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The growth suppressor promyelocytic leukemia protein (PML) is disrupted by the chromosomal transloca-
tion t(15;17) in acute promyelocytic leukemia (APL). PML plays a key role in multiple pathways of apoptosis
and regulates cell cycle progression. The present study demonstrates that PML represses transcription by
functionally and physically interacting with histone deacetylase (HDAC). Transcriptional repression mediated
by PML can be inhibited by trichostatin A, a specific inhibitor of HDAC. PML coimmunoprecipitates a
significant level of HDAC activity in several cell lines. PML is associated with HDAC in vivo and directly
interacts with HDAC in vitro. The fusion protein PML-RAR« encoded by the t(15;17) breakpoint interacts with
HDAC poorly. PML interacts with all three isoforms of HDAC through specific domains, and its expression
deacetylates histone H3 in vivo. Together, the results of our study show that PML modulates histone deacety-
lation and that loss of this function in APL alters chromatin remodeling and gene expression. This event may

contribute to the development of leukemia.

The nonrandom chromosomal translocation t(15;17), a cy-
togenetic hallmark of acute promyelocytic leukemia (APL),
fuses the retinoic acid receptor o gene (R4ARa) and the pro-
myelocytic leukemia gene (PML) (8, 17, 34). The fusion gene
PML-RAR«a encodes a fusion protein that has been shown to
interfere with leukemia cell differentiation (25, 26) and to
cause leukemia in animal models (11, 27, 32, 33). Disruption of
PML’s growth suppressor function in APL is also believed to
play a role in leukemogenesis (51). PML is a nuclear-matrix-
associated protein localized in the nucleus in a distinct nuclear
speckled pattern designated the PML nuclear body (NB),
which is disrupted in the leukemic blasts of APL (14, 15, 20,
75). A significant number (>90%) of APL patients can be
induced to complete clinical remission by high-dose all-trans-
retinoic acid (ATRA) or arsenic trioxide (As,O5) therapy (16,
59, 60, 72, 74). Retinoic acid (RA) treatment induces differ-
entiation of the leukemic blasts, rapid degradation of the fu-
sion protein PML-RARa, and restoration of a normal PML
NB (20, 75). Recent studies demonstrated that PML-RAR«
recruits histone deacetylase (HDAC) by directly interacting
with the N-CoR-Sin3 complex through the RARa portion of
the fusion protein, turning the fusion protein into a strong
transcription repressor for RA-responsive genes. Treating
APL cells with high-dose ATRA reverses the binding of PML-
RARa to the N-CoR-Sin3 corepressor complex and reacti-
vates RA-responsive genes (24, 32, 45).
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PML belongs to a family of nuclear proteins consisting of the
RING finger motif and two other Cys-His domains designated
the B-box motif. The region following is the a-helical domain,
which is responsible for dimerization (57). PML is the major
component of this novel NB, and many proteins associated
with PML have been identified. For example, the ubiquitin-like
protein modifier SUMO-1 (PIC-1 or sentrin) (7, 35, 36, 53, 62),
interferon-induced protein ISG20 (23), the immediate-early
viral proteins IE1 and IE4 (2, 3), and the Tax-associated pro-
tein int-6 (18) have been found to interact directly or indirectly
with PML. SUMO1-conjugated PML is exclusively localized to
the PML NB (53, 62), indicating that linking of the SUMO1
modifier is important for assembly of the PML NB. PML also
interacts with PLZF, a protein fused with RAR« in the t(11;
17) translocation that occurs in a rare form of APL (38).

PML NB is a frequent target of viral oncoproteins such as
the herpes simplex virus type 1 gene product Vmw110 (22), the
adenovirus proteins E1A and E4-ORF3, the Epstein-Barr vi-
rus-encoded nuclear antigen EBNA-5 (64), and the cytomeg-
alovirus (CMV) major immediate-early proteins IE1 and IE2
(2, 3). After adenovirus infection, the viral protein (e.g., E4-
ORF) targeted to PML NB disrupts its organization and re-
cruits its components (e.g., SP100 and NDPS55) to the viral
replication domain (19). PML NB has been found to be the site
of viral DNA replication and transcription. Also, nascent RNA
polymerase II transcripts have been found within the PML NB,
and PML has colocalized with the transcription coregulator
CBP (CREB-binding protein) (40). These findings support the
notion that PML may be involved in transcription regulation.

