (SCF™),

As shown in Fig. 1A, components of SCF™ were present in
the PML complex. A coimmunoprecipitation assay was per-
formed to determine the component of SCF™ that was pri-
marily responsible for mediating its interaction with PML.
When cotransfected together, all of the componenis of
SCF™, including Fbx3, Skpl, Cull, and ROCI, were effi-
ciently coprecipitated with PML (Fig. IF). However, PML
could not be coprecipitated with Skpl, Cull, or ROCI cffi-
ciently without cotransfection with Fbx3 (Fig. 1F). In addition,
a strong interaction between PML and Fbx3 was detected
without cotransfection of the other SCF™* components. To
assess whether endogenous PML interacted with endogenous
Fbx3, we performed coimmunoprecipitation assays. We found
that endogenous PML was eflicieatly coprecipitated with en-
dogenous Fbx3 (Fig. 1G). These results suggest that Fbx3 me-
diates the interaction between SCF™ and PML.

Since several isoforms of PML are known, we fested the
interactions between PML isoforms and Fbx3, Coimmunopre-
cipitation analysis indicated that Fbx3 could be coprecipitated
with all PML isoforms tested (1 to V1) (Fig. 2A). To determine
the domains in Fbx3 that are required for interaction with
PML, HA-tagged PML I was cotransfected with FLAG-tagged
Fbx3 deletion mutants, as shown schematically in Fig. 2B.
Deletion of the regions from 341 to 404 and from | to 60 of
Fbx3 are required for interaction with PML (Fig. 2C). The
Fbx3 mutant (deletion of 61 to 340), which does not contain
both regions, did not interact with PML I at all. To determine
the domains in PML that are required for the interaction with
Fbx3, FLAG-tagged Fbx3 was cotransfected with HA-tagged
wild-type or truncated versions of PML, as shown schemati-
cally in Fig. 2D. Removal of the N-terminal proline-rich (Pro)
region (1 1o 55), the coiled-coil region (217 to 329), or the
serine-proline region (502 to 553) did not affect the interaction
with Fbx3. C-terminal deletions up to amino acid 343 did not
affect the interaction, but further deletion up to 313 resulted in
the loss of interaction (Fig. 2E). However, Fbx3 interacted with
the PML mutant truncated between amino acids 330 and 342
(Fig. 2F). Fbx3 also interacted with the PML mutant with a
truncation in its N-terminal region (Fig. 2F). Thus, the Fox3
interaction sites of PML are located between amino acids 330
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and 342, close to the coiled-coil region, and in the C-terminal
region.

Fbx3 stimulates PML-mediated transcriptional activity of
p53. PML is known to activate pS3-dependent transcription
(15, 20). The fact that Fba3 is a part of the PML complex (Fig
1A) suggested that Fin3 functions in PML-dependent tran-
scriptional activation. To test the effect of Fbx3 on p53-depen-
dent transcription, we performed reporter analyses using the
MDM?2 promoter. As shown in Fig. 3A, lane 8, PML IV acti-
vated p53-dependent transcription, as previously reported (15,
20). Although Fhx3 alone had little effiect on p53-dependent
transcription (Fig. 3A, lane 9), it activated p53-dependent tran-
scription when cotransfected with PML IV (Fig. 3A, lane 11).
In contrast, the AF-box mutant, which cannot form the SCF
complex, did not activate transcription even in the presence of
PML IV (Fig. 3A, lane 12). As shown in Fig. 2E, the region
from amino acid 330 to 342 and the C-terminal region of PML
are important for its interaction with Fbx3. We examined
whether PML mutants lacking these regions (PML IV A330-
342 and A502-882) would activate pS3-dependent transcrip-
tion. Unlike the PML IV wild type, PML IV A330-342 and
A502-882 did not activate p53-mediated transcription (Fig.
3B). To determine whether Fbx3 is involved in PML-depen-
dent transcriptional activation, we performed reporter analyses
using siRNAs for Fbx3, Fbx3-specific siRNA (siFbx3) inhibited
PML-dependent transcriptional activation, in contrast (o the
control siRNA (siControl) (Fig. 3C). The induction of p27, a
P53 target gene, is known to be impaired in PML ™/~ cells (20).
To examine whether Fbx3 contributes to the expression of p21,
we used siRNA to knock down endogenous Fbx3 expression.
Fbx3 depletion by siRNA impaired the adriamycin (ADR)-
induced expression of p2/ (Fig. 3D). Thus, SCF™ stimulates
PML-dependent transcriptional activation. These results sug-
gest that the ubiquitination substrates of SCF™ are factors
that are involved in PML-dependent transcriptional activation.

HIPK2 and p300 are the targets of SCF™<, It has been
reported that PML, HIPKZ, and p300 activate p53-dependent
transcription (3, 13, 22, 38, 42) as well as AML1-dependent
transcription (1, 32, 44). p53, AMLI, HIPK2, and p300 are
known to interact with PML and therefore could be potential
targets of SCF*™, To test whether Fbx3 promoted the deg-
radation of these proteins, increasing amounts of Fbx3 were
cotransfected with PML [, PML 1V, p53, AMLI, HIPK2, and
p300. Although Fbx3 had no effect on the levels of PML I,
PML 1V, p53, or AMLL (Fig. 4A), it decreased the levels of
HIPK2 and p300 in a dose-dependent manner (Fig. 4A). These
decreases were inhibited by the proteasome inhibitor MG132
(Fig. 4A). The AF-box mutant did not decrease the levels of
either HIPK2 or p300 (Fig. 4B). To examine whether endog-
enous HIPK2 and p300 were degraded by Fbx3, NTH 3T3 cells
were infected with an emply retrovirus or a retrovirus encoding
Fbx3 and cultured in the absence or presence of MGI32,
Immunoblot analysis indicated that Fbx3 overexpression de-
creased the levels of endogenous HIPK2 and p300 in the ab-
sence of MG132 but not in the presence of MG132 (Fig. 4C).
These results suggest that SCF™ induces a proteasome-de-
pendent degradation of HIPK2 and p300.

