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article. A total of 100 copies of cach protein fragmient is unlikely to bea contact site with CLC. In fact, a
pair were equilibrated at 2000 Khwith the pa3 side- substitution of Asn]288 to Ala in C1HC dimini%hw
chain atoms reduced inatomic radius, bond Jengths, itsability to bind to p33avithout anv effect on CH

and electrostatic and van'der Waals forces to create CLC interaction; thmw v CLC binds 1o a s:m}lm
molecular models of the p33-CHC complex. The  region in CHC with pa3 (see below). Interestingly,
equilibrated molecules underwent simulated this Asn1258 in CHC s a conserved residue in
annealing along with growing the p33 side chains - multicellular organisms from mammals to flies, but
to their (m"ma] sizes s and cner gies-After generating - this vesidue is not present:in unicellular organisms
a pmb'zb)ht\' density map using the 100 copies of fthe  such as veastsand fungi (Fig. Be).

pa3-CHC complex, the best Lt structure was de- i

rived by quulaiud annealing 1o, the: probability. - An'Asn1288 residue in CHC is important for
density: map of the complex. Resulting structural . binding to p53

analyses by MCSA-PCR revealed that residucs

Leud3, Leuds, Heay, and Tr pa3of pa3 werevaried
in the hydrophobic cavity of CHC and that Trp33 of - residue in CHC for binding to pa3, we substituted
pa3was stacked near ’hc] 327 of CHC through these - AsnI 288 to Alaof CHC bcmmvws)duvs from 833 to
aromalic sings (Fig.3a). Notably, a side chain of- 0 0 1406 to generate a CF IC\‘nn-HO() NI288A mutant.
Asn1288 ofCl- C appearod tocontactaside chainof ~ The region from: residues 833 to 1406 of CHC is
GIn38 of p53 (Fig. ab); in contrast, Asn1288 of CHC dcfined as the interaction domain with pa3 to trans-
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Fig. 4. Substitution, nf Asn1288 to-Ala in CHC diminishes its ability to interactavith p53. (a) Ji vilro binding assay for
p53=CHC interaction: 7 S-labeled CHCS33-1-06 proteins (wild type and N1288A) were synthesized and used for in viro
binding assav as above. (b) Binding assay for po3-CHC interaction i cells. H1299 ceflsavere transfected with FLAG-p53
and each HA-CHCE833-1406 construct. FLAG-p53:was immunoprecipitated by anti-FLAG antibody; and eluates were

Joaded on a 5-20% gradient SDS-PAGE gel, followed by immunoblotting with anti-HA or anti- FLAG antibodies. (c) The
graph represents the fold binding relative to input signal as quantmed by Image ] densitometry. (d) CHC lacking
trimerization domam (CHC1=15 64) does not interact \\nh full-length CHE (CI]C] 1675). H1299 cellswvere tmnsledcd
with each HA-CHC construct and FLAG-CHC1-1675. Samples immunoprecipitated. by either anti-HA or anti-FLAG
antibody were separated by SDS-PAGE, followed by immunoblotting withiindicated antibodies. The sampIes were ranin
the same gel and then combined side by side. (e) CHC1=1564 harboring NI12ZS8A interacts with CLC equivalent to wild-
tvpe CHC HA-CHC1=1564 proteins (wild tvpe and NI285A) were svnthesized by an in vio transcription-coupled
translation system using rabbit reticulocyte Ivsates. Lysates containing HA-CHC protein were mixed with GST or GST-
CLC immobilized on ulutathmne—wp harose 4B beads for binding assay, separated by SDS-PAGE, and followed by
immunoblotting with indicated antibodies. (£} The graph represents the fold binding relative to input sienal as quantified
by Image } densitometry. :
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activate it and has neither the ability to_form  affinity of mutated CHC was reduced up to 30%

trimerization nor the ability to bind to CLC.”' The  compared with wild-type CHC, indicating that this
trimerization domain of CHC interacts with endog=- N1288 yesidue in CHC protein is crucial for interac-
cnous CHC, and the CLC-binding domain interferes . tion between CHC and pa3. We have previously
with the binding of p33 to CHC."' Thus, these - found that CLC binds to CHC at the C-terminal
domains may be obstructed to assess the effect of a - region proximal to p33-binding sites and inhibits the
point mutation of CHC on the interaction with p53 - inleraction of p33 with CHC. To assess whether this
and we used a CHC deletion mutant lacking  substitution affects CLC-binding activity, we con-
trimerization and CLC-binding domains for an in structed an N1288A mutant of CHC lacking residues
vilro p53-binding assay. A GST pull-down assay  from 1565 to 1675 (CHC1-1564), which does not
showed that an N1288A mutation in the CHC833~  possess a trimerization domain that interacts with
1406 protein diminished its ability to interact with  full-length CHC (Fig. 4d), and performed a GST pull-
253, although wild-type CHC was able to bind p33  down assay using GST fused to CLCh (GST-CLCh).
(Fig. 4a). Furthermore, we tested whether N1288A of  HA-tagged CHC1-1564 profeins: produced by anin
CHC causes decreased p33-binding affinity incells. A wifro transcription/ translation systemy usiing - rabbil
FLAG-tagged p33 construct was cotransfecled with - reticulocyte lysates were used for this assay. Interest
empty vector, HA-tagged CHC833-1406-WT, or HA- - ingly, the N128SA mutation had little effect on the
tagged CHC-833-1406-N1288A in cells, and cell  ability to interact with CLC (Fig. de and f). Taken
lysates were immunoprecipitated with anti-FLAG  together, these results indicate that an N1288A
antibody followed by immunoblolting with anti-HA  mutation of CHC specifically influences interaction
antibody. As shown in Fig. db and ¢, p33-binding  with p33 without any effect on CLC-binding activity.
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Fig. 5. An NI1288A mutation of CHC abolishes the ability to transactivate pa3: (a) H1299 cells were transfected with
p53 and each HA-CHC833-1406 construct. Expression Jevels of p53-target genes were analyzed by semiquantitative RT-
PCR. The intensity of PCR products was quantified by Image } software. (b) H1299 cells were transfected as described in
{a), and whole-cell lysates were analyzed by immuneblotting using the indicated antibodies. {¢) Fuall-length CHC-N1288A
acts as a dominant-negative mutant. H1299 cells were transfected with p53 and each HA-fagged full-length CHC
construct, and whole-cell lysates were analyzed by immunablotting using the indicated antibodies, (d) Full-length CHC-
N128SA inhibits p53-mediated apoptosis. H1299 cells were transfected with p53 and each HA-tagged' CHC construct,
incubated for 24 h, and the cleaved PARP was detected by immunoblotting with anti-cleaved PARP antibody. (¢) Full-
length CHCNI288A blocks the induction of pa3-tarzet genes activated by DNA damage. HT-1080 cells were translected
with an empty vector, wild-type CHC, or CHC-FL-N1288A construct, and stable transformants were obtained by G418
selection. These cellswere treated without (Janes 1 to3) o with (lanes 3 to 6) 0.5 M adriamycin (ADR) for 6 h. Cell Iysates
froni cells transfected with empty vector (lanes 1 and 4), wild-type CHC (lanes 2 and 5), or CHC-FL-N1288A (lanes 3and
6) were subjected to immunoblotting with indicated antibodies.
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CHC-N1288A ‘mutant abolishes the ability to
transactivate p53

Given that the N1288 residue in CHC s crucial for
interaction with p33, we next examined the effect of
an N1288A mutation of CHC on p33 transactivation.
Reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis revealed that CHCS833=1406-WT
had the activity to enhance p33 transactivation, but
CHCS33=1406-N1288A failed to enhance the induc-
tion of p33-target genes such as p23 and pd3AIP]
(Fig. 3a). In addition, we confirmed that CHC833=
1406-N1288A abolished the ability to enhance the
induction of p33-target genes by immunoblot anal-
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mulation on p33-mediated transcription, we used
full-length - CHC constructs with or without: this
mutation. Full-length wild-tvpe CHC increased
expression levels of both p2T and Mdm2 in a p33-
dependent manner; in contrast, full-ength CHC
harboring an N1288A mulation (CHC-FL-N1288A)
abrogated the ability to enhance p33 transactivation
(Fi. Sc) Inferestingly, CHC-FL-N128SA appears to
behaveasa dominant-negative mutant.