The transcription regulatory function of PML has been dem-
onstrated in several of our previous studies (51, 66-68) and
others (29). PML plays a role in regulating transcription by
activating transcription of steroid hormone receptors (29) and
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transcription mediated by Fos—AP-1 (67). Also, when fused to
the GAL4 DNA-binding domain (DBD), PML acts as a tran-
scription suppressor, inhibiting transcription from the GAL4-
responsive promoter (68). Recently, we showed that PML sup-
presses the promoter of epidermal growth factor receptor
(EGFR) by inhibiting EGFR’s Spl-dependent activity (66).
Our previous studies showed that PML is a growth and
transformation suppressor (31, 41, 42, 47, 51). The number of
PML NB is regulated during progression of the cell cycle, and
the highest number is found during the G, phase (13, 14). Also,
PML was found to induce G, arrest and apoptosis in MCF-7
and normal human lung fibroblasts (41; unpublished results).
In HeLa cells, PML induces growth inhibition by lengthening
the G, phase (52). PML affects cell cycle progression by mod-
ulating the expression of several key proteins involved in the
G,/S checkpoint, and it also causes a dephosphorylation of Rb.
Results from a PML gene knockout study (71) strongly support
a crucial role for PML in the control of cell growth. This study
also showed that PML /" mouse embryo fibroblasts (MEF)
grow faster and have a lower number of cells at Go/G, phase
and a higher number at S phase than normal MEF. PML also
plays an essential role in multiple pathways of programmed cell
death. Using PML /" mice and cells overexpressing PML, it
was reported that PML is essential for apoptosis induction by
Fas, tumor necrosis factor, ceramide, ionizing radiation, and
interferons (58, 73). In addition, overexpression of PML from
a recombinant adenovirus induced a significant degree of ap-
optosis in vivo and in tumors induced by MCF-7 cells (41).
We present here compelling evidence that PML functionally
and physically interacts with HDAC in vivo and silences tran-
scription by deacetylation of histones associated with the target
promoter. This finding raises the possibility that disruption of
PML function by t(15;17) in APL may alter the gene expres-
sion pattern normally targeted by PML and may influence its
growth suppressor functions by redistributing HDAC activities.

MATERIALS AND METHODS

Plasmids. Jalila Adnane (1) supplied the reporter plasmid G5-Sp1-CAT,
which contains the GAL4 binding site and the Sp1 binding site linked to the CAT
gene. E2F1(Gal4)LUC, which has GAL4 binding sites in place of the E2F sites,
was kindly provided by David Johnson. The plasmids pPCMV/PML, GAL4/PML,
17mer-tkCAT, and GST-PML were constructed as described in our previous
report (66). The UAS-TATA-Luc plasmid, containing multiple GAL4 binding
sites, was kindly provided by Ming-Jer Tsai. The mutant fusion plasmids encod-
ing GST-HDACI, GST-HDAC2, GST-HDAC3, and GST-HDAC2 were con-
structed as described previously (76). The His-tagged PML expression plasmid
(pAcSG-HisNT-B/PML) was created by subcloning full-length PML cDNA into
the Ncol/Smal sites of pAcSG-HisNT-B expression plasmid (PharMingen, San
Diego, Calif.). To create the expression plasmid pcDNA3His-PML, the PML
cDNA fragment containing the His-tagged sequence was excised by BamHI/
BglII digestion and linked to the BamHI site of the pcDNA3 vector. The hem-
agglutinin (HA)-tagged HDACI expression plasmid was kindly provided by
Harel-Bellan (49). Plasmid pHK3NVP16-PML was constructed by cloning the
Ncol/EcoRI fragment of pCDNA3/PML into the BamHI/EcoRI sites of the
pHK3NVP16 vector. The Ncol and BamHI sites were blunt ended before liga-
tion. The plasmid pM2-HDACI was constructed by linking the BamHI/EcoRI
fragment from GST-HDACI into the BamHI/HindIII sites of the pM2 vector.
Both the EcoRI and the HindIIl ends were blunt ended before ligation. The
GALA4-PML(1-216) plasmid was created by deleting the BssHII/Xbal fragment
of pM2-PML. The plasmid pPCDNA3/HDACI was constructed by subcloning the
BamHI/EcoRI fragment isolated from GST-HDACI into the pCDNA3 vector.
Gal4-PML(1-305) plasmid was created by deleting the Kpnl/Xbal fragment of
pM2-PML. The PML mutants His-PML(1-555), His-PML(1-447), His-PML(1-
305), and His-PML(1-216) were constructed by subcloning the BamH/Mlul,
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BamHI/Smal, BamHI1/Kpnl, and BamHI/BssHII fragments of the PML cDNA,
respectively, into the BamHI/EcoRV sites of the pCDNA3.1/HisC vector (In-
vitrogen, Inc., Carlsbad, Calif.). Mutants His-PML(97-633) and His-PML(331-
633) were constructed by subcloning the AvrII/EcoRI and BssHII/EcoRI frag-
ments of the PML cDNA into the BamHI/EcoRI sites of pCDNA3.1/His vector.
His-PML(447-633) was constructed by cloning the Smal/Xbal fragment of the
PML cDNA into the Xhol/Xbal site of pCNDA3.1/His vector.