To determine whether endogenous HIPK2 and p300 were
degraded by endogenous SCF™, we used siRNA to knock
down endogenous Fbx3 expression. Transfection of NIH 3T3
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FIG. 2. PML and Fbx3 interact with their respective specific domains. (A) PML isoforms interact with Fhw3, BOSC23 cells were transfected with
pLNCX-HA-Fbx3 and either mock or pLNCX-FLAG-PML isoforms (I 1o V1), The expression of Fbs3 in the lysates of transfectants was detected by
immunoblotting using anti-HA antibody (top), The lysates of transfectants were incubated with anti-FLAG antibody. The immunoprecipitates were
analyzed by immunoblotiing using anti-HA (middle) and anti-FLAG (bottom) antibodies. (B) Schematic diagram of the structures of Fiw3 deletion
mulants. PML indicates the strongly interacting (thick line) and weakly interacting (thin line) regions of Fbx3 us determined for panel C. (C) Identification
of Fbx3 regions required for interaction with PML. BOSC23 cells were transfected with pLNCX-HA-PML I and mock or peDNA-FLAG-F3 deletion
constructs as indicated, The expression of PML 1 in the lysates of ransfectants was detected by immunoblotting using anti-HA antibody (top). The lysates
of ransfectants were incubated with anti-FLAG antibody, The immunoprecipitates were analyzed by immunoblotting using anti-HA (middle) and
anti-FLAG (bottom) antibodies. (D) Schematic diagram of the structures of PML deletion mutants. The proline-rich region (Pro), the RING finger
domain (RING), B-box domain 1 (B1), B-box domain 2 (B2), the coiled-coil domain (CC), the nuclear import signal (NLS), and the serine-proline-rich
region (SP) are indicated. Fbx3 indicates the interacting region of PML as determined for panels E and F. (E and F) Identification of PML regions
required for interaction with Fow3. BOSC23 cells were cotransfected with pLNCX-FLAG-Fbx3 and pINCX-HA-PML deletion constructs (E) or with
peDNA-HA-Find and pLNCX-FLAG-PML deletion constructs (F) as indicated. The interactions between Fox3 and the PML mutants were analyzed
as described for panel C. 1P, immunoprecipitale; WB, Western blot; WT, wild type; o-, anti-,

cells with Fbx3 siRNA resulted in a decrease in Fbx3 mRNA  These data demonstrate that the stability of HIPK2 and p300
levels (Fig. 4D, top). Fbx3 depletion by siRNA did not affect s regulated by SCF™,

HIPK2 and p300 mRNA levels (Fig. 4D, top) but rather in- In order to clarify whether SCF™ degrades HIPK2 by the
creased HIPK2 and p300 protein levels (Fig. 4D, bottom).  ubiquitin-proteasome pathway, we examined whether Fbx3 in-
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FIG. 3. PML and Fia3 cooperatively activate pS3-medinted tran-
seription. (A) Fbx3 activates p53-mediated iranscription cooperatively
with PML. H1299 cells were cotransfected with 200 ng of MDM2-lue,
50 ng of phRG-TK, and 5 ng of pLNCX-FLAG-p53, 100 ng of
PLNCX-HA-PML 1V, and/or 200 ng of pcDNA-HA-Fbx3 or pcDNA-
HA-AF-bos. Cell lysates were analyzed for luciferase activity at 24 h
after fection. Values represent means * standard errors of the
means (SEM) from four independent determinations, (B) The Fix3
interaction sites of PML are needed for the activation of p53-depen-
dent transcription. H1299 cells were cotransfected with 200 ng of
MDM2-lue, 50 ng of phRG-TK, and 5 ng of pLNCX-FLAG-p53
andfor 100 ng of CX-FLAG-PML 1V, pLNCX-FLAG-PML IV
A330-342, or pLNCX-HA-PML AS502-882. Cell lysates were analyzed
for luciferase activity at 24 h after 1ransfection. Values represent
means = SEM from four independent determinations. (C) Foed is
imvolved in PML-dependent transcriptional activation, H1299 cells
were cotransfected with 200 ng of MDM2-luc, 50 ng of phRG-TK, 5 ng
of pLNCX-FLAG-p53, and 50 ng of pLNCX-FLAG-PML IV and/or
100 pmol siConirol or siFbx3 by using Lipofectamine 2000. Cell lysates
were analyzed for luciferase activity at 24 h after transfection. Valoes
represent means = SEM from four independent determinations (top).
The primers for RT-PCR (bottom) are described in Materials and
Methods, (D) Expression of p2/ Is decreased by knocking down Fhx3,
MOLT-4 cells were transfected with siControl or siFx3 and then
treated with 0.5 uM ADR. The primers for RT-PCR (1op) are de-
scribed in Materials and Methods. The expression of p2] was analyzed
by real- ume PCR (bottom), Values represent means = SEM from four
terminati *, P value of <0.001 compared with the

srCcntrol value for the 6-h time point. GAFDH, ghyeraldehyde-3-

—:-:

duced the ubiquitination of HIPK2. BOSC23 cells were trans-
fected with FLAG-tagged HIPK2 and HA-tagged Fbx3 and
then treated with MG132. HIPK2 proteins were immunopre-
cipitated with anti-FLAG antibody. Western blot analysis of
the immunoprecipitates by vse of antiubiguitin antibody indi-
cated that Fbx3 stimulated the vbiquitination of HIPK2 (Fig.

PML STABILIZES TRANSCRIPTION COACTIVATORS  7I31

4E). However, the AF-box mutant did not stimulate the ubig-
uitination of HIPK2 (see Fig. S1 in the supplemental material).
These results suggest that SCF™ induces the ubiguitination
of HIPK2. Unfortunately, we could not detect the ubiquitina-
tion of p300. This may have been because the large size of
polyubiquitinated p300 prevented its efficient transfer to filters
during immunoblotting.

In general, an F-box protein in the SCF complex interacts
with the target proteins (30). To confirm that HIPK2 and p300
are the targets of SCF™, we cxamined whether Fbx3 inter-
acts with HIPK2 and p300. BOSC23 cells were transfected with
HA-tagged Fbx3 and FLAG-tagged HIPK2 or p300. Fbx3 co-
precipitated with HIPK2 or p300 only when MG132 was added
(Fig. 4F), most likely because HIPK2 and p300 interaction with
Fbx3 resulted in their immediate degradation by the protea-
some. HIPK2 interacted with the N-terminal and C-terminal
regions of Fbx3 (see Fig. 52 in the supplemental material), In
contrast, PML, which is not a substrate for SCF™, inter-
acted equally with Fbx3 in the presence or absence of
MG132 (Fig. 4G).