Expression of p33 in p33-null cells induces
apoptosis accompanied with caspase-3/7 activation
and the cleavage of polv-ADP ribose polymerase
(PARP) known as a substrate of caspase-3/7."
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Fig.6. AnN1288A mutation in full-length CHC causes a severe defect in the regulation of p33-mediated transeription,
but its' CHC mutant preserves function for receptor-mediated endocytosis. (a) HT=1080 cells were transfected. with

ShCHC-UTR and each HA-tagged full-length CHC construct, treated with 5 nM ActD for 6 h, and cell Jysates were
analyzed by immunoblotting using the indicated antibodies and by RT-PCR using primers specific for endogenous CHC
(EndoCHC) and ectopically expressed CHC (ExoCHC). Actin and GAPDH were used as loading controls: for
immunoblotting and RT-PCR, respectively. (b) Hela cells were transfected with indicated plasmids plus a green
fluorescent protein expression plasmid. Three days after transfection; cells were incubated for 8 min at 37 °C in DMEM
containing 20 pg/mL of AlexaFluor594-conjugated transferrin (AF594:transferrin) and 0:1% BSA. After the removal of
cell-surface-bound  AF594-transferrin, these cells were trypsinized and fixed with 4% paraformaldehyde. For
measurement of AFS94-transferrin uptake, green fluorescent protein-positive cells were quantified by flow cytometric
analvsis. () Proteins and total RNA in whole-cell lysates from cells used for (b) were analyzed by immunoblotting and
RT-PCR, respectively. (d) A CHC-N1288A mutant co-localizes with CLG, similarly to wild-type CHC. Hel.a cells were
tratsiected avith the indicated plasmids and immunostained with anti-HA (green}and anti-CLC (red) antibodies 72 h
alter fransfection: (e) An N1288A mutation has little effect on the localization of transferrin: Hela cells were transfected
with the indicated plasmids, and the uptake of AFSOL transfertin (red) was carried out asin (b). After the removal ofcell-
surface-bound AFSOdtransfertin, these cells were immunostained with anti-HA {green) antibody.
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Thercfore, we next addressed the effect of an - plasmid, as confirmed by RT-PCR using primers
NI288A mutation in - full-length. CHC on p33- specific for endogenous and celopicallv expressed
mediated apoptosis. Caspase activation is animpor- - CHC (Fie. #a). Partial knockdown of CHC attenu-
tant event for apoptosis and it was monitored using - ates the induction of P21 in response to ActD (Fig.
the cleavage of PARP. Immunoblot analysis showed ta, lanes 2 and 3); as shown i our previous report.
that co-expression of p53 and wild-type CHC  Re-expression of HA-tagged wild-type CHC in
increased cleavage of PARP compared with p33 CHC-depleted cells recovered DNA damage re-
alone (Fig. 5d), consistent with our previous data sponse to up-regulate P21 expression (Fig. 6a, lanes
that CHC enhances p33-mediated apoptosis. In 3 and 4), whereas swapping of endogenous CHC
contrast, CHC-NJ288A inhibited p33-induced  with HA-tagged CHC bearing a N1288A mutation
PARP cleavage (Fig. 5d), suggesting that an  did not rescue p21 induction (Fig. ba, Jane 5). Taken
N1288A mutation in CHC abolishes the ability to  together, these results demonstrate that Asn 288 in
undergo apoptosis mediated by p33. To evaluate  CHC is crucial for interaction with P23 to promole
CIHC-FL-N1288A works as a dominant-negative  sufficient induction of pa3-mediated transcription.

cffect, we generated cells stably expressing CHC- It has been shown that ligand-induced internali-
FL-NI285A. Stable expression of wild-type CHC - zation of the transferrin receplor occurs via clathrin:
enhanced pa3-target gene expression induced by mediated endocylosis, and an internalization assay
DNA damage; in contrast, such DNA damage  using transferrin is a well-established  system to
response was not observed in cells expressing measure endocytic activity.” To investigate whether
CHC-FL-N1288A (Fig. 5¢). These results suggest  CHC-NT288A mutant could affect clathrin-mediated

that CHC-FL-N1288A actually functions as a dom-  endocytosis, we examined transferrin uptake. Incells
inant-negative effect on p53 transactivation. transfected with control vector and shCHC-UTR, the

uptake of fluorescent-labeled transferrin was de-

An Asn1288 residue in CHC causes impaired p53  creased by up to about 50 (Fig. 6b, columns 1 and
function without any effect on receptor-mediated 2), demonstrating that internalization of transferrin
endocytosis occurs in a CHC-dependent manner in our system.
Under these conditions, re-expression of CHC-

It is known that a low dose of actinomvcin D N1288A as well as wild-type CHC rescued severe
(ActD) enhances the expression level of cellular p53  defects of endocytosis caused by CHC knockdown
and leads to p53 activation.™ Either wild-type CHC = (Fig. 6b, columns 3 and 4), though the expression

or CHC-N1288A mutant was transfected into HT-  level of the transferrin receptor was mvariable (Fig.
1080 cells harboring wild-type p33 in the presence of  6¢). To show whether CHC-N1288A exhibite similar
short-hairpin RNA against the 3'-untranslated re-  cellular lacalization with wild-type CHC, we per-

gion of CHC (shCHC-UTR) to replace endogenous  formed immunofluorescent microscopic “analysis.
CHC to ectopically expressed HA-tagged CHC., Ectopically expressed HA-tagged CHC-N1288A
Endogenous CHC was efficiently down-regulated  showed a similar localization pattern to HA-tagged
by the introduction of shCHC-UTR; in contrast,  wild-type CHC, as judged by immunostaining with
shCHC-UTR had little effect on the expression of  the CLC (Fig. 6d) or by the co-localization pattern
HA-tagged CHC derived from the expression  with fluorescent-labeled transferrin (Fig. Ge).
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Fig. 7. An NI1288A mutation in CHC has little or no effect on cell viability and cell-cyele progression. (a) A CHC-
NI288A mutant has the ability to recover the proliferation of CHC-depleted cells as efficiently as that of wild-type CHC,
Twenty-four hours after transfection with the indicated plasmids, these HT-1080 cells were collected and then plated in
60-mm culture dishes. Cell numbers were determined with a hemocytometer after the indicated times. Data represent the
mean values from three independent experiments with error bars, (b) N1288A mutation did not impact on-cell-cycle
progression. HIT-1080 cells were transfected as in (a), and these cells cultured for 72 h after transfection were subjected to
flow cytometric analysis. DNA content was monitored by propidium iodide staining, and the percentages of the cells in
Gl, 5, and G2/M phases, were determined using ModFit LT software, Data represent the mean values from: three
independent experiments with-error bays.
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CHC js an cssential gene for cell viability, and
Lomplute ablation of CIIC expression Jeads to cell
death.” Therclore, we next assessed whether an
NI288A mutation in CHC influences cell viability,
As shown in Fig. 7a, CHC-depleted cells expressing
CHC-FL-NT28SA exhibited no leth wality,” unlike
CHC-depleted cells transfected with a control
\cdm, and they showed a similar growth rate to
CHC-depleted. cells JU-L’\plUSSH’IW wild- tvpe CHC,
We also confirmed that N1288A mutation did not
influence: mitosis as )udch by flow “cytometric
analvses (Fig. 7h). Taken together, these data
demonstrate that an N1288A- mutation in CHC
abolishes its abilitics to interact with-and to trans-
activate p33 without any effects on receptor-medi-
ated: endocytic’ activity. andcell: viability. Our
findings provide a-useful tool for understandinga
role of CHC in pa3-mediated transcription, distinct
from receplor-mediated endocytosis:

Discussion

CHC has originally been identified as a cytosolic
protein that functions i vesicle transport and
endocytosis.'” ¥ It has recently been shown that
CHC is also involved in the maintenance of mitotic
spindle as its additional function.’” We have
previously found an alternative function of CHC
hat promotes p53-mediated transcription in nuclei
and that the enhancement of p33 transactivation by
CHC required the interaction of the N-terminal
transactivation domain of p33 with CHC."" Al
though the trimerization domain of CHC is impor-
tant for mnchons in vesicle transport, endocytosis,
and mitosis, ™ it is indispensable for pa3-mediated
transcription. These findings implicate that nuclear
CHC works via-a distinct mechanism from cytosolic
CHCS! Tivaddition; our recent studies showed that
partial knockdown of CHC attenuated p33 transac-
tivation, but we could not rule out a possibility that
CHC knockdown may cause undetectable side
effects on CHC-mediated endocytosis essential for
cell survival and proliferation.”

We have previously noticed that the N-terminal
region of pd3 around Ser46 has a considerable
\nmlant\' with the CHC-binding region of CLC and
an essential Trp 1L§1due for bmdmn to CHC in CLC
is conserved in p53."" Conceivably, CLC competes
with: pd3 thrmwh this homo]ogous region in
binding to CHC, “and both p:)a and CLC asqouatc
with CHC in a mutuall y exclusive manner. " In this
study, we generated various pa3 point mutants and
determined the detailed residues responsible for
binding to CHC. I vitro binding assay revealed
that several hyvdrophobic residues, including Trpd3
in pd3, are required for interaction with CHC.
Furthermore, mutations of these hydrophobic resi-
dues in pd3 strikingly impaired the transcriptional
activity compared with wild-tvpe p53. Thus, these
results indicate that conserved residues between
p33 and CLC are required for both CHC binding
and p53 transactivation and that the ability of pSv

to interact with CHC correlates with p33 transcrip-
tional activity.