Gene transfer, CAT, and luciferase assays. Cells were cultured to semicon-
fluence and transfected with the plasmids using the Superfect reagent (Qiagen,
Valencia, Calif.) in 5-cm tissue culture dishes. Plasmid DNA (2.5 ug) containing
0.5 pg of the reporter and 1.5 g of the expression plasmids was used. The
plasmid pCMV-BGal (0.5 pg) was also included as an internal control in all
transfection and cotransfection assays. The chloramphenicol acetyltransferase
(CAT), luciferase, and B-galactosidase activities were determined as described in
our previous report (66).

In vitro transcription and translation. In vitro transcription and translation of
the HDAC and PML proteins were performed as described in our previous
report (42) using the TNT-coupled transcription-translation system from Pro-
mega Corp. (Madison, Wis.).

Immunoprecipitation and deacetylase assay. Cells were transfected with 5 pg
of the indicated plasmids per 10-cm tissue culture dish, lysed in radioimmuno-
precipitation assay (RIPA) buffer, and subjected to immunoprecipitation using
anti-PML antibody or preimmune serum as described previously (51). The im-
mune complexes were then washed in 1X HAD buffer (75.0 mM Tris-HCI, pH
7.0; 2.0 mM 2-mercaptoethanol; 0.1 mM EDTA) without NaCl and used in
deacetylase assays. The assays were performed as follows. Immune complexes
were incubated with 100 pg of [*HJacetyl-labeled HeLa histones in 1x HAD
buffer with 275 mM NaCl for 2 h at 30°C in a total volume of 200 pl. The
reactions were stopped by adding 50 pl of 0.12 N acetic acid—0.72 N HCI. The
released acetate was extracted in 0.5 ml of ethyl acetate, mixed in 3 ml of
scintillation solution, and counted. All assays were performed in duplicate. The
acetylase activity, measured in counts per minute, represented the average of
several independent measurements. [°H]acetyl-labeled HeLa histones were pre-
pared as previously described (12).

Mammalian two-hybrid assay. The mammalian two-hybrid assay was carried
out as described in our previous report (66). Briefly, 1 ng of UAS-TATA-Luc
reporter plasmid was cotransfected with 0.2 pg of pM2-HDACI and either
pHK3NVP16 or pHK3NVP16-PML plasmid in U20S cells. The plasmid pCMV-
BGal was included in all transfection assays to monitor transfection efficiency.