PML inhibits Fhx3-induced degradation of HIPK2 and
p300, The fact that SCF™ is a part of the PML complex (Fig.
1A) suggested that PML plays a role in the Fbx3-mediated
degradation of HIPK2 and p300 by the ubiquitin-proteasome
pathway. To test this possibility, BOSC23 cells were trans-
fected with FLAG-tagged HIPK2 or p300, HA-tagged Fbx3,
and HA-tagged PML IV, Western blot analysis showed that

PML IV inhibited the Fbx3-mediated degradation of HIPK2

and p300 (Fig. 5A and B). We examined whether PML mu-
tants lacking the Fbx3-interacting regions (PML IV A330-342
and A502-882) would inhibit the Fbx3-mediated degradation of
HIPK2. PML IV A330-342 did not inhibit the Fbx3-mediated
degradation of HIPK2 (see Fig. S3A in the supplemental ma-
terial). However, PML IV A502-882 inhibited the Fbx3-medi-
ated degradation of HIPK2 (data not shown). These results
indicate that the region of amino acids 330 1o 342 of PML is
important for the stabilization of HIPK2. To examine the effect
of PML on the stability of endogenous p300, BM cells from
wild-type and Pml™"" mice were treated with cycloheximide
(CHX), an mhibitor of protein synthesis. After CHX treat-
ment, endogenous p300 was degraded faster in Pmi ™'~ cells
than in wild-type cells (Fig. 5C; also see Fig. S3B in the sup-
plemental material). Endogenous HIPK2 was not detected in
wild-type or Pmi~'= BM cells or in murine embryonic fibro-
blasts (data not shown). These data suggest that PML stabilizes
p300 by inhibiting its SCF™*-mediated degradation.

PML is known to accumulate in NBs together with many
other proleins, such as HIPK2 and p300. We hypothesized that
PML might stabilize HIPK and p300 by sequestering them in
NBs away from ubiquitin-proteasome-related proteins in the
nucleus. We used immunofluorescence analysis to test this
hypothesis. HA-tagged HIPK2 or HA-tagged p300 was co-
transfected with FLAG-lagged PML IV into MCF7 cells, and
the locations of these proteins were detected by anti-HA an-
tibody and anti-PML antibody, respectively. Without cotrans-
fection with PML, HIPK2 was localized in microspeckles and
p300 showed a diffuse staining pattern in the nucleus (Fig. 5D).
When coexpressed with PML IV, HIPK2 and p300 colocalized
with PML IV in NBs (Fig. 5E). When HIPK2 and p300 were
cotransfected with PML IV, followed by treatment with
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FIG. 4. HIPK2 and p300 are the targets of SCF™, (A) Fbud induces the degradation of HIPK2 and p300. BOSC23 cells were cotransfected
with 200 ng of pLNCX-FLAG-PML I, pLNCX-FLAG-PML IV, pLNCX-FLAG-p53, pLNCX-FLAG-AMLIb, pLNCX-FLAG-HIPK2, or
pLNCX-FLAG-p300; 100 ng of pFA-CMV for the expression of Gal4 BD as an internal control; and increasing amounts of pcDNA-HA-Fix3 (0,
50, 200, and 800 ng), The expression of PML 1, PML IV, p53, AMLI, HIPK2, or p300 in the lysates of transfectants was detected by
immunoblotting using anti-FLAG antibody. The expression of Fiw3 and Gald BD in the lysates of transfectants was detected by immunoblotting
using anti-HA and anti-Gal4 antibodies, respectively. MG132 was added as described in Materials and Methods, (B) The F-box domain of Fhad
is essential for the degradation of HIPK2 and p300, BOSC23 cells were cotransfected with pLNCX-FLAG-HIPK2 or pLNCX-FLAG-p300,
pcDNA-HA-Fn3 or pcDNA-HA-AF-hux and pFA-CMV. The cell lysates were analyzed as described for panel A. (C) Overexpression of Fihad
induces the degradation of ¢ HIPK2 and p300. NIH 3T3 infectants with an empty retrovirus (empty) or a retrovirus encoding Fox3,
cultured in the absence or presence of MG132, were lysed in SDS-PAGE sample buffer. The expression of HIPK2, p300, Fbx3, and tubulin was
detected by immunoblotting using anti-HIPK2, anti-p300, anti-HA, and antitubulin antibodies, respectively. (D) Expression of HIPK2 and p300
is increased by knocking down Fhx3, NIH 3T3 cells were transfected with siControl or siFbx3 five times. The primers for the RT-PCR (top) are
described in Materials and Methods. The expression of HIPK2, p300, and tubulin was analyzed by Western blotting (bottom) using anti-HIPK2,
anti-p300, and antitubulin, respectively, GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E) Fba3 ubiquitinates HIPK2. BOSC23 cells were
transfected with the desired vectors. Cells were treated with 50 uM MG132 and lysed. The lysates were immupoprecipitated with anti-FLAG
antibody as described in Materials and Methods. The ubiquitination of HIPK2 was analyzed by immunoblotting using antiubiquitin. (F) HIPK2
and p300 interact with Fbx3 in the presence of MG132. BOSC23 cells were cotransfected with pcDNA-HA-Fbx3 and mock empty vector,
PLNCX-FLAG-HIPK2 (tap), or pLNCX-FLAG-p300 (bottom). Cells were treated with or without 10 uM MG132 for 9 h. The expression of Fbx3
in the lysates of transfectants was detected by lmnmnuhlomng using anti- -HA snt'body (Input). The lysates of transfectants were incubated with
anti-FLAG antibody, The i ypreci lyzed by i bloiting using anti-HA antibodies (middle) and anti-FLAG antibodies
(bottom). (G) PML interacts with F'hx.“ BOSCl‘ ce]ls were transfected with pcDNA-HA-Fba3 and either mock empty vector or pPLNCX-FLAG-
PML I. The interaction between Fhx3 and PML I was analyzed as described for panel F. IP, immumoprecipitate; WB, Western blot; a-, anti-.
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FIG. 5. PML inhibits SCF'™-induced degradation of HIPK2 and p300. (A) PML inhibits the degradation of HIPK2 by Fhx3, pLNCX-FLAG-
HIPK2 (200 ng) and pcDNA-HA-Fbx3 (800 ng) and/or pLNCX-HA-PML 1V (250 ng) were cotransfected into BOSC23 cells. The expression of
HIPKZ in the lysates of transfectants was detected by immunoblotting using anti-FLAG antibody (top). The expression of Fhx3 (middle) and PML
[V (bottom) in the lysates of transfectants was detected by immunoblotting using anti-HA antibody. (B) PML inhibits the degradation of p300 by
Fhixd, pLNCX-FLAG-p300 (200 ng) and pcDNA-HA-Fin3 (800 ng) andfor pLNCX-HA-PML 1V (200 ng) were cotransfected into BOSC23 cells.
The expression of p300 (top), Fbx3 (middle), and PML IV (bottom) was detected as described for panel A. (C) PML stabilizes p300. Wild-type
(WT) and Pml™"" BM cells were treated with 100 pg/ml CHX. The expression of p300, PML, and tubulin was detected by immunoblotting using
anti-p300, anti-PML (36.1-104), and antitubulin antibodies, respectively. (D) Localization of HIPK2 and p300 in the nucleus, MCF7 cells were
transfected with pLNCX-HA-HIPK2 or pLNCX-HA-p300. The localization of HIPK2 and p300 was analyzed by use of anti-HA antibody,
(E) HIPK2 and p300 are localized outside of NBs in the presence of MG132. MCF7 cells were cotransfected with pLNCX-FLAG-PML IV and
pLNCX-HA-HIPK2 or pLNCX-HA-p300. Cells were treated with or without 10 uM MG 132, HIPK2 and p300 were stained with anti-HA antibody
and PML IV was stained with anti-PML (001) antibody. DAPI, 4',6"-diamidino-2-phenylindole.