We generated more than 20 constructs for CHC
fragments’ conlaining the p33-binding region to
determine the tertiary structure of the p33-CHC
complex, but these CHC fragments had poor
solubility and it was difficult to obtain the structural
information of the p33-CHC complex (data not
shown). Thercefore, based on ter(im‘_\' structures of
the N-terminus of p33and CHC alreadyv determined
by NMRand Xeray crystallography in combination
with information obtained from dur present p33-
CHCE-binding studics, a “preliminary molecular
maodel of the pgsx—U [C interaction was constructed,
althoughvit remains torbe determined w hethm CHC
induces -helical conformation of the N-terminus of
033, which is observed when forming a7 complex
with RPAZ (replicat ion protein A70) or with p62,7a
subunit of TFHH. 7 This molecular modeling
predicted that Asn1288 in CHC might be important
for p33-CHC interaction. because this: residue. is
close to a side chain of Glu38 of p53. As expected, a
substitution of the Asn1285 to- Ala diminished the
ability to bind p33-aind to enhance P33 transactiva:
tion. We also found that an Asn-to-Ala-substituted
full-dength €HC (CHC-FL-N1288A): appears
behave as a dominant-negative: mutant unlike
CHC833=1406-N1288A. T]wse findings suggest
that the region depleted in CHC competes “with
endoaumus CHC to trap some p:wa co-activators,
such as p300/CBP, because CHC interacts with
p’%OO/CBP to stabilize the association with p33."” On
the other hand, CHC-FL-N1288A did not affect the
ability to bind to CLC, transferrin uptake, and the
cellular localization of CLC, and growth arrest
induced: by endogenous CHC knockdown as
reverted by the expression of CHC-FL-N128$A as
well as the introduction of wild- t\fpc CHE! In
respect to the impact of partial CHC knockdown
on G2/M phase, no alteration was observed, at least
under our conditions. Taken together, these results
suggest that this mutant influences the pa3 pathway
without any effect on CHC-mediated endocytosis
essential for cell survival. ,

CHC is an essential ‘gene for cell viability, and
complete ablation of CHC expression leads to cell
death accompanied by the activation of Akt-mediated
and mitogen-activated protein kinase-mediated
pathways.=" In contrast, point mutations of some
essential genes have often Jittle effect on cell viability.
For'example, cytochrome ¢ plays important roles in
clectron transport and apoptosis, but cytochrome ¢
bearing a  K72A point: mutation ' is. defective in
apoptohc regulation without affecting tho function
of electron tmnspmt essential for cell viability.™
Therefore, such a CHC point mutant will help to
dissect pl \'s‘iologica] functions of CHC in the regula-
tion of the pd3 pathway.

Interestingly, the alignment of primary structures
betiveen species revealed that this Asn1288 in CHC
was conserved in multicellular organisms  from
mammals to llies, but this amino acid residue was
not present in unicellular organisms such: as veasts
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and fungi (Fig. 2¢). In multicellular organisms, the
p33-CHC svstem may have evolved to acquire a
complicated regulatory function in response: to
various cellular damages to maintain multicellular
homeostasis.

In summary, we pwdu ted a preliminary binding
interface between p33 and CHC and found that an
Asn]288 in CHC was critical for interaction with p33
but not with CLC. Using such a CHC mutant
prescrving endocytic function, s specific dmuptmn of
the function of CHC as a pa3 regulatorin mice will
clarify physiol wnal functions of CHC in the s regulas
tion of the P33 pathwm In addition; there are no
reports of cancer-associated mutations in the CHC
geneso farand it is interesting to scarch for mutations
in the pa3-binding region of CHC, in particular the
region around Asn1288, in tumor samples: from
pahonts Further investigations will be needed to
clucidate the role of CHC in tumorigenesis.

Materials and Methods

Cell culture and transfection

Human lung carcinoma H1299 cells were z,mwn in
RPN 1640 medium supplemented: with 10% fetal bavine
serum and penicillin/streptomyein: Human fibrosarconia
HT-1080 cells and human cervical: carcinoma HelLa cells
were grown in Dulbecco’s. modified :Eagle’s medium
(DMEM) supplemented with 10% fetnl bovine serum and
penicillin/streptomycinat 37 °C in a 5% CO» atmosphere.
For transfection, cells were plated at 80-90% confluency
the day before transfection and transfected with Lipo-
féctamine. 2000 reagent (Invitrogen) according to ' the
manufacturer’s protocol.

Antibodies

Horseradish peroxidase (HRP)-conjugated anti-p53
(DO-1), "HRP-conjugated anti-Actin (C-2), anti-CLC
(CONAY, and anti-GST (B-14). antibodies were purchased
from Santa Cruz Biotechnology Inc: Anti-p21.(SX118) and
anti-CHC (c one 23) annbodxm were from BD Pharmin-
gen. Anti-HA (GE), anti-IHA (C29F4), and. anti-cleaved
1”\]\1’ antibodies were: obtained from Cell- Signaling
Technology. Anti-Mdm2: (IF2), anti-FLAG (M"), and
anti-transferrin 1'eceptm antibodies were purchased from
Calbiochem, SIGMA, and. Zymed, respectively.: HRP-
conjugated secondary antibodies were obtained from GE
Healthcare.

immunoprecipitation and.immunoblot analysis

Hl“‘)‘) cellswere extracted with Iysis bulfer [50.mNL Tris
at phl 7.2, 250- mM NaCl, 2. mM MgCly; 0.1 mM
ethylenediaminetetraacetic. acid; 0.1 mNI clh\hm glveol
bis(js-aminoethyl ether)N;N'-tetraacetic acid;, 0.1% Non—
idet P-40, 0.5 mM DTT, 10 jg/mL .mhpnm 10 pig/mL
pepstatin A, 10 g /mb chymostatin, 10 pg/ml: leupeplin,
10 pg/mb E-64,.10 w/mL PNISF, 1 mM NazVOy, and

5 mM NaF] for 20 minonvice, and the lysates were cleared
b\ centrifugation at-20,000¢ for 20 min. For immunopre-
cipitation, the super natants were incubated with 10 nliof
anti-FLAG M2 agarose beads (SIGMA) for'3 hrat 4 ¢C and

washed three limes with vsis buffer. The bound proteins
were eluted with FLAG peptide (SIGMA) at 4 °C for

30 min, separaled by SDS-PAGE (Biocralt), followed by
lx';msfv to pn\\m\lldam‘ fhuoride munbmnu (Mill-
pare). The membrancs were blocked with 3% skim milk in
TBST bulfer 20 miM Tris at pH 7.6, 137 mN NaCl, and

1% Tween 20) and incubated with the first a ntibody. The
blots were’ washed  three timies  with TBST buffor,
incubated with the secondary antibody conjugated to
HRP, and then washed five times with TBST buffer. The
bands of interest were vistualized by ECL ¢hemilumines-
cence (GE FHealtheare).

Reporter assay

A rcpmtv' assay.was performed as duuibed
previousiy. . In brief, H1299 cells plated on 24=well plates
were translectod \\1th ng of p533-SN3 and 150 ng of the
indicated reporter \ectms in combination with 10 ng of
phRG-TK. encoding Renilla - luciferase: as an mtcmal
control. using LlpOlLmemC 2000. Twenty-four hours
after (mnslmtmn, cells were harvested and luciferase
activity was quantified by a dual luciferase assav system
(l’mmeua) mcmdnw to the manufacturer’s instructions.

RT-PCR analysis

RT-PCR: ana ysis was performed as: described
prey 10uslv * Briefly, total RNA was isolated using an
RNeasy Mini kit (QIAGEN) and reverse-transcribed \\'JH
the Supelbu ipt First-Strand Synthesis System for RT-PCR
Kit: (Invitrogen). Reverse- tmmcnbed pr oducts were used
in the PCRreactions. PCR R programs and primer sequences
were described previously: EPCR products were analvzed
using 2% agarose gol Dk\tmp horesis and ethidium
bmm:de staining: 1he amp lified DNA fragments were
quantified by IITMUL) version 141 densitometry.

GST pull-down assay

To analyze the interaction between p53 and CHC, we
pcnmmed 0. GST pull-down “assay as described
p]e\’mmlv In brief,” bacterial Iy sates containing pa3
derivatives fused to GST were incubated ity OJUtathmne
sepharose 4B beads (GE Healthcare) and w ashed exten-
sively with binding buffer [50 mM Tris at pH 7.2, 250 mM
NaCl. 2 mk1 M uC]w, 0.1 ' mM ethylenediaminetetraacetic
acid; .1 mM eth\ lene glyeol bis(}s aminoethyl ether)N N/
tetraacetic acid, 0.1% T\\e*n 20, 0.5 MM DU 10-pg/mlL
antipain, 10 pg/mL pepsmtm A, 10 jig/mL chymostatin,
10 g/ mL leupepting 10 pg/mbL E- 64 10 ng/mL PMSF,
T mM oNazVO,, and 5 mM NnF} ¥SJabeled €HC
derivatives were synthesized using an i vifro transcrip-
tion/translation-coupled xemulm\ te lysate system (Pro-
mega) and incubated with the above beads immohilized

- with GST-p53 derivatives at 4 °C for 2 h, After washing

with T mL of binding buffer, bound pmtemc were e]utud
by boiling it SDS mmp e buffer for 5 min; subjected to
SDS-PAGE E;and analyzed by autoradiography.

RNA interference

For the expression of short-hairpin RNA against the
3-UTR of CHC mRNA, synthetic oligo DNAs, 5/-
GATCCCCAGAGCACCATGATTCCAATTTCAAGA-
GATTGGAATCATGGTGCTCTTTITITGGAAA-3 and 5/
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AGCTTTTCCAAAAAGAGCACCATGATTC-

CAAT ICTC TCAAATTCGAATCATCGTOC IC'!’(‘.’(_'}(}-
3, were annealed and inserted into the, pSUPER vector
(shCHC-UTRY and transfected in FIT-1080and FleLacells,
as described “above. To confirm the sup pxc%‘inn of
cndogcnous CHC expression, we used svathetic primers:
C 1(, S (3-CCAGGCACCTTTIGGT Tf\l(;-?’) and CHC-

F-CTTICATGCCTCCCTAANTGC-3 ) for the: deloc-
lion of endogenous CHC and L] 1G-S and peDNAZT-AS
(3-ACTCAGACAATCCGATGCAA-SY or pCAGGS-AS
(3-CCCATATCTCCTTCCGAGTG-3") for ectapically
expressed CHC:

Endocytosis assay, cell proliferation, and cell-cycle
analyses

To analvze: the effect of CHC mutants:onendocytic
activity, we transfected: Hela colls with: g of ShCTIC-
UTR plus 2 jig of pCAGGS-CHC vectors in mmbmatmn
with 3l ng of pmaxGFP vector (Amaxa), as a transfection
marker. Three days after transfection; cells were incubated
in DMENT containing 0.1% bovine serumi albumin:(BSA)
for:3:h, follewed by treatment with 20 jg/mb Alexa-
fluord9d-conjugated - transfervin: (AFSY4-transferrin, Mo-
lecular Probes) for § min’at: 37 “C. Cells were rapidly
chilled by extensive washing with ice-cold PBS, and then
AFa94-transferrin bound on:the cell surface was removed
by washing with ice-cold acid-washing bufler containing
022 M acetic acid (pH4.5)and 0.5 M NaClL These cells were
trypsinized, fixed with 4% paraformaldehyde in PBS for
20: min at room temperature, and resuspended in 0.1%
BSA in PBS: Relative fluorescence was quantified by flow
cvtomietric analysis: (Becton: Dickinson): for internalized
AF394:transferrin.