CHIP assay. The chromatin immunoprecipitation (CHIP) assay was per-
formed according to the method described previously (48), with some modifica-
tions. The plasmid GAL4-PML or GAL4-PML(1-216) or the GAL4 parental
vector was cotransfected with UAS-TATA-Luc into Cos-1 cells using Superfect
reagent in six-well plates in the presence of 0.2 wg of pPCMV-BGal to monitor
transfection efficiency. Cells were collected in 10 ml of culture medium 48 h after
transfection. Formaldehyde (37% in 10% methanol) was added to a final con-
centration of 1%, and the mixture was incubated for 10 min at room tempera-
ture. The cells were then centrifuged, washed three times in cold phosphate-
buffered saline, and resuspended in sodium dodecyl sulfate (SDS) buffer
containing 2% SDS, 10 mM EDTA, 50 mM Tris-HCI (pH 8.1), and protease
inhibitor cocktails (Boehringer Mannheim Corp., Indianapolis, Ind.). The cell
suspension was sonicated briefly and centrifuged (13,000 X g, 5 min) at 4°C. In
each group, one-third of the lysate was used to precipitate total DNA by adding
2.5 volumes of ethanol. Another one-third of the lysate was diluted 10-fold with
dilution buffer containing 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20
mM Tris-HCI (pH 8.0). Anti-acetylated histone H3 antibody (Upstate Biotech-
nology, Waltham, Mass.) was added, and the mixture was incubated for 2 h.
Protein A agarose beads (20 wl) were then added, and the suspension was gently
agitated overnight. The remaining one-third of the lysate was treated as de-
scribed above but without the anti-acetylated histone H3 antibody. The immu-
noprecipitated complexes were harvested by centrifugation at 4°C and washed
three times in TSE (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl
[pH 8.0]) containing 150 mM NaCl and one time in TSE containing 500 mM
NaCl. The DNA complex was eluted by adding 400 wl of elution buffer (1% SDS
and 0.1 mM NaHCO;) and rotated for 20 min. The eluted materials were heated
to 65°C for 8 h to reverse formaldehyde cross-linking, and the DNA was ethanol
precipitated, dried, and resuspended in 50 pl of Tris-EDTA. PCR was performed
for 20, 22, and 25 cycles at 95°C for 30 s, 55°C for 45 s, and 72°C for 45 s using
the two primers that hybridize to the 5" end of the luciferase gene. The DNA
sequence of the 5’ primer was 5'-CTGGAGAGCAACTGCATAAGGC-3’ and
of the 3" primer was 5'-TCTCTGGCATGCGAGAATCTCAC-3' with a pre-
dicted 550-bp amplified DNA fragment.
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FIG. 1. Evidence that PML represses transcription by association with HDAC. U20S cells were transfected with the indicated plasmids and
incubated for 24 h in the presence or absence of TSA (150 pM). Cells were then lysed and assayed for CAT (A) or luciferase (B) activity. (C)
Combinations of the indicated plasmids were cotransfected with the luciferase reporter plasmid UAS-TATA-Luc into Cos-1 cells. The nuclear
extract was prepared 24 h after transfection and used for the luciferase assay. In each transfection assay, 100 ng of the B-galactosidase expression
plasmid pSV-BGal was included to monitor the transfection efficiency. The level of repression was calculated relative to the luciferase activity in
cells transfected with GAL4 alone. All cotransfection assays were repeated at least two times. The data presented here show a typical representative

result.

GST pull-down assay. The glutathione S-transferase (GST) pull-down assay
was performed as described in our previous report (66).

His-tagged pull-down assay and coimmunoprecipitation. The indicated plas-
mids were cotransfected into Cos-1 cells using Superfect reagent, and total
protein extracts were prepared as described previously (66). His-tagged pull-
down assay was performed by adding 20 pl of bovine serum albumin (BSA)-
preblocked Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) to the total protein
extracts and incubating them for 2 h at 4°C in the presence of 5 mM imidazole
to minimize nonspecific binding. The bound proteins were extensively washed in
RIPA buffer containing 0.01% SDS and 50 mM imidazole, suspended in 40 pl of
2X SDS loading buffer, and subjected to SDS-10% polyacrylamide gel electro-
phoresis. Immunoprecipitation was performed as described in our previous re-
port (51).

RESULTS

TSA inhibits transcriptional repression mediated by PML.
Our previous study showed that PML could serve as a tran-
scriptional repressor when fused to the GAL4 DNA-binding
domain (DBD) (68). To further study the mechanism of PML’s
effects on transcription, we examined whether repression by
PML is related to HDAC activity. We first asked whether
HDAC inhibitors such as trichostatin A (TSA) would inhibit
repression by GAL4-PML. To test this, a thymidine kinase
promoter-CAT reporter containing one GAL4 binding site
(17mer-tkCAT) and an Spl minimal promoter containing five
copies of the GAL4 binding site were cotransfected into Cos-1
cells with plasmids containing the GAL4 DBD (negative con-
trol) or GAL4-PML. Transfected cells were then cultured in

the presence or absence of TSA. As expected, transcription of
both promoter constructs was significantly repressed by GAL4-
PML (Fig. 1A). The growth of cells in TSA abolished this
inhibitory effect, suggesting that PML-mediated repression of
both promoter elements required HDAC activity. Similar ex-
periments were performed using an E2F1 mutant promoter-
luciferase construct in which the E2F site was replaced by the
GAL4 binding site, E2F1(GAL4)Luc. Again, GAL4-PML sig-
nificantly repressed transactivation of the luciferase gene, and
the presence of TSA abolished transcription repression by
GALA4-PML (Fig. 1B).