PML does not inhibit the wbiquitination of HIPK2 by

MG132, HIPK2 and p300 were localized to both the inside and

outside of NBs. In contrast, PML was localized only in NBs
before and after treatment with MG132 (Fig. 5E). Thus,
MG132 stabilized HIPK2 and p300 outside of the NBs but not
in the NBs, These results suggest that HIPK2 and p300 are
degraded by the ubiguitin-proteasome pathway when located
outside of NBs and stabilized by PML when located within
NBs.

SCF™, PML inhibited the degradation of HIPK2 by SCF™™
(Fig. 5A). To test whether PML affects the Fhx3-induced ubig-
vitination of HIPK2, BOSC23 cells were cotransfected with
FLAG-tagged HIPK2, HA-tagged Fbx3, and HA-tagged PML
IV. Without proteasome inhibitors, Fbx3 induced the degra-
dation of HIPK2 (Fig. 6A, lane 3), and PML inhibited this
degradation of HIPK2 (Fig. 6A, lane 4). However, the levels of
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BOSC23 cells were transfected with pLNCX-FLAG-HIPK2 and/or pcDNﬁ-HA -Fn3 and/or pLNCX-HA-PML IV. Cells were lysed as described
in Materials and Methods. The immunoprecipitates by anti-FLAG antibody were analyzed by immunoblotting using antiubiquitin antibody. The
asterisk indicates a nonspecific band present in all samples. (B) HIPK2, PML, and Fox3 activate pS3-dependent transcription synergistically. H1299
cells were cotransfected with 200 ng of MDM2-luc, 50 ng of phRG-TK, and 2.5 ng of pLNCX-FLAG-p53 or 700 ng of pLNCX-HA-HIPK2, 100
ng of pLNCX-HA-PML 1V, andfor 200 ng of pcDNA-HA-Fbx3 as indicated. Cell lysates were analyzed for lucifernse activity at 24 h after

4 4

determi

transfection. Values represent means = SEM from four i

ubiquitinated HIPK2 were increased when HIPK2 was co-
transfected together with both PML and Fbx3 (Fig. 6A, lane
4). These results suggest that PML inhibits the degradation of
HIPK2 through a mechanism that does not involve the inhibi-
tion of its ubiquitination by SCF*™,

It has been reported that HIPK2 activates pS3-dependent
transcription (13, 22). To clarify the roles of HIPK2, PML IV,
and Fbx3 in p53-dependent transcription, we performed re-
porter analyses using the MDM2 promoter with H1299 cells.
HIPK2 increased p53 transcriptional activity (Fig. 6B, lane 10)
as previously reported, Furthermore, HIPK2 and PML IV
activated pS3-mediated transcription cooperatively (Fig. 6B,
lane 13). Since Fbx3 promotes the degradation of HIPK2, we
initially thought that Fbx3 might inhibit the activation of p53-
dependent transcription by HIPK2Z and PML IV, However,
Fbx3 stimulated this transeriptional activation (Fig. 6B, lane
16). These results are consistent with the results in Fig. 3A,
which show that Fbx3 increases PML [V-mediated p53 tran-
scriptional activity. Thus, HIPK2, PML IV, and Fbx3 activate
pS3-dependent transcription synergistically.

PML-RAR« destabilizes HIPK2, PML-RAR« is known to
be a dominant-negative form of PML (49, 57). Therefore, we
hypothesized that PML-RARa would not stabilize HIPK2. To
test whether PML-RAR«x affects the stability of HIPK2,
FLAG-tagged HIPK2 was mock transfected or cotransfected
with PML IV or PML-RARa. As shown in Fig. 7A, the levels

1P, immunoprecipitate; WB, Western blot; a-, anti-.

of HIPK2 did not decrease when it was cotransfected with
PML 1V. In contrast, the levels of HIPK2 decreased when it
was transfected with PML-RARa. The stability of HIPK2 was
also decreased by PML-RAR« (Fig. 7B). This decrease in
HIPK2 levels was rescued by adding MG 132 (Fig. 7C and D).
These data indicate that PML-RARa promotes the degrada-
tion of HIPK2 in a ubiquitin-proteasome-dependent manner.
HIPK2 levels also decreased when it was cotransfected with
the PML-RARa mutant truncated between amino acids 330
and 342 (see Fig. 54 in the supplemental material). To examine
whether PML-RARa destabilizes endogenous HIPK2, we
used siRNA for RARa to knock down PML-RAR«a expression
in APL-derived NB4 cells, PML-RARa depletion increased
the expression of endogenous HIPK2 (Fig. 7E). These results
suggest that PML-RAR« enhances HIPK2 degradation not by
directly binding to Fbx3 but by inhibiting PML's stabilization of
HIPK2.