HT-1080 cells transfected: with the indicated expression
vectors: were collected: 24 hvafter transfection and: then
plated in: 60-mm culture dishes to analyze the effect of
CHC-NI288A ‘on cell proliferation. Cell numbers wvere
determined ‘with a hemocytometer -after: the indicated
times. :

For cell-evele analysis, HT-1080 cells were transfected
with the indicated expression vectors for 72 h and then
fixed in 70% ethanol at:=20 °C for several hours. Cells
were centrifuged. at 600g for 8 min and resuspended. in
PBS containing 0.1 nw/ mbL RNase A (QIAGEN): Samples
were incubated at 37 °C for 30 niin, and propidium iodide
(SIGMA) was ‘added  to: make a4 final concentration” of
25 nig/mle Samples:were analvzed: bvea FACSCalibur
flow cvtometer using CellQuest software (BD- Bios-
ciences), and the percentages of the cells in G1, 5, and
G2/M phases of the cell cyele were determined using
ModFit LT software.

Immunofiuorescence

HelLa cells transfected with shCHC-UTR and pCAGGS:
CHC were plated on an 8-wvell Lab-Tek 11 Chamber Slide
(Nalge Nung), fixed in 4% paraformaldehyde in PBS for
207 min, permeabilized with 0.1% Triton X-100 in PBS for
5min, and blocked with PBS containing 3% BSA: Thecells
were sequentially incubated with anti-HA (C29Fd)and/or
anti-CLC “antibodies and with “AlexaFluor-conjugated
secondary-antibody - (Moleculax - Probes) and'mounted
with a:Vectashield reagent with 4, 6-diamidino-2-pheny-
lindole (Vector Laboratories). Tmmunofluorescence was
performed using a Nikon: ECLIPSE ET000- fluorescence
microscope (Nikon Corporation).

Structural modeling-of p53-CHC interaction

To generate an initial model of the side chains i the
p33-CHC interface, we used a model of CLC and CHC
inferface™ as-a template, A partial structure of 'p33
{residues 33=536) taken from the crvstallographic structure
of p33/RPA7Z0 comploxs was then overlaid manually to
the backbone atoms of the corresponding regionof CLC.
The detailed backbone orientation was further established
by rotational search and> energy minimization. This
docked niodel served fas the smmng, point for MCSA-
PCR: During the MCSA-PCR; all side=chain atoms of pa3
werd free to move, and backbone Catams in the second
- -heliss ol pa3 fresidiie 6-560) Were weakly restrained

S keal mol DA T o the e mwspnnmn" residtics of CLC
(ru&iduc Y7107 ) TFor the first a-helix of p33tresidue 35~
H0ynuclear Overhausereffect distaned restraints (2,862
1A wore weakly assigned: between the pa3:backbone

carbonvls and amides i order o promote the helicity of

p33, but allowing the deviation tmm the original helix
structure. Then, an ensemblerof 100 possible structures
was produced by growing side-¢ hain atoms with simu-
lated annealing methods. H*m was refined toia single best-
fit structure thmuvh MCESA-pscudo- u,\xta]logmphu
refinement. " The mal structure was - refined against a
pseudo-density- map generated from the cmcmble using,
standard Ll\\talloumplm techniques. “All calculations
were carried: out in: gas phase with X-PLOR, using the
OPLS foptimized potentials for liquid simulations). force
field for polar hvdrogens. =
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PML Activates Transcription by Protecting HIPK2 and p300 from
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PML, a nuclear protein, interacts with séveral 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. Fbx3 formed SCE"™™ ubiquitin ligase
and promoted the degradation of HIPK2 and p300 by the ubiquitin-proteasome pathway. PML inhibited this
degradation through 2 mechanism thaf unexpectedly did not involve inhibition of the ubiquitination of HIPK2.
PML, Fbx3, and HIPK2 synergistically activated p33-induced transcription. Our findings suggest that PML
stabilizes the transcription factor complex by protecting HIPK2 and p300 from SCF™ 2 induced degradation
until franscription is completed. In contrast, the leukemia-associated fusion PML-RAR« induced the degra-
dation of HIPK2. We discuss the roles of PML and PML-retinoic acid receptor «, as well as those of HIPK2
and p300 ubiquitination; in transcriptional regulation and leukemogenesis.

In hunian lcukemia; specific chromosomal (ranslocations re-
sult in the expression of specific fusion proteins and malig-
nancy (16; 39). The PML gene is the target of the ((15:17)
chromosome translocation in acute promyelocytic leukemia
(APL) and is fused to the retinoic acid receptor a (RARq)
acne, which Jeads 1o the generation of a PML-RARa [usion
protein (11,12, 18, 28). The PML protein is known to localize
il discrete nuclear speckles called PML nuclear hodies (NBs)
(38). 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 DANX (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 target of several
¢hromosome (ranslocations 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 to PML, PML-RAR« disrupts NBs info
microspeckles (14) and inhibits DNA damage-induced apop-
tosis (56) and PML IV enhancement of PU.1-induced myeloid
differentiation (57). Thus, PML activates and PML-RARa 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 Jocalized in NBs:

The' ubiquitin-proteasome pathway involves two successive
steps: labeling of the substrates with multiple ubiquitin mole-
cules ‘and degradation of the labeled substrates at the 268
proteasome. Ubiquitin conjugation is calalyzed by three en-
zymes: the ubiquitin-activating enzyme E1, the ubiquitin-con-
jugating enzyme E2, and the ubiquitin-protein ligase E3 (17).
E3 ubiquitin ligases are classified into several types, including
HECT-type E3, RING finger motif-containing E3, and U-box
domain containing E3. MDM2, the APC/C complex, and the
SCF complex are known to be the RING finger motif-contain-
ing E3°(21, 33, 54). The SCF complex is composed of F-box
protein, Skpl; Cullinl (Cull), and ROC1. In the SCE complex;
F-box proteins recognize specific substrates for ubiquitination.
Therefore, the diflerent SCF complexes are designated accord-
ing to their F-box proteins (7, 24, 30). Proteins ubiquitinated by
the SCE complex are degraded rapidly by the proteasone.

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 SCE'"™ ubig-
uitin ligase and regulafed 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-

7126

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 eotture, infection, and antibodics. K362 celle, MOLT-3 eells, 111299 cells.
MOFT eells, and N4 cells were cultured in REME 1640 medium supplemented
with 1077 fetal calf serum (FCSy. SKNO-T cells were coltured in GIT (Waki),
BOSC23 cells and PLAT-E cells were cultured in Dulbecto’s modilicd Eigle's
medium supplemented with 1062 FCS, NIH 3T53 cells were cultured i Dulbee-
co’s modified Eagle’s medium supplemented with 109 calf serinn, Mouse bone
marrow (BM) cell suspensions were prepared by Dushing isolated Temori with
phosphate-buffered saling (PBS), and the cells were: cultured ins StemPracsd
supplemiented with 2.5% nutrient. supplement. 2 mM: 1 -glutumine, 10 ng ml
interleukin-3, 50 ng/ml SCF, 10 ng/ml oncostatin M, 30 ng/mi interleokin-6.71%
penicillin-streptomyein, and. 0.1 ylosin: For the: production” of rétron iruses:
PLAT-E cells were transfected with pMSCV-derived retroviruses by the calcium
phosphitte’ precipitation: method. und culiure supernatants were collected 48 b
after transfection: NIH 3T3 cells were infected by incubation in (e colture
supernatant of PLAT-E dells transfectants for 24 I

Anti-HIPK2 antibody wiis déscribed: previously (2630 Anti-FBs3 antibody was
gencrated: by immuonizingmice’ with: glutathione . Ssransferase-tugged - Fhx3,
Other antibodies were purchased commiercially and were ds follows: antihemag-
glutinin {anti-HA) (3F]0: Roche), anti-FLAG (M2: Sigma). anti-Gald (RK5CT;
Santa Cruz), anti-p300 (N15; Santa Cruz); antitubulin (H235; Santa Cruz), an-
tiubiguitin' (FK2; Nippon Bio-Test). and anti-PML (001 [MBL]. H23§ [Santa
Cruz]. or 36.1-104 [UBI}).