Because TSA is a specific inhibitor of HDAC, the above
results suggested that the transcriptional repression function of
PML might be mediated through its association with an
HDAC. To further test whether PML-mediated repression
involves HDAC activity, we performed another series of trans-
fection experiments in which we overexpressed an HDAC.
UAS-TATA-Luc (containing multiple GAL4 binding sites)
was cotransfected with GAL4-PML in the presence and ab-
sence of the HDAC expression plasmid pCDNA3/HDACI.
Expression of HDACI in the transfected cells was confirmed
by immunofluorescence staining (data not shown). We found
that the presence of HDAC1 and GAL4-PML individually
repressed transcription by 2.3- and 2.6-fold, respectively. How-
ever, the presence of both HDAC1 and GAL4-PML repressed
promoter activity by 13-fold, indicating a synergistic effect be-
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FIG. 2. Coimmunoprecipitation of HDAC activity with PML. (A) The indicated cell lines were infected with Ad-PML as described in our
previous report (41). Total cell lysates were prepared 24 h after infection and subjected to immunoprecipitation with an anti-PML antibody or
preimmune serum as indicated. The precipitated proteins were absorbed in protein A-agarose, washed extensively, and used for the deacetylase
assay. (B) Total protein extracts isolated from Saos-2 cells infected with Ad-PML were subjected to immunoprecipitation as described above.
Deacetylase assays were performed using the immunoprecipitated protein in the presence or absence of TSA (400 wM) as shown.

tween GAL4-PML and HDAC (Fig. 1C). These studies indi-
cate a functional association between PML and HDAC.

PML is associated with HDAC in vivo. We overexpressed
the PML protein in several cell lines by infecting them with a
recombinant PML-adenovirus (Ad-PML) as described in our
previous reports (31, 41). Total proteins were isolated from
these infected cells, and PML was immunoprecipitated using a
polyclonal antibody or preimmune control serum. PML coim-
munoprecipitated a significant level of HDAC activity in
U208, Saos-2, Cos-1, and NIH 3T3 cells (Fig. 2A). Interest-
ingly, Saos-2 cells are retinoblastoma protein (Rb) negative,
and Rb has been shown to bind HDAC (4), but our results with
the Saos-2 cells indicated that PML-associated HDAC activity
is Rb independent. Results from the present study further
show that the PML-associated HDAC activity was TSA sensi-
tive (Fig. 2B). Together, our results strongly support a role for
PML as a transcription repressor that regulates gene expres-
sion by association with HDAC activity.

To determine whether PML can associate with specific
HDAC proteins, we cotransfected PML with HDAC expres-
sion vectors. We first cotransfected a His-tagged PML expres-
sion plasmid (His-PML) with an HA-tagged HDAC1 (HA-
HDACI) and assayed the in vivo association between PML
and HDACI by Ni-NTA agarose binding. The His-tagged plas-
mid minus an insert was used as a negative control. Western
blotting using an anti-HA antibody confirmed that HA-
HDACI1 was expressed in the transfected cells. A significant
level of HDACI1 protein was associated with His-PML in ex-
tracts from cells containing both expression plasmids (Fig. 3A).
No detectable level of HDACI1 was associated with the nega-
tive control plasmid.

We next determined whether PML coimmunoprecipitated
with HA-tagged HDACI1 by using the HA-tagged specific
monoclonal antibody. We cotransfected the pcDNA3/PML ex-
pression plasmid with HA-tagged HDACI into Cos-1 cells.
Immunoprecipitation was then performed on cell extracts, and
precipitated protein fractions were probed with the PML an-

tibody. As a negative control, cells were transfected with the
empty HA-tagged vector and pcDNA3/PML. We found that
the anti-HA antibody coprecipitated a significant amount of
PML protein, whereas an unrelated anti-E6 control antibody
did not (Fig. 3B). No PML protein was immunoprecipitated
from extracts from cells transfected with the HA-tagged plas-
mid alone. Western blot analysis using total protein isolated
from the transfected cells showed that PML was expressed well
in both experiments. Cotransfection experiments were also
performed using an HDAC3 expression plasmid and the His-
tagged PML plasmid. Again, we found that HDAC3 associated
with PML in Ni-NTA pull-down assays (Fig. 3C). These ex-
periments indicated that PML can associate with specific
HDAC proteins in vivo. To further confirm the in vivo associ-
ation between PML and HDACI, we performed a mammalian
two-hybrid assay by transfecting the expression plasmids
GAL4-HDACI and VP16-PML into the U20S cells. Expres-
sion of the luciferase activity was enhanced fivefold when co-
transfection was done with VP16-PML versus the negative
control using VP16 alone. This indicated a physical association
in vivo between PML and HDACT (Fig. 3D).