DISCUSSION

HIPK2 and p300 are novel targets of SCF™, In this study,
we identified Fbx3 as a PML-interacting protein and as a
subunit of SCF ubiquitin ligase that promoted the degradation
of HIPK2 by the ubiquitin-proteasome pathway. Recently,
Rinaldo and coworkers showed that MDM2 induced the deg-
radation of HIPK2 in response to cytostatic doses of ADR or
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FIG. 7. PML-RARa destabilizes HIPKL (A) PML-RARa enhances the degradation of HIPKZ BOSC23 cells were transfected with the
appropriate vectors. Cells were treated with 100 pg/mi CHX and lysed. The expression of HIPK2 (top) and PML IV or PML-RARa (bottom) was
detected by immunoblotting using anti-FLAG and anti-HA antibodies. respectively. (B) Quantitative analysis of HIPK2 levels following CHX
treatment. Values were normalized to the mock value at the zero time point. Values represent means = SEM from four independent determi-
nations. (C) PML-RARa promotes the degradation of HIPK2 by the ubiquitin-proteasome pathway, BOSC23 cells were transfected with the
appropriate vectors, Cells were treated with 10 uM MG 132 and lysed. The lysates were analyzed as described for panel A. (D) Quantitative analysis
of HIPKZ levels following MG132 treatment. Values were normalized to the nontreated mock value. Values represent means + SEM from four
independent deierminations. (E) PML-RARa depletion increases the expression of HIPKY NB4 cells were transfected with siControl or
RARa-specific siRNA (siRAR«), The primers for RT-PCR (left) are described in Materials and Methods. The expression of HIPK2, p300, and
tubulin was annlyncd by Western blot analysis (right) using anti-HIPK2, anti-p300, and antitubulin antibodies, respectively. GAPDH, %lywukle
hyde-3- dehydrogenase. (F) A model for PML-mediated transcriptional activation. HIPK2 and p300 are the targets of SCFH0, Without
PML SCF* dcgrurhs HIPK2 and p300 by the ubiquitin-proteasome pathway, PML stabilizes HIPK2 and p300 and inhibits their SCF™.
induced degradation. This stabilization of transcription coactivators by PML may activate transeription. PML-RARa acts as a dominani-negative

inhibitor and destabilizes transcription coactivators. Ub, ubiquitin.

UV irradiation and that the C-terminal region of HIPK2 is
critical for this degradation (50). Gresko and coworkers
showed that the sumoylation of human HIPK2 at lysine 25
increased its stability (19). However, in this study, we found
that Fbx3 could degrade mutants of HIPK2 deleted for the
C-terminal region containing the lysine residue required for
MDM2-mediated degradation, as well as the kinase-dead mu-
tant (mutation of lysine 221 to alanine) and the HIPK2 K25R
mutant, which cannot be sumoylated (see Fig. SSB in the
supplemental material), and that Fbu3 depletion by siRNA did
not inhibit the repression of HIPK2 by ADR (see Fig. S5C in
the supplemental material). These data suggest that the N-
terminal region of HIPK2, but not the C-terminal region, is
necessary for SCF™*.induced degradation. Although we were

unable to identify which lysine residue(s) is necessary for ubig-
uitination and degradation by SCF™, it appears that HIPK2
degradation by SCF™ is different from MDM2-induced deg-
radation and does not require lysine 25.
The degradation of p300 via the 265 proteasome pathway
has previously been reporied (6, 36, 48). This degradation
to be dependent on p300 phosphorylation and dephos-
phorylation (9, 47). Doxorubicin-activated p38 mitogen-acti-
valed protein kinase phosphorylates p300 and induces p300
degrddation (47). Protein phosphatase 2A, a serine-threonine
phosphatase, also plays an important role in p300 degradation
(9). Our data show that p300 is degraded by SCF™ via the
268 proteasome pathway, although it is unclear which modifi-
cation of p300 mediates this degradation. Nonetheless, Fbx3
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interacted with a form of p300 that had a faster electrophoretic
mobility on SDS-polyacrylamide gels in the presence of
MG132 (data not shown), suggesting that SCF™™ recognizes
and degrades dephosphorylated p300.

PML stimulates transcription by stabilizing HIPK2 and
p300. PML has been suggested to play a role in the transcrip-
tion of target genes that are regulated by transcription factors
such as p53. However, the underlying mechanism has remained
unclear. Our results suggest that PML stimulates transcription
by protecting transcription coactivators such as HIPK2 and
p300 from proteasome-dependent degradation. We demon-
strated that PML inhibits the degradation of HIPK2 and p300
by the ubiquitin-proteasome pathway (Fig. SA and B) and that
this inhibition occurs in NBs (Fig. SE). PML has been sug-
gested 1o increase protein stability. For instance, PML en-
hances p33 stability by sequestering MDM2 in the nucleolus
(4) and inhibits p73 ubiquitin-dependent degradation (5, 45).
These reports are in agreement with our data showing that
PML increases protein stability. In particular, the colocaliza-
tion of PML in NBs is required for the stabilization of HIPK2,
p300, and p73. In contrast, other groups have shown that NBs
act as sites for proteasomal protein degradation by recruiting
subunits of proteasomes and ubiquitin (2, 34, 35). However,
these studies showed only that the ubiquitin-proteasome path-
way-related proteins were recruited to NBs. There has been no
report showing that proteasomal protein degradation actually
occurs in NBs. Therefore, we suggest that PML may regulate
protein stability by inhibiting protein degradation within NBs,
while still allowing protein degradation by the ubiquitin-pro-
teasome pathway to occur around the outside of NBs. In fact,
the components of SCF™* which are essential for the degra-
dation of HIPK2 and p300 were localized al the peripheries of
NBs (Fig. 1C). In this way, it would be possible to finely
regulate protein stability/degradation at the peripheries of
NBs. Thus, it is not surprising in this respect that the proteins
linked to degradation, proteasome subunits, and ubiquitin are
found in NBs. As [or the site of proteasomal protein degrada-
tion, Mattsson and coworkers showed that NB-associated pro-
teins move to the nucleolus in the presence of MG132 and that
the nucleolus may regulate proteasomal protein degradation
(40). In the present study, we detected HIPK2 and p300 out-
side of NBs in the presence of MG132 but failed to detect
PML, HIPK2, or p300 in the nucleolus (Fig. SE). Although
further studies concerning the actual site of proteasomal pro-
tein degradation will be required, it is clear from the work
presented here and elsewhere that PML is crucial for the
ubiquitin-proteasome pathway.