Plasmids. Human Fbx3 ¢DNA was amplified by PCR frony a human ¢cDNA
library generated from poly(A) " RNA of K562 cells by use of the oligonucleo-
tides 5-ACCGGGCCAGGCAAGATGGC-3' us the upstrean primer and 5:G
CAAACCCAAACAATCCAATTCC-3! s the downstream. primer: The: Neter-
minal. FLAG tag and HA tag ‘were fused 1o Fbx3 ¢cDNAs by use:of: the
oligonucleotide 5'-ACGTACCGCGGACCATGGCAGACTACAAGGACGA
CGATGACAAGGCGGCCATGGAGACCGAGAC-3' or 5-~ACGTACCGCG
GACCATGGCATACCCATACGACGTGCCTGACTACGCTGCGGCCATG
GAGACCGAGAC-3" as the upstream. primer and 5-TCTGCGCTTCCACAG
CATCG-3! as the downstream primer in.the PCR: Fbx3 deletion mulants were
generated by PCR using pcDNA-HA-Fbx3 or peDNA-FLAG-Fbx3 as the {em-
plate. The PML, AMLI, p300, and HIPK? expression veciors were generated as
described previously (1, 32, 37, 44, 57). pS3 expression vectors and the MDM?2-
luc reporter were kindly provided by Y. Tava.

Purification of the PML complex. K562 cells were transfected with pLNCN or
PLNCX-FLAG-PML T by electroporation. Celis siably expressing FLAG-PML 1
protein were cloned. The cells (--1.+10"" cclls) were lysed by sonication at 4°C
in 500 ml of 500 mM NaCl lysis buller (20 mM sodium phosphle, pH 7.0, 500
mM NaCl, 30 mM sodium pyrophosphate, 0.1% NP-40, 5 mM EDTA, 10 mM
NaF, 5 mM dithiothreitol [DTT), and: I mM phenyimethylsulfonyl. fuoride
[PMSF]) supplemented 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)-conjugated beads with rotation at 4°C for
12 h: The beads with absorbed PML 1 immunocomplexes were washed six times
with 50 ml of lysis buller (20. mM sodium phosphaie, pH 7.0, 250 mM NaCl, 30
mM sedium. pyrophosphate, 0.1% NP-40; 5 mM EDTA, 10 mM NaF, 5 mM
DTT. and 1 mM PMSF). The PML I complexes were sclectively cluted by
incubating twice with 0.2 mg/ml FLAG peptide in 7.5 ml of lysis bulier for 215,
The eluates were concentrated using a filtration device and separated by sodium
dodecyl sulfate-polyaciylamide gel electrophoresis (SDS:PAGE), Proteins were
stained with Coomassie brilliant blue. excised, destained with 25 mM ammonium
bicarbonate and 50% acetonitrile, dried, digested with sequence-grade modified
trypsin in 50 mM Tris-HCI (pH 7.6); extracied with 5% (rifluoroscetic acid-50%
acetonitrile, and subjected 10 liquid chromatography-tandem mass spectronietry
analysis.

Tmmunoprecipitation: and Western blotting, BOSC23 ¢cells were (fansfecied
with' the desired vectors. ‘After 15 h, culture supernatants were exchanged for
fresh media and cells were treated with or without 10 uM MG132 (C albiochem)
for 9 h. The cells were lysed by incubation at 4°C for 30 min in lysis bufier. The
lvsites were cleared by centrifugation at 40,000 < g for 30 min'at 4°C and:the
supernatants were incubated with anti-FLAG antibody-conjugated beads with
rolation at 4°C for 12 h. The beads were washed six times with T ml of lysis bufler.
After being washed, the cell extracts were selectively eluted by incubating with
0.2 mg/ml FLAG peptide for 2 h.

Cell lysatds and immunoprecipitates were fractionated on SDS-polyacrylamide
gels-and. transferred onto nitrocellulose membranes. (Amersham); The: mems:
bianes were incubited with primary antibodies and with horseradish peroxidase-
conjugated secondary antibodies. The immune compleses were visualized by the
ECL or ECL-Plis technique (Aniersham).

PMI. STABILIZES TRANSCRIPTION COACTIVATORS - 7127

RNA interference, RT-PCR, and real-time PCR. Fhx3-specific and control
small interfering RNAS (SIRNAs) were purchased from Ambion. RARu-specific
and control stealth SSIRNAS were purchased from Invitrogen, MOLT-4 cells and
NB4 cells were transfecied with: these siRNAS by using’ Nucleofector (Amasa).
NIH'3T3 cells were transfected five times with these SIRNAs by vse of Lipo-
fectamine 2000. For reverse transcriptase PCR (RT-PCR), total RNA was pu-
rified using an RNcasy mini kit (Qlagen). and ¢DNAs were transcribed using
SuperScript IL RT {Invitrogen). PCRs were performed using the following prim-
¢rs: Fbx3 (humin) forward (5-GGTGTCCTCGGATGGTTTTATCTC-3') and
reverse " (3 TCTCTGATGATGGGGAAGCCAC-3'). Fhad {mouse) forward
(5-ACCCTCTGCTGCTCATCTTATCC-37) and reverse (5-CCACTAACTTT
TGCCCGTTGTG3'): HIPK? forward (5-GCTTCCAGCACAAGAACCACA
C-37) and reverse (3-GCAATGACACAACCAAGGGACC-3Y), p300 forward
(5'»GCAATGGACAAAAAGGC‘AG']TC~3') and: reverse. (5-TGAGAGGAA
GACACACAGGACAATC:Y). glyceraldehyde-3-phosphate’ - debydrogenase
forward (5-CFTCACCACCATGGAGAAGGC-3') und reverse (5-GGCATG
GACTGTGGTCATGAG-3"); PML-RAR« forwird (3-CCAATACAACGAC
AGCCCAGAAG-3) and reverse (3-CCATAGTGGTAGCCTGAGGACTTG:
3'). and RARe’ forwird (5'~CAGAACTGCTTGACCAAAGGACC—S') and
reverse (5“AAGGCTTGTAGATGCGGGGTAGAG:3Y) Real-inte PCR was
performed using the 7500 fast real-time PCR system (Applied Biosystems). The
_expression of the p2/ gene was normalized with réspeci: 1o the expression of the
150 gene.

Invive degradation: assay, BOSC23 cells were transfectéd with the: desired
vectors, increasing amounts of pcDNA-HA-Fbx3; and pFA-CMV for expression
of the Gald DNA-binding domain (Gal4 BD) as an internal control. Afiér 24 b,
the cells were Jysed. The lvsates were analyzed by Western blotting,

In vivo ubiquitination assay. BOSC23 cells were transfected with the desired
vectors. Cells:were treated with 50 nM MG132 ' before harvesting and lysed
in lysis buller. To assay the stabilization of ubiquitinated HIPK2, cells were Iysed
in radioimmunoprecipitation: assay. buffer (20' mM Tris-HCI, pH 7.5, 150 mM
NaCi, 2 mM EDTA, 0.25% SDS; 19 NP-40; 1% sodium deoxycholic acid, 5 mM
DTT, and I mM PMSF) supplemented with Complete. The lysales were incu-
bated with anti-FLAG antibody-conjugaicd beads as described above, Ubiqui-
tinated HIPK2 was delected by immurioblotting with the antiubiquitin antibody,
followed by treatment with horseradish peroxidase-conjugated. secondary. anti
badies as described above.

Immunolluorescence. MCE7: cells were cultured in four-well chambér slides
and transfected with pLNCX-FLAG-PML I and pcDNA-HA- Col1, pcDNA-HA-
Fbx3, or pcDNA-HA-Skpl, or pLNCX-FLAG:PML IV and pLNCX-HA HIPK2
ar pLNCX-HA-p300 by use of Lipofectamine 2000, The cells wére treated witl
or without 10 pM MG132 for 18 h (HIPK2) or 9. I (p300). ‘After MG132
treatment, the cells were fixed with 4% formaldehyde in PBS and incubated with
0.2%: Triton X-100 in PBS for 5 min at room temperature. ‘Antibodies were
diluted in blocking buffer (1% FCS in PBS). Cells were incubated with the
primary. antibodies for 12 h at 4°C and then incubated with the secondary
antibodies. The. slides were mounted in Vectashield (Vector Laboratories).
Images were captured on an Olympus microscope.