Finally, we investigated whether PML is associated with
HDAC at the endogenous level in hematopoietic cells. K562
cells were treated with alpha interferon to induce the endog-
enous level of PML. Coimmunoprecipitation was performed
with HDAC1 antibody; the precipitated HDACI-associated
proteins were analyzed by Western blotting with PML anti-
body. A reverse coimmunoprecipitation assay was also per-
formed using the PML antibody. The results presented in Fig.
3E and F demonstrate that PML is associated with HDACI in
vivo at the endogenous level.

PML interacts with HDAC directly in vitro. The studies
presented above demonstrated a functional and physical asso-
ciation in vivo between PML and HDAC. This association may
be direct or may involve intermediary proteins. To determine
whether PML interacts directly with HDAC in vitro, we tested
whether the fusion proteins GST-HDACI1, GST-HDAC2, and
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FIG. 3. Association between the PML protein and HDAC in vivo. (A) His-PML and HA-HDACT expression plasmids were cotransfected into
Cos-1 cells, and His-PML and its associated proteins were pulled down by Ni-NTA agarose. The pull-down protein was detected by Western
blotting (WB) using the anti-HA antibody. A cotransfection assay using His-tagged and HA-tagged HDACI1 expression plasmid was used as a
negative control. (B) PML coprecipitated HA-HDACI using an HA-tagged specific monoclonal antibody. The expression plasmid pcDNA3/PML
and HA-HDACI were cotransfected into the Cos-1 cells, and total proteins were prepared 24 h after transfection. Immunoprecipitation was
performed using the anti-HA specific monoclonal antibody, and the presence of coprecipitated PML protein was detected by Western blotting
using our PML antibody. (C) Ni-NTA agarose pulled down His-tagged PML and HDAC3. An experiment similar to that described above was
performed except that the His-PML plasmid was cotransfected with HDAC3 expression plasmid. (D) A mammalian two-hybrid assay was used to
detect the in vivo association between PML and HDAC. U20S cells were cotransfected with VP16-PML and GAL4-HDACTI in the presence of
the luciferase reporter plasmid UAS-TATA-Luc. Luciferase activity in each assay was determined and calculated relative to the activity of a control
(cotransfected with the empty vector VP16). (E and F) The endogenous association between PML and HDACI was tested in K562 cells. K562
cells were pretreated with 1,000 U of alpha interferon per ml to induce a high expression of PML. Total protein was isolated from 3 X 108 cells,

and coimmunoprecipitation was performed. Preimmune serum was included as a negative control.

GST-HDACS3 purified from bacteria were capable of binding
to in vitro-translated PML protein. Indeed, all three HDAC
isoforms bound to PML in GST pull-down assays (Fig. 4A).
However, PML did not bind to GST alone. This experiment
was repeated at least two times, and GST-HDAC3 binding to
PML was consistently weaker than that of GST-HDACI and
GST-HDAC?2. A similar experiment was performed to assay
GST-PML fusion protein binding to in vitro-translated
HDACI (Fig. 4B). These results suggest that PML directly
interacted with all three isoforms of HDAC in vitro.

It has been previously reported that the PML-RARa fusion
protein created by fusing the PML and RAR« genes via t(15;17)
in APL interacts with HDAC through the N-CoR-Sin3 core-
pressor complex. Therefore, we compared PML and PML-
RARa binding to GST-HDACI. The result, presented in Fig.
4C, shows that GST-HDACI1 bound poorly to in vitro trans-

lated PML-RAR« protein, compared with its strong binding to
PML. This study demonstrated that PML-RARa retained
poor binding affinity to HDACI. As expected, the in vitro-
translated RARa did not bind HDACI (Fig. 4C). This study
confirms that PML-RARa« requires cofactors for recruitment
of HDAG:, in contrast to the native PML protein, which in-
teracts with these enzymes directly.

PML interacts with HDAC through specific domain. To
investigate whether specific domains of PML are involved in its
interaction with HDACI, a series of PML deletion mutants
was created (Fig. 5A); these in vitro-translated proteins were
used in GST-HDACI pull-down assays (Fig. 5B). Like wild-
type PML, mutants lacking the proline-rich domain, RING-
finger motif, and coiled-coil dimerization domain retained full
binding efficiency for HDAC1. Mutant PML(447-633) con-
taining 188 amino acids on the carboxyl-terminal end of PML
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FIG. 4. Analysis of PML and HDAC interaction in vitro by GST
pull-down assay. (A) In vitro-translated **S-labeled PML protein (IVT
PML) was incubated with GST, GST-HDACI1, GST-HDAC2, and
GST-HDAC3 immobilized to the glutathione agarose bead. In this
assay, GST was used as a negative control. The GST pull-down assay
was repeated at least two times, and a weak interaction between
HDACS3 and PML was detected consistently. (B) GST-PML pull-down
assay of the in vitro-translated **S-labeled HDACI protein (IVT
HDACT). The experiment was performed as described above. GST
was used as a negative control in this study. (C) GST-HDAC pull-down
assay for PML-RARa and RARa. In this assay, the in vitro-translated
and **S-labeled PML, PML-RARaq, and RARa were used as described
above. GST-HDACI was unable to pull down the PML-RAR« and
RARa proteins.