As shown in Fig. 3A, Fbx3 and PML cooperatively activated
p53-dependent transcription, and Fbx3 was required for the
enhanced transcription activity of p53 mediated by PML (Fig.
3B and C). Furthermore, Fbx3 and PML synergistically en-
hanced the HIPK2-stimulated transcriptional activity of p53
(Fig. 6B). Since PML stabilized HIPK2 ubiquitinated by Fbx3
(Fig. 6A), these results suggest that the ubiquitination of
HIPK2 stimulates the transcriptional activity of p53. Impaortant
roles for ubiquitin in transcriptional regulation have been re-
ported (10). The F-box protein Skp2 induces the ubiquitination
and degradation of c-Myc but upregulates ¢-Myc transcrip-
tional activity (29, 55). Likewise, the E3 ubiquitin ligases RSP'S
and E6-AP activate hormone receptor-dependent transcrip-

MoL. CeLL. BioL.

tion (25, 43), and SCFM*.induced ubiquitination of VP16
appears 1o be essential for transcriptional activation (51).
Taken together, these findings indicate that stabilizing ubig-
uitinated HIPK2 appears to upregulate the transcriptional ac-
tivity of p53 as shown in Fig. 6B. We speculate that ubigui-
tinated HIPK2 could activate p53-dependent transcription by
increasing the phosphorylation of p300 and p53. It is also
possible that ubiquitinated HIPK2 and p300 are degraded rap-
idly after the completion of the transcription of their target
genes to ensure the complete shutdown of transceription. The
regulation of the exact timing and levels of transcription in this
way could constitule a novel mechanism for regulating gene
expression.

Dysfunction of HIPK2 and p300 in leukemia pathogenesis.
It has been reported that the PML-RARa fusion, which is
generated by the chromosome translocation t(15;17) found for
APL, forms stable oligomers with normal PML and inhibits
PML-mediated transcriptional activation in a dominant-nega-
tive manner, We have shown here that PML and PML-RAR«
play opposite roles in HIPK2 stability (Fig. 7A to D). This may
be because PML-RAR« disrupts NBs, in which HIPK2 is sta-
bilized as shown in Fig. 5A and E. The result showing that
removal of the Fbx3-interacting region of PML-RARx desta-
bilized HIPK2 (see Fig. 54 in the supplemental material) also
suggests that the disruption of NBs by PML-RAR«a decreases
protein stability, As PML-RAR« enhanced HIPK2 degrada-
tion, PML-RARa would repress transcription by destabilizing
coactivators such as HIPK2 and p300, perhaps contributing in
this way to the pathogenesis of leukemia. Mutations in HIPK2
and p300 have been found for acute myeloid leukemia (AML)
and myelodysplastic syndrome. p300 is involved in chromo-
some translocations such as t(8;22) and t(11;22) found in AML
(8, 23, 31). We have recently found mutations in the HIPK2
gene in association with AML and myelodysplastic syndrome
that impair p33- and AMLI]-mediated transcription (37).
These results suggest that dysfunctions of HIPK2 and p300
may be implicated in leukemia.

In summary, we propose that transcription is regulated by
SCF™ and PML, as shown in Fig. 7F. According to this
model, PML would activate transcription by counteracting the
degradation of the transcription coactivators HIPK2 and p300,
whose degradation by the ubiguitin-proteasome pathway is
mediated by the novel SCF™ ubiquitin ligase. Conversely,
PML-RARa would inactivate transcription by blocking the
function of PML, thereby enhancing the SCF™-induced deg-
radation of HIPK2.
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Histone-modified enzymes are involved in various cell functions,
including proliferation, differentiation, cell death and carcinogenesis.
The protein MOZ (monocytic leukemia zinc finger protein) is a Myst
(MOZ, Ybf2 (Sas3), Sas2, Tip60)-type histone acetyltranseferase (HAT)
that generates fusion genes, such as MOZ-TIF2, MOZ-CBP and MOZ-
p300, in acute myeloid leukemia (AML) by chromosomal translocation.
MOZ associates with AML1 (RUNX1), PU.1, and p53, and cooperatively
activates target gene transcription. Gene targeting in mice has
revealed that MOZ is essential for the generation and maintenance of
hematopoietic stem cells (HSC) and for the appropriate development
of myeloid, erythroid and B-lineage cell progenitors. in AML, MOZ
fusion genes lead to repressed differentiation, hyper-proliferation, and
self-renewal of myeloid progenitors through deregulation of MOZ2-
regulated target gene expression, It Is therefore necessary to analyze
the roles of MOZ and MOZ fusion genes in normal and malignant
hematopoiesis to elucidate the mechanisms underlying and develop
therapies for MOZ-related AML. (Cancer Sci 2008; 99: 1523-1527)

I n acute myeloid leukemia (AML), fusion genes often form as
the result of specific chromosomal translocations.™? Many of
these fused genes, including MOZ are transcription-related
factors involved in the development or self-renewal of ietic
stem cells (HSC) and/or in hematopoietic cell differentiation.®
Monocytic leukemia zinc finger protein (MOZ) is a Myst (MOZ,
Ybf2 (Sas3), Sas2, Tip60)-type histone acetyltranseferase (HAT)
that functions as a transcriptional coactivator for hematopoietic
transcription factors such as AML1.%% Recently, we and others
used gene-targeted mice to reveal critical roles for MOZ in
hematopoiesis, particularly in the self-renewal of HSC.0® MOZ
fusion genes can also transform HSC and myeloid progenitor
cells into leukemia cells and confer unto them self-rencwal
activity.®'® Rescarching the functions of MOZ and MOZ
fusion genes in normal and malignant hematopoiesis can aid
in understanding the mechanisms of AML development and
leukemic cell-renewal activity. Such discoveries may allow the
development of improved AML therapies.

Involvement of the MOZ gene in chromosomal
translocations

Chromosomal translocations, which are frequently detected in
patients with AML, include (8;21), inv(16), (15:17) and t(11:
v) (v: variable) result in the gene fusions AMLI-ETO, CBFf-
MYH11, PML-RARce and MLL-fusions, respectively. MOZ was
first identified as a gene involved in the tramslocation
1(8;16)(p11;p13) resulting in the MOZ-CBP fusion gene.!'"
The MOZ-p300, MOZ-TIF2 and MOZ-NcoA3 fusion genes

dolk: 10,11114,1349-7006.2008 00865 x
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were later identified in AML from 1(8;22)(p11;q13),021)
inv(8)(p11;q13)"** and t(8; 20)(p11;q13),% respectively (Fig. 1).
MOZ is also involved in a paticnt of pediatric therapy-related
myelodysplastic syndrome with a novel chromosomal translocation
U2;8)(p23;p11)." MOZ-related fictor (MORF: Myst4, Querkop),
a HAT that is highly homologous to MOZ™'% also generates
fusion genes with CBP and probably also with GenS in various
disorders, including AMLE%21) tbempgmhlcd myelodysplastic
syndrome®™ and uterine leiomyomata,®