Luciferase assay. H1299 cells were transfected using the calcium phosphate
precipitation method of Lipofectamine 2000 in 24-well plates,  and luciferase
activity-was assayed after 24 i with a Veritas luminometer (Turner Biosysiens)
according to the manufacturer’s protocol (Promega). Resulis of reporler assays
dre represenited as the mean values for relative luciferase activity generated from
four independent experiments and normalized against the act ity of the enzyme
form piRG-TK as an internal control:

RESULTS

PML complex contains Cull, Fbx3, and Skpl. In order to
clarily the role of PML in transcription, we purified the PML
complex from the cell lysates of K562 cells expressing FLAG-
tagped PML I and resolved the complex by SDS-PAGE, Liquid
chromatography-tandem mass spectrometry analysis identified
Cull, Fbx3, and Skp1 as components of the PML complex (Fig:
1A and B). Other profeins identified in the PML complex are
shown in Table S1 in the suppleniental material. To test
whether Cull, Fbx3; or Skpl interacts with PML I; we used
immuno(luorescence analysis. HA-tagged Cull, HA-tagged
Ebx3, or HA-tagged Skpl was’ cotransfected with FLAG-
tagged PML I 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 JK562 cells carrying an empty vector (miock) or stably expressing FLAG-tagged PML L. The complexes were incubated with
anti-FLAG antibody-conjugaled agarose, and the bound materials were eluted with the FLAG peptide: The eluates were resolved by SDS-PAGE
and visualized by silver staining. The proteins were identified by mass spectrometry. (B) The amino acid sequences of the peplides derived from
the fractions specific to the FLAG-PML. I-expressing cells. The proteins in the specific fractions were identified as Cull, Fbx3, and Skpl. (C) Cull,
Fbx3, and Skpl colocalized with PML L. MCE7 cells were cotransfected with pLNCN-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 I was stained with anti-PML (001) antibody. DAPI,
47,6!-diamidino-2-phenylindole. (D) Fbx3 forms a complex with Skpl, Cult, and ROCL. BOSC23 cells were transfected with pcDNA-HA-Skpl,
pcDNA-HA-Cull, pcDNA-HA-ROCI, and either the empty vector (=) or pcDNA-FLAG-Fbx3; The expression of Skpl, Cull; and ROC1 in the
lysates of transfectanis was detected by immunoblofting using anti-HA antibody (lefl). The Fbx3 complex was imniunoprecipitated with anti-FLAG
antibody. The immunoprecipitafes were analyzed by inimunoblotting usig anti-HA and anti-FLAG antibodies (right). (E) The F-box domain is
required for the interaction between Fbx3 and Skpl. BOSC23 cells were transfecied with pcDNA-HA-Skp! and either mock or pcDNA-FLAG-

< Skpi

Fbx3 construcls as indicated: The expression of Skpl in the lysafes of iransfectants was detected by immunoblotting using anti-HA antibody ({op).
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. (F) PML interacts with SCF™ through Fbx3. BOSC23 cells were cotransfected with pcDNA-
HA-Fbx3, pcDNA-HA-Skpt, pcDNA-HA-Cull, pcDNA-HA-ROCI, and either mock empty vector or pLNCX-FLAG-PML L The interactions
between PML 1 and components of SCET™ were analyzed as described for panel D, (G) Endogenous Fbx3 interacts with: endogenous PML.,
SKNO-1 cells were lysed and Fbx3 was immunoprecipitated with anti-Fbx3 antibody. The immunoprecipitates- were analyzed by immuriobloiting
with anti-Fbx3 and anti-PML (H238) antibodies. IP, immunoprecipitate; WB, Western blot; o= anti-.
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proteins were detected by anti-HA antibody (Cull, Fbx3, or
Skp1) or anti-PML antibody (PML 1). PML I was localized in
NBs, and Cull, Fbx3, or Skpl was: colocalized with PML T at
the peripheries of NBs (Fig. 1C).. Colocalization of Fbx3 with
PML I was detected more significantly than: that of Cull and
Skpl (Fig. 1C). Cull and Skp1 are known o be components of
SCF ubiquitin ligase (17).-The function.of Fbx3 was unknown;
but it contains the F-box domain, which 1s found in a compo-
nent of the SCF complex that determines substrate specificity
(24). To confirm that Fhx3 was a componcnt of the SCF com:
plex, BOSC23 cells were transfected: with FLAG-tagged Fbx3
and' HA-tagged Skpl, Cull; and ROCI: In'immunoblot anal-
vsis, HA-tagged Skpl, Cull; and ROCI coprecipitated with
FLAG-tagged Fox3 (Fig. 1D). The F-box domain is known {o
be a Skpl interaction: site (30). Therefore, we examined
whether the F-box domain of Fbx3 was required [or interaction
with Skp1. The Fbx3 mutant lacking the F-box domain (AF-box
mutant; deletion of the region from 61 1o 471) did not copre-
cipitate with Skp1 (Fig. 1E). These rcsults suggest that Fbx3
can form an SCF ubiquitin ligase (SCE'"™),

As shown in Fig. 1A, components of SCE™™ were present in
the: PML complex. A  coimmunoprecipitation assay was per-
formed to determine (he component of SCE™™ that was pri-
marily responsible for mediating ifs interaction with PML.
When cotransfected - together, ‘all ‘of ‘the ~components: of
SCF™™_ including Fbx3, Skpl, Cull, and ROCI; were effi-
ciently coprecipitated with PML. (Fig. 1F). However, PML
could not be coprecipitated with Skpl, Cull, or ROCI effi-
ciently without cotransfection with Fbx3 (Fig: 1F). In addition,
a strong: intcraction 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 ‘efficiently 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 tested the
interactions betwcen PML isoforms and Fbx3. Coimmunopre-
cipitation analysis'indicaled that Fbx3 could be coprecipitated
with all PML isoforms tested (Ito V1) (Fig. 2A). To defermine
the: domains ‘in: Fbx3 that are required for interaction with
PML;, HA-tagged PML I was cotransiccted with FLAG-tagged
Fbx3 ‘deletion mutants, as shown schematically in Fig. 2B.
Deletion of the regions:from 341 10 404 and from 1 (o 60 of
Fbx3 are required for interaction with PML (Fig. 2C). The
Fbx3 mutant (deletion of 61 1o 340), which does not contain
both regions, did not interact with PML I af all. To determine
the domains in PML that are required {or 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 to 55), the coiled-coil region (217 o 329), or the
serine-proline region (502 to 553) did not aflect the intcraction
with Fbx3. C-terminal deletions up to amino acid 343 did not
affect the interaction, but further deletion up (o 313 resulted in
the Toss of interaction (Fig. 2E). However, Fbx3 interacted with
the PML mutant truncated between aniino 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 Fbx3
inferaction sites of PML are located between amino acids 330

PML STABILIZES TRANSCRIPTION COACTIVATORS 7129

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 o activate p53-dependent transcription
(15;:20). The fact that Fhx3 is a part of the PML complex (Fig.
TA) suggested that Fbx3 functions in PML-dependent tran-
scriptional activation. To test the effect of Fbx3 on pS3-depen-
dent transcription, we performed reporter analyses using the
MDM2 promoter. As shown in Fig. 3A. lanc. 8, PML IV acyj-
vited pS3-dependent transcription, as previously reported (15,
20). Although Fbx3 alone had little: effect 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 1V (Fig. 3A, lane 12). As shown in Fig. 2E, the region
from amino acid 330 to 342 and the C-terminal region of PML
arc important for its interaction with’ Fbx3: We  examined
whether PML mutants lacking these regions (PML IV A330-
342 and A502-882) would activate p53-dependent transcrip-
tion, Unlike the PML 1V wild type;: PML IV "A330-342 and
A502-882 did not- activate: pS3-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 p2/, a
p33 target gene, is known o be impaired in PAL 777 cells (20):
To examine whether Fbx3 contributes to the expression of p2/;
we used siRNA to knock down endogenous Fbx3 expression.
Fbx3 depletion by siRNA impaired the adriamycin’ (ADR)-
induced expression of p21 (Fig. 3D). Thus, SCF™ stimulafes
PML-dependent transcriptional activation; These results sug-
gest: that the ubiquitination substrates of SCET™ are factors
that are involved in PML-dependent transcriptional activation.

HIPK2 and p300 are the targets of SCF*™, It has been
reported that PML, HIPK2, and p300 activate p53-dependent
transcription (3,:13, 22, 38, 42) as well as AML1-dependent
transcription (1, 32, 44). p53, AML1, HIPK2; and p300 are
known to inferact 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 I, PML 1V, p53, AML1, HIPK2, and
p300. Although Fbx3 had no ¢ffect on the levels of PML 1,
PML 1V, p33, or AML1 (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 MG 132
(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, NIH 3T3 cells
were infected with an empty retrovirus or aretrovirus encoding
Ebx3 and cultured in the absence or presence of MG132.
Immunoblot analysis indicated that Fbx3 overexpression de-
creased the levels of endogenous HIPK2 and p300 in the ab-
sence 0f 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 SCET™?, we used siRNA 1o knock
down endogenous Fbx3 expression. Translection of NIH 3T3
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FIG. 2. PML and Fbx3 interact with their respective specific domains. (A) PML isoforms interact with Fbx3. BOSC23 cells were transfected with
pLNCX-HA-Fbx3 and either mock or PLNCX-FLAG-PML isoforms (1 to V1), The expression of Fbx3 in the lysates of transfectants was detected by
inimunoblotting wsing anti-HA antibody (top). The Iysates &I transfectants were incubated with anti-FLAG antibody. The immunoprecipitates were
analyzed by immunoblotiing using anti-HA {middle) and an(i-FLAG (botiom) antibodies, (B Schematic diagram of the structures of Fbx3 deletion
imutants. PML indicates the strongly interacting (thick line) and weakly iiteracting (thin line) regions of Fbx3 as determined for panel C. (C) Identification

of Fbx3 regions required for interaction with PML. BOSC23 cells were transfected with pLNCX-HA-PML 1 and mock or pcDNA-FLAG-Fbx3 deletion

constructs as indicated. The expression of PML 1 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 immunoblotting using anti-HA (middle) and
ant-FLAG (bottom) antibodies. (D) Schematic diagram of the strictures of PML deletion mutants, The proline-rich region (Pro), the RING finger
domain (RING), B-box domain 1 (B1), B-box domain 2 (132), the coiled-coil domain (CC), the nuclear import signal (NLS), and the serine-proline-rich
fegion (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 Fbx3. BOSC23 cells were cotransfected with pLNCX-FLAG-Fbx3 and pLNCX-HA-PML deletion constructs (E) or with
peDNA-HA-Fbx3 and pLNCX-FLAG-PML deletion constructs (F) as indicated. The interactions between Fbx3 and the PML mutants were analyzed
as deseribed for panel €. 1P, immunoprecipitate; WB, Western blot; WT, wild type; o=, anti-