retain full binding activity. PML mutants lacking the C-termi-
nal domain [PML(1-555), PML(1-447), and PML(1-303)] did
not interact with HDACI1 (Fig. 5B). This result suggests that
the C-terminal domain (amino acids 555 to 633) is required for
interaction with HDAC1. PML’s HDAC interacting domain
was investigated further by using a His-tag pull-down assay.
The results, presented in Fig. SC, confirm that the C-terminal
end of PML is required for interaction with HDACI.

The results shown in Fig. 1 and 2 demonstrate that PML
represses transcription by recruiting HDAC to the target pro-
moter. Therefore, PML mutants unable to interact with
HDAC should have lost their ability to repress transcription.
To examine this possibility, mutant PML cDNAs were sub-
cloned into the GAL4-DBD vector and tested in a series of
cotransfection experiments. The results indeed showed that
both PML(1-305) and PML(1-447) had lost their ability to
repress transcription (Fig. 1C and data not shown).

To elucidate the domains of HDAC2 involved in interaction
with PML, several deletion mutants of HDAC2 in GST fusion
vectors were created and used in in vitro pull-down assays. In
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vitro-translated PML interacted with all mutants except
HDACI1(18-488). Deletion of amino acids 1 to 180 signifi-
cantly reduced HDAC?2’s ability to bind to PML (Fig. 6). This
study demonstrated that PML interacts with the amino-termi-
nal 180 amino acids of HDAC2.

PML promotes deacetylation of histone H3 on its targeted
promoter in vivo. If the observed physical and functional in-
teractions between the PML and HDAC proteins are impor-
tant to the function of PML as a transcriptional repressor, then
recruitment of PML should result in deacetylation of target
promoters in vivo. To test this notion, we used a modified
CHIP assay. The CHIP assay has been used to demonstrate
that Rb recruits HDAC and deacetylates histone around the
E2F promoter in vivo (48). We transfected Cos-1 cells with a
UAS-TATA-Luc reporter plasmid together with GAL4, GALA4-
PML(1-216), or GAL4-PML. GAL4 and GAL4-PML(1-216)
were negative controls because they do not interact with
HDAC. Histone-bound DNA fragments immunoprecipitated
with anti-acetylated histone H3-specific antibodies were am-
plified by PCR using primers specific for the UAS-TATA-Luc
promoter. Significantly less promoter DNA was precipitated by
the anti-acetylated histone H3-specific antibody in the pres-
ence of GAL4-PML than in the presence of the two negative
controls (Fig. 7). The experiment was repeated at least two
times, and in all cases consistent results were obtained. This
outcome strongly supports the conclusion that GAL4-directed
binding of PML to its target site is associated with deacetyla-
tion of the target promoter. This finding also provides strong
evidence that PML recruits HDAC and represses transcription
by deacetylation of histones associated with target promoters.

DISCUSSION

PML is a transcriptional repressor that functionally and
physically associates with HDACs. Our results demonstrate
that PML functionally and physically interacts with all three
HDAC isoforms through specific domains. Both the C-termi-
nal and the N-terminal regions of the PML protein are neces-
sary for efficient binding to HDAC. Our study also shows that
the PML-RARa fusion protein encoded from the t(15;17)
breakpoint in APL binds poorly to HDAC.