All MOZ fusion partner genes are involved in histone modifi-
cation and transcriptional regulation. CBP and p300 are major
HAT®® that function as coactivalors for various transcription
factors. TIF2 (NcoA2/GRIP1) and NcoA3 (TRAM-1/RAC3/
pCIP/AIB-1) are adaptor proteins that combine nuclear receptors
with CBP.*” AML that express MOZ fusion genes are typically
monocytic leukemias classified as M4/M5 among French-
American—British (FAB) subtypes;'® MOZ-related transloca-
tion is found in about 6.5% of such AML subtypes.(®

In all MOZ fusion genes, breakpoints of MOZ are located in
or around its acidic domain (Fig. 1). As a result, the N-terminal
region of MOZ is retained and the C-terminal region is replaced
with the fusion partners, such as CBP or p300. The N-terminal
region of MOZ contains a H15 (histone H1/HS) domain related
to nuclear localization,” a PHD (plant homeobox-like domain)
zinc finger involved in binding to methylated histone, a basic
domain and a Myst-type HAT domain. The HAT domain contains
a CHC zinc finger and helix—turn—helix motifs that bind to
nucleosomes®™ and DNA.®? Taken together, these structures
suggest that MOZ fusion genes may affect the transcription of
MOZ target genes with deregulated acetylation states,

HAT activity and transcriptional regulation

Histone acetylation is one of the major epigenetic mechanisms
to regulate gene expression.®™ MOZ is capable of acetylating
histones H2A and H3 at K14, and H4 at K5, 8, 12, and 16 in
vitro®® Five Myst-type acetyliransferases are known in
humans: MOF (Mystu'.l’); HBO1(Myst2); MOZ (Myst3); MORF
(Mystd); and TIP60.%") With the exception of MOF, all of the
Myst-type acctyltransferases are involved in transcriptional
complexes with inhibition of growth (ING) family proteins,®%!
MOZ and MORF form the yeast NuA3-like transcriptional
complex with ING5, BRPF1/2/3 and hEaf6. The yeast NuA3
complex aids the acetylation of histone H3 at K14, which is
associated with transcription and replication.®"
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MOZ-CBP

Fig. 1. Structure of normal monocytic leukemia
zinc finger protein (MOZ) and leukemia-associated
MOZ fusion proteins. MOZ has various functional

I(8;16)(p11.2:p13.3)

MOZ-p300

domains including H1/5 (H15; histone H1/H5-like),
PHD (plant homeobox-like domain) zinc finger, B
basic (b), histone acetyltranseferase (HAT) and acidic

1(8;22)(p11.2;p13.1)

domains. S, PQ and M Indicate serine-, proline-
and glutamine-, and methionine-rich domains,

MOZ-TIF2
inv(8)(p11:q13)

MOZ-NCOA3
1(8;20)(p11:013)

Fig. 2. Role of monocytic zinc finger protein (MOZ) In acute myeloid
leukemia (AML)1-dependent transcription. AML1 acts as both a sequence-
specific transacting factor and a scaffold to intermediate the assodation
of HIPK2 and histone acetyltranseferase (HAT). MOZ functions as
coactivator for AML1 and activicates AML1-mediated transcription.

MOZ specifically interacts with transcription factors such as
AMLL,® PU.1® p53, Runx2®® and NF-xB,®» functioning as
their transcriptional coactivator. AML1 forms large multiprotein
complexes including CBFp as a “core component’ as well as
several classes of chromatin modulators such as p300 or CBP,®
MOZ,"® PML® and HIPK2%9 as a ‘regulatory complex’
(Fig. 2)."" MOZ cooperatively activates AML1-dependent
transcription of genes such as MPO (m)d%nro.tidase}” or
macrophage inflammatory protein (MIP)-1a™® Interaction of
MOZ with Runx2%, p65/NF-xB® or p53 (S. R. and L K.,
unpublished data) can activate their transcription factor-dependent
gene expression. The role of HAT activity in MOZ function
remains unclear. For instance, the HAT domain of MOZ is required
for NP-ch—dstndmt transcription™ but not for AML1-mediated
transcription.”) suggesting target-dependent roles for HAT activity
in transcriptional regulation. The leukemia-associated fusion
protein MOZ-CBP inhibits AML1-dependent activation of the
MPQ promoter® but activates NF-xB-dependent transcription,®
These results indicate that effects of MOZ fusion proteins on
transcription are dependent on promoter contexts,

During hepatocarcinogenesis, MOZ activates MafK and Nrf2-
dependent transcription of the GSTP gene.” In moz mutant
zebrafish, hoxa2b and hoxb2a expression is lost and the support
skeleton of the second pharyngeal segment is transformed into a
mirror-image duplicated jaw skeleton.“®* Defective Hox gene
expression in moz mutants is partially recovered by the histone
deacetylase inhibitor trichostatin A. Consistent with moz-
deficient zebrafish, HoxA9 expression is also decreased in
hematopoictic cells in MOZdeficient mice.® Additionally,
expression of HoxA9, HoxA10 and Meis1 are increased in AML
patients with MOZ fusion genes. These results indicate that
MOZ-regulated genes are involved in development, hematopoiesis
and carcinogenesis,
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respectively. MOZ fusions with four known partners
are shown: CBP, p300, TIF2 and the recently
identified NCOA3, MOZ fusion partners contained
CH1 (cystein/histidine rich domain 1), KIX (kinase-
Inducible) domain, Bromedomain (Broma), CID (CBP
interacting domain) and AD (activation domain).
The breakpoints in the MOZ gene and its fusion
partners are shown as black arrows and blue
arrows, respectively.

Roles of MOZ in hematopoiesis

MOZ cooperatively activates target genes of AML1 and PU.1
that play important roles in hematopoiesis.®® We previously
demonstrated that MOZ-deficient mice are embryonic lethal
at E15 with a pale appearance and a small liver, the major
organ that produces hematopoictic cells at this period.®
These mice have significantly decreased production of mature
erythrocytes; the embryonic lethal state likely results from
defective erythrocyle maturation around E15, because primitive
erythrocytes are exchanged with definitive erythrocytes during
this period.