cells with Fbx3 siRNA rcsulted 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 clariy 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 Fbx3 cooperatively activate p53-mediated tran-
scription: (A) Fbx3 activates p53-mediated transcription cooperatively
with PML. H1299 cells were cotransfected with 200 ng of MDM2-lug,
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-box. Cell lysates were analyzed for luciferase activity at-24 h
after transfection." Values represent means. = standard errors of ‘the
means (SEM). from four independent determinations. (B) The Fbx3
interaction sites of PML are needed for the: activation of p53-depen-
dent transcription. H1299 cells were cotransfected with 200 ng of
MDM2:uc; 50 ng-of phRG-TK, and 5 ng of pLNCX-FLAG-p53
and/or 100 'ng of pLNCX-FLAG-PML 1V, pLNCX-FLAG-PML 1V
A330-342, or:pLNCX-HA-PML A502-882. Cell lysates were analyzed
for luciferase activity at 24 h after transfection. Values represent
means = SEM from four independent determinations. (C) Fbx3 is
involved: in PML-dependent: transcriptional activation." H1299 cells
were cotransfected with 200 ng of MDM2-luc, 50 ng of phRG-TK, Sng
of pLNCX-FLAG-p53, and 50 ng of pLNCX-FLAG-PML IV and/or
100 pmol siControl or siFbx3 by using Lipofectamine 2000. Cell lysates
were analyzed for luciferase activity at 24 h after transfection. Valies
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 Fbx3.
MOLT-4 cells were transfected with siControl or siFbx3 and then
treated with 0.5 tM ADR. The primers for RT-PCR (lop) are de-
scribed in Materials and Methods: The expression of p27 was analyzed
by real-time PCR (botiom). Values represent means = SEM from four
independent determinations. *, P value of <0.001 compared with the
siControl value for the 6-h time point. GAPDH, glyceraldehyde-3-
phosphate. dehydrogenase.

duced the ubiquitination of HIPK2, BOSC23 cells were trans-
fected with FLAG:tapged 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 use of antitibiquitin antibody indi-
caled that Fbx3 stimulated the ubiquitination of HIPK2 (Fig.
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4E). However, the AF-box mutant did not stimulate the ubig-
uitination of HIPK2 (sce Fig. S1 in the supplemental material).
These results suggest that SCF' ™ induces the ubiquitination
of HIPK2. Unfortunately, we could not detect the ubiquitina-
tion of p300.-This mayv have becn because the large size of
polyubiquitinated p300 prevented its eflicient transfer to filters
during immunoblotting.

In.general, an-F-box protein-in the SCF complex interacts
with the target proteins (30). To confirm that HIPK?2 and p300
are the (argets of SCE'™™3, we examined whether Fhx3 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: S2 in the supplemental material). In
contrast, PML, which is not a substrate for SCE"™3  iner-
acted equally ‘with Fbx3 in the presence or absence of
MG132 (Fig. 46).

PML inhibits Fbx3-induced degradation- of HIPK2 and
p300. The fact that SCEF"%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 1V. Western blot analysis showed that
PML 1V inhibited the Fbx3-mediated degradation of HIPK2
and p300 (Fig. SA and B). We examined whether PML mu-
tants lacking the Fbx3-interacting regions (PML IV 1330-342
and A502-882) would inhibit the Fbx3-mediated degradation of
HIPK2. PML 1V 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 to 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 cyclohexiniide
(CHX), an inhibitor of protein synthesis. After CHX freat-
ment, endogenous p300 was degraded faster in P’ 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 Pinl *7 BM cells or in murine embryonic fibro-
blasts (data not shown). These data supgest that PML stabilizes
p300 by inhibiting its SCE' "™ mediated degradation.

PML is known (o accumulate in NBs together with many
other proteins, such as HIPK?2 and p300. We hypothesized that
PML might stabilize HIPK and p300 by sequesfering them in
NBs away from ubiquitin-proteasome-related proteins in the
nucleus, We used immunofluorescence analysis 10-test this
hypothesis. HA-tagged HIPK2 or HA-tagged p300 was co-
transfected with FLAG-tagged PML 1V into MCF7 cells; and
the locations of these proieins 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 1V, HIPK?2 and p300 colocalized
with PML 1V in NBs (Fig. SE). When HIPK2 and p300 were
cotransfected with. PML IV, followed by treatment with
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ively. MG132 was added as described in Materials and Methods. (B) The F-box domain of Fbx3

p300. BOSC23 cells were cotransfected with pLNCX-FLAG-HIPK2 or pLNCX-FLAG-p300,

pcDNA-HA-Fbx3 or pcDNA-HA-AF-box, and pFA-CMV. The cell lysates were analyzed as described for panel A. (C) Overexpression of Fbx3
induces the degradation of endogenous HIPK2 and p300. NIH 3T3 infeclants with an empty fetrovirus (emply) or a refrovirus encoding Fbx3,
culfiired in the absenice or presence of MG132, were lysed in SDS-PAGE sample bufler. The expression of HIPK2, p300, Fb3, and tubulin was
détected by immunoblotting vsing anti-HIPK2, anti-p300, anti-HA, and antitubulin antibodies, respectively. (D) Expression of HIPK2 and p300
is increased by knocking down Fbx3. NIH 3T3 cells were {ransfecied with siControl or siFbx3 five times. The primers for the RT-PCR (top) are
déseribed in Materials and Methods, The expression of HIPK2, p300, and tubulin wias analyzed by Western blotting (bottom) using anti-HIPKZ,
anti-p300, and antitubulin, respectively. GAPDH, glyceraldehyde-3-phosphate deliydrogenase. (E) Fbx3 ubiquitinates HIPK2, BOSC23 cells were
{ransfected with ihe desired vectors: Cells were treated with 50 uM MG132 and lysed. The lysaes were immunoprecipitated with anti-FLAG
anlibody as deseribed in Materials and Methods. The ubiquitination of HIPK2 was analyzed by immunoblotiing 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 (top), or PLNCX-FLAG-p300 (botfom). Cells were {reated with or without 10 uM:MG132 for 9 b, The expression of Fbx3
in the lysates of transfectants was detected by immunoblotfing using anti-HA antibody (Input). The lysates of transfeclants were incubated with
anti-ELAG antibody. The immunoprecipitates were analyzed by immunoblotting vsing anti-HA antibodies. (middle) and anti-FLAG antibodics
(bottom). (G) PML infteracts:with Fbx3. BOSC23 colls were {ransfected with peDNA-HA-Fbx3 and either mock empty vector or pLNCX-FLAG-
PML 1. The interaction biefween Fbx3 and PML I was analyzed as described for panel F. 1P, immunoprecipitate; WB, Western blot; «-; anfi-.
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FIG. 5. PML inhibits SCF™"-induced degradation of HIPK2 and p300. (A) PML inhibits the degradation of HIPK2 by Fbx3, pLNCX-FLAG-
HIPK2 (200 ng) and pcDNA-HA-Fbx3 (800 ng) and/or pLNCX-HA-PML 1V (250 ng) were cotransfected info BOSC23 cells, The expression of
HIPK2 in the lysates of transfectants was detected by immunoblotting using anti-FLAG antibody (lop). The expression of Fbx3 (middle) and PML
1V (bottom) in the lysates of transfectants was detected by immunoblotting using anti-HA antibody. (B) PML inhibits the degradation of p300 by
Fbx3, pLNCX-FLAG-p300 (200 ng) and pcDNA-HA-Fbx3 (800.ng) and/or pLNCX-HA-PML 1V (200 ng) were cotransfected into BOSCZ3 cells.
The expression of p300 (top), Fbx3 (middle), and PML IV (botfom) was detected as described for panel A. (€) PML stabilizes p300. Wild-type
(WT) and Pl 7 BM cells were treated with 100 jig/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 HIPKZ 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 1V 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 antibady
and PML IV was stained with anti-PML (001) antibody. DAPI, 4',6/-diamidino-2-phenylindole.

PML does not inhibit the ubiquitination of HIPK2 by
SCF'™*,. PML inhibited the degradation of HIPK2 by SCE "
(Fig. 5A). To test whether PML affects the Fbx3-induced ubig-
uitination of HIPK2, BOSC23 cells were cotransfecied with
FLAG-tagged HIPK2, HA-(agged Fbx3; and HA-tagged PML
IV. Without proteasome: inhibitors, Fbx3 induced the degra-

MG132, HIPK? 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 ubiquitin-profeasome pathway when located

outside of NBs and stabilized by PML when located within
NBs.

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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FIG. 6. PML stabilization of ubiquitinated HIPK2 is related 1o the {ranscriptional activity of p53. (A) PML stabilizes ubiquitinated HIPK2:
BOSC23 cells were transfecied with pLNCX-FLAG-HIPK2 and/or PCDNA-HA-Fbx3 and/or pLNCX-HA-PML 1V. Cells were lysed as described
i 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) HIPKZ, PML, and Fbx3 activate p53-dependent transcription synesgistically. H1299

cells were coiranisfected with 200 ng of MDM2-Juc, 50 ng of phRG-TK, an

d 2.5 ng of pLNCX-FLAG-p53 or 700 nig of pLNCX-HA-HIPK2, 100

ng of pLNCX-HA-PML. 1V, and/or 200 ng of peDNA-HA-Fbx3 as indicated. Cell lysates were analyzed for liciferase activity-at 24" h after
transfection, Values represent means = SEM from four independent determinations. IP; immunoprecipitate; WB, Western blot; «s, ami-.

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

It has been reported that HIPK2 activates p33-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, lanc 10)
as previously reported. Furthermore, HIPK2 and PML IV
activated p53-mediated transcription cooperatively (Fig. 6B,
lane 13). Since Fbx3 promotes the degradation of HIPK2, we
initially thought that Fbx3 might inhibit the activation of p33-
dependent transcription by HIPK2 and PML IV. However,
Fbx3 stimulated this transcriptional activation (Fig. 6B, lane
16). These results are consistent with the results in Fig. 3A,
which show that Fbx3 increascs PML IV-mediated p53 tran-
scriptional activity. Thus, HIPK2, PML 1V, and Fbx3 aclivale
p53-dependent transcription synergistically.

PML-RAR« destabilizes HIPK2. PML-RARa is known 1o
be a dominant-negative form of PML (49, 57). Therefore, we
hypothesized that PML-RARa would not stabilize HIPK2. To
test whether PML-RARa aflects the stability of HIPK2,
FLAG-tagged HIPK2 was mock transfected or cotransfected
with PML 1V or PML-RARa. As shown in Fig. 7A, the levels

of HIPK? did not decrease when it was cotransfected with
PML IV. In contrast; the levels of HIPK2 decreased when it
was transfected with PML-RARa. The stability of HIPK2 was
also decreased by PML-RARa (Fig. 7B). This decrease in
HIPK? levels was rescued by adding MG132 (Fig. 7C and D).
These data indicate that PML-RARa promotes the degrada-
tion of HIPK?2 in a ubiquitin-proteasome-dependent mannecr:
HIPK2 levels also decreased when it was colransfected with
the PML-RARa mutant truncated between amino. acids 330
and 342 (see Fig. S4 in the supplemental material). To examine
whether PML:RARa destabilizes endogenous HIPK2, we
used siRNA for RARa (o knock down PML-RARa expression
in APL-derived NB4 cells. PML-RARa depletion increased
the expression of endogenous HIPK?2 (Fig. 7E). These results
suggest that PML-RARa enhances HIPK?2 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-inleracting protein and as a
subunit of SCF ubiquitin ligase that promoted the degradation
of HIPK2 by the ubiquitin-proleasome pathway. Recently,
Rinaldo and coworkers showed that MDM2 induced the deg-
radation of HIPK2 in response {0 cytostatic doses ol ADR or
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FIG. 7.."PML-RAR« destabilizes HIPK2, (A) PML-RAR« enhances the' degradation of HIPK2.: BOSC23 cells were transfected- with the
appropriate vectors. Cells were treated with 100 jig/ml CHX and lysed. The expression of HIPK2 (top) and PML 1V or PML-RAR« (bottom) was
detected by immunoblotting using anti-FLAG and anti-HA antibodics, 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 M MG132 and lysed. The lysates were analyzed as described for panel A. (D) Quantitative analysis
of HIPK2 levels following MG132 treatment. Values were normalized 1o the nonireated mock value. Values represent means = SEM from four
independent determinations. (E) PML-RARa depletion increases the expression of HIPK2. NB4 cells were transfected with siControl or
RARa-specific siRNA (siRARa). The primers for RT-PCR (left) are described in Materials and Methods. The expression of HIPK2, p300, and
tubulin was analyzed by Western blot analysis (right) using anti-HIPK2, anti-p300, and antitubulin antibodies, respectively, GAPDH, glyceralde-
hyde03-phol§gha!e dehydrogenase. (F) A model for PML-mediated transcriptional activation. HIPK2 and p300 are the targets of SCE'"™, Without
PML, SCE™? dearades HIPKZ 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 transcription. PML-RAR« acts as a dominant-negative
inhibitor and destabilizes transcription coactivators. Ub, ubiquitin, ‘

UV irradiation and that the C-terminal region of HIPK2 is - unable {o identify which Iysine residue(s) is necessary for. ubig-
critical for this degradation (50). Gresko and coworkers  uitination and degradation by SCF™™, i( appears that HIPK2
showed that the sumoylation of human HIPK2 at lysine 25  degradation by SCF™™? is different from MDM2-induced deg-
increased its stability (19). However, in this study, we found radation and does not require lysine 25.

that Fbx3 could degrade mutants of HIPK2 deleted for the The degradation of p300 via the 26S proteasome pathway
C-terminal region containing the lysine residue required for has previously been reported (6, 36, 48). This degradation
MDM2-mediated degradation;, as well as the kinase-dead mu-- © - appears to be dependent on p300 phosphorylation and dephos-
tant (mutation of lysine 221 to alanine) and the HIPK2 K25R phorylation: (9, 47). Doxorubicin-activated p38 mitogen-acti-
mutant, which cannot be sumoylated (s¢e Fig. S5B in the = vated prolein kinase phosphorylates p300 and induces p300
supplemental material), and that Fbx3 depletion by siRNA did - degradation (47). Protein phosphatase 2A, a serine-threonine
not inhibit the repression of HIPK2 by ADR (see Fig. S5Cin - phosphatase, also plays an important role in p300 degradation
the supplemental material). These data suggest that the N- (9). Our data show that p300 is degraded by SCE™™ via the
terminal region of HIPK2, but not the C-ferminal region, is. - 268 profteasome pathway, although it is unclear which modifi:
necessary for SCE "™ -induced degradation. Although we were  cation of p300 mediates this degradation. Nonetheless, Fbx3

800z ‘v | J9qwanoN uo Areiqi- OON Je 5107 wse qow woiy papeojumog



7136 SHIMA ET AL.

interacted with a form of p300 that had a faster elcctrophoretic
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 larget genes that are regulated by {ranscription factors
such as p53. However, the underlying mechanism has remained
unclear, Our results suggest that PML stimulates transcription
by protecting (ranscription 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. 5SA and B)and that

“his inhibition occurs in NBs (Fig. SE). PML has been sug-
gested (o increase protein stability. For instance, PML ‘en-
hances p53 stability by sequestering MDM2 in:the nucleolus
(4) and inhibits p73 ubiquitin-dependent degradation (5, 45).
These reporls arc 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 recruifing
subunits of proteasomes and ubiquitin: (2, 34, 35). However,
these studics showed only that the ubiquitin-proteasome path-
way-related protcins were recruited to NBs. There has been no
report showing that proteasomal protein degradation actually
oceurs 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-
tcasome pathway 1o occur around the outside of NBs: In fact,
{he components of SCF™ which are essential for the\degra-
dation of HIPK2 and p300 were localized at the peripherics 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 dre
found in NBs. As for the site of proteasomal protein degrada-
{ion, Matisson and coworkers showed thal NB-associated pro-
{eins move to the nucleolus in the presence of MG132 and that
the nucleolus may regulate proteasomal profein 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-
{ein 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 svnergistically en-
hanced the HIPK2-stimulated transcriptional activity of p53
(Fig. 6B). Since PML stabilized HIPK2 ubiquitinated by Fbx3
(Fig. GA), these resulls suggest that the ubiquitination of

* HIPK2 stimulates the transcriptional activity of p53. Important
roles for ubiquitin in transcriptional regulation have been re-
ported (10). The F-box protein Skp2 induces the ubiquitination
and degradation of ¢-Myc bui uprcgulates ¢-Myc transcrip-
tional activity (29, 55). Likewise, the E3 ubiquitin ligases RSPS
and E6-AP activate hormone receptor-dependent transcrip-

Moi., CrLL. BioL.

tion (25, 43), and SCF**.induced ubiquitination of VP16
appears (o be cssential for transcriptional activation (51).
Taken together, these findings indicate that stabilizing ubig-
vitinated HIPK2 appears (o upregulate the transcriptional ac-
tivity of p33 as shown in Fig. 6B. We speculate that ubiqui-
tinated HIPK2 ¢ould activate p53-dependent transcription: by
increasing the phosphorylation of p300 and p33. It is also
possible that ubiquitinated HIPK2 and p300 are degraded rap-
idly after the completion of the transcription: of their target
genes (o ensure the complete shutdown of transcription. The
regulation of the exact timing and levels of transcription in this
way could constitute a novel mechanism for regulating gene
expression.

Dysfunction of HIPK2 and p300 in leukemia pathogenesis.
It has been reported that the PML-RARuw fusion, which is
generated by the chromosome translocation 1(15:17) found for
APL, forms stable oligomers with normal PML and inhibits
PMI -mediated transcriptional activation in a dominant-nega-
{ive manner. We have shown here that PML and PML-RARa
play opposite roles in HIPK2 stability (Fig. 7A to D). This may
beé because PML-RARo disrupts NBs, in which HIPK2 is sta-
bilized as shown in Fig: SA and E. The result showing that
removal of the Fbx3-interacting region of PML-RARa desta-
bilized HIPK2 (sce Fig. S4 in the supplemental material) also
suggests that the disruption of NBs by PML-RARa decreases
protein stability. As PML-RARa enhanced HIPK2 degrada-
tion, PML-RAR« 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 1(8;22) and 1(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 p53- and AMLI1-mediated (ranscription 37).
These results suggest that dysfunctions of HIPK2 and p300
may be implicated in leukemia.

In summary, we propose that transcription is regulated by
SCEI™ 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 ubiquitin-proteasome pathway is
mediated by the novel SCE™® ubiquitin ligase. Conversely,
PML-RAR« would: inactivate transcription by blocking the
function of PML, thereby enhancing the SCF™"*-induced deg-
radation of HIPKZ.
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