Cell numbers in MOZ-deficient fetal livers are about half
those of wild-type animals. MOZ-deficient hematopoictic pro-
genitor cells produce colonies on methylcellulose medium with
appropriate cytokines with cell numbers of one-fifth to one-tenth
those of wild-type cells. HSC and their progenitors are severely
decreased in MOZ-deficient fetal livers, and CD19* B-lineage
cells are also significantly decreased. In contrast, populations of
granulocytes and monocytes, as well as myeloid progenitor
KLSF (c-Kit*, Lin~, Sca-1-, FeRy"), the population of which is
small in normal fetal liver and bone marrow, are increased in
MOZ-deficient fetal liver. KLSF cells in normal and MOZ-
deficient fetal liver can form myeloid colonies in methylcellulose
medium and differentiate into either granulocytes or monocytes
in vitro. Increases in the committed myeloid cells suggest that
myeloid differentiation is inhibited around the KLSF stage in
MOZ mice, because MOZ has important roles in the regulation
of this stage, Taken together, these results indicate that MOZ
plays key roles for appropriate development and differentiation
of lymphoid and myeloid cells (Fig. 3).

MOZ is also required for self-renewal of hematopoietic stem
cells. When MOZ-deficient fetal liver cells are transplanted into
irradiated mice, recipient mice do not develop a reconstituted
hematopoietic system, even when excess numbers of fetal liver
cells are transplanted. Gene expression analysis reveals that the
expression of c-Kit, c-Mpl and HoxA9 is reduced in MOZ-deficient
compared with wild-type mice. Thomas et a/. reported the lethality
at birth of mice with a MOZ C-terminal deletion (MOZ-AC
mice)” a mouse model that is slightly different from the MOZ-
deficient mice discussed above. Hematopoietic deficiency in
MOZ-AC mice was observed in terms of decreased numbers of
blood cells, significantly reduced hematopoietic progenitors
(blasts) and HSC and an increase in nucleated erythrocytes. The
HSC from these mice also have reduced CFU-S§12 and hemat-
opoictic reconstitution activities. Thymus T-cell development
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Lin, Sca-1,, FcRy') populations are increased in
the MOZ-deficient fetal liver,

is normal, although thymocyte numbers arc substantially
reduced. On the other hand, the spleens of the MOZ-AC mice
are critically affected.

As described above, MOZ interacts with AML1 and PU.1
transcription factors that have various functional roles in hemat-
opoiesis. AML1-deficient mice display deficiencies in their ability
to generate HSC, CLP (common lymphoid progenitors) and B
cells and have an increased number of myeloid lineage cells. 4
PU.1-deficient mice display defects in CLP and most myeloid
progenitor cells except MEP (megakaryo/erythroid progenitors),“™%
MOZ-deficient mice show less severe phenotypes than either
AML]1- and PU.1-deficient mice, which is presumably because
these tion factors are mot completely inactive in the
absence of MOZ.® It is interesting that although the number
of myeloid lincage cells is in PU.1-null mice,“” they
are increased in PU,1 knockdown mice, as observed in MOZ-
null mice,*” These data suggest that part of the MOZ-deficient
phenotype is due to the reduced activity of transeription factors.

Numerous studies have shown that HSC self-renewal activity
is controlled by transcription modulating factors, signal trans-
duction molecules or cell cycle regulators.®'%? MOZ-deficient
mice, in which HSC lose their self-renewal activity, display
reduced expression of HoxA9,*¥ c-Kit®™ and c-Mpl,®**® which
are known to be involved in HSC self-renewal activity. Therefore,
HSC dysfunction in MOZ-deficient mice results from the reduced
expression of MOZ-target genes including HoxA9, c-Kit, and
c-Mpl.

MOZ-associated leukemia and leukemic stem cells

The MOZgene is involved in specific chromosomal translocations
in monocytic leukemia. These translocations result in the
expression of MOZ fusion proteins such as MOZ-CBP, MOZ—-
p300, MOZ-TIF2 and MOZ-NcoA3. It has been reported
that MOZ-TIF2 can efficiently induce AML in mice after
transplantation of HSC or myeloid progenitors in which MOZ-
TIF2 is introduced by retroviral vectors.” It has also been
suggested that MOZ-TIF2 confers self-renewal activity to
commitied progenitor cells.*” Several regions of the MOZ-TIF2
fusion gene are necessary 1o give rise to AML, including the

C zinc finger motif that is associated with nucleosome
binding and the Myst domain (both of the MOZ-derived region),

Katsumoto et al.

and the LXXLL motif that is related to CBP recruitment (of the
TIF2 region).” The MOZ PHD finger and the acetyl-coenzyme
A binding site that is indispensable for HAT activity contribute
to, but arc not essential for, AML development. In the MOZ~
TIF2-induced AML mouse model, levels of myeloid progenitor
populations, including GMP (granulocyte/monocyte progenitors)
and KLSF, are substantially increased.®” Myeloid progenitor
KLSF are also clevated in MOZ-deficient mice.® These results
suggest that MOZ dysfunction is associated with AML induction
by MOZ-TIF2.

It is also worthwhile to note that a reduction of PU.1
induces myeloproliferative disorder (MPD) or AML in mice.*®
MOZ-CBP inhibits AMLI1-dependent activation of the MPO
promoter™ but activates NF-xB-dependent transcription.®®
MOZ-TIF2 also represses retinoic-acid-receptor- and p53-
dependent transcription.®® Therefore, MOZ fusion profeins
differently regulate transcription of their targets, with transcrip-
tion cffects being largely dependent on the promoter context
(Fig. 4).

Camos et al. previously reported the gene expression profiles
of AML patients with a t(8; 16) MOZ-CBP translocation
com| with those of AML patients carrying other transloca-
tions.*» Prolactin and the proto-oncogene RET are specifically
over-expressed in MOZ-CBP patients, as are the homeobox
genes HoxA9, Al0 and MeisI. Overexpression of Hox genes
are often observed in leukemia patients including those with
MLL gene rearrangements,”” However, other hox genes, such
as HoxA3, A7, or HoxBS are not clevated in MOZ~CBP
patients. One can conclude that HoxAD9 is a target gene for both
normal MOZ and leukemia-associated MOZ fusion proteins,
because its expression is impaired in MOZ-deficient hematopoi-
etic cells. It will be necessary to analyze the transcriptional
regulation of HoxA9 by MOZ or MOZ fusion genes to reveal
the molecular mechanisms underlying the development of
MOZ-related AML.

Conclusions

MOZ is a Myst-type acetyltransferase that coordinately activates

the target genes of hematopoiesis-essential transcription factors
such as AML1 and PU.1. MOZ is also indispensable for
hematopoietic cell development and HSC sclf-renewal. In acute
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