Modification of the chromatin structure by acetylation or
deacetylation plays an important role in the control of gene
expression (56, 63). Hyperacetylation and hypoacetylation of
histones have been shown to correlate with activation and
repression of gene expression (9, 28). Also, acetylation of the
lysine residues of core histones neutralizes a positive charge
and presumably affects histone-DNA interactions, enabling
transcription factors to have access to the promoter regions of
their target genes (43, 69). Several transcription coactivators,
such as CBP (also called p300), have been found to have
histone acetyltransferase activity (63, 70). In addition, tran-
scription activators recruit CBP to target promoters and pro-
mote core histone acetylation to achieve transcriptional acti-
vation (6, 50, 55, 65). On the other hand, deacetylation of
histones promotes nucleosome assembly and renders gene pro-
moters inaccessible by regulatory factors (39, 54). Transcrip-
tion repressors functionally associate with the corepressor
complex and HDAC to achieve transcription silencing of the
target promoter by deacetylation of histones (5, 39, 54). The
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FIG. 5. Interaction of PML and HDAC through specific domains. (A) Schematic illustration of the PML mutants used in this study. Pro,
proline-rich domain; R, RING-finger motif; Bl and B2, B boxes; Coiled-coil, dimerization domain; S/P, serine-proline-rich domain. (B) The
relative mobility of the in vitro-translated PML and its mutant forms in SDS-10% polyacrylamide gel electrophoresis is shown in the left panel.
A GST-HDACI pull-down assay of in vitro-translated PML and its mutant proteins is shown in the right panel. Equal quantities of the in
vitro-translated PML and mutant proteins were used in the GST pull-down assay in a fixed amount of GST-HDACT protein immobilized to the
glutathione-agarose bead. The signal intensities shown reflect the relative binding affinities between HDAC1 and PML-PML mutants under
various experimental conditions. (C) The interacting domain between PML and HDACI1 was identified by His-tag pull-down assay. His-tagged
PML and its mutant expression plasmids were cotransfected with the HA-HDACT expression plasmid into U20S cells. The His-tagged PML and
mutants were pulled down by Ni-NTA agarose. The in vivo association between PML or its mutant and HDAC1 was determined by Western
blotting using the anti-HA antibody (top panel). The total proteins isolated from each cotransfection assay were used to confirm the expression
of HA-HDACI (middle panel) and PML (lower panel) by Western blotting.

present study demonstrates that PML also represses transcrip-
tion by recruiting HDAC to the target gene promoter.

The specific PML domain that interacts with HDAC is dif-
ferent from that which interacts with Rb. A PML mutant
unable to interact with Rb is still capable of binding HDACI1
(unpublished result). The N-terminal domain (amino acids 1 to
180) of HDAC?2 is responsible for binding PML, and this
region is different from the Rb binding domain present in the
C-terminal region of HDAC2. The PML binding domain is

highly conserved between all three HDAC isoforms (21); this
region contains amino acids H141, H174, and D176, which are
necessary for the catalytic activity and structural integrity of
the proteins (30). Site-directed mutagenesis of any one of these
amino acids reduced HDAC catalytic activity by 85 to 100%
and prevented efficient binding of mSin3A and RbAp48. The
results presented in Fig. 2 and Fig. 6 demonstrated that bind-
ing of PML to this region did not affect HDAC catalytic activ-
ity. Significant amounts of HDAC were coimmunoprecipitated
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FIG. 6. Analysis of the domain of HDAC?2 that interacts with PML. HDAC?2 and its mutants containing amino acids 1 to 437, 1 to 372, 1 to
187, and 180 to 488 fused in frame downstream to the GST protein were used in the GST pull-down assay. GST-HDAC?2, containing amino acids
1 to 488, represents the wild-type protein. GST protein alone was used as a negative control. Equal quantities of each of the wild-type and mutant
GST-HDAC fusion proteins were used in the pull-down assay. Input, a small sample of the in vitro-translated PML protein.

using the PML antibody, and overexpression of PML in a
transient-transfection assay significantly reduced the acetyla-
tion of histone H3 associated with the target promoter. In
addition, PML repression of GAL4-mediated transactivation
of a target promoter was TSA sensitive (Fig. 1), supporting the
importance of HDAC activity in PML-mediated repression.

A recent report by Li et al. (44) demonstrated that PML
inhibited Daxx-mediated transcriptional repression by the se-
questration of Daxx to the PML NB. These authors further
showed that PML did not interact with all three isoforms of
HDAC by far-Western analyses. The PML cDNA used in their
study represents the short isoform consisting of amino acids 1
to 560 (34). This finding is in agreement with our result (Fig. 5)
that the PML mutant PML(1-555) did not bind HDACI in a
GST pull-down assay. We obtained the PML ¢cDNA from J. D.
Chen (Departments of Pharmacology and Molecular Toxicol-
ogy, University of Massachusetts Medical School, Worcester),
and our results confirmed that this PML isoform does not
interact with HDACT in a GST pull-down assay (unpublished
results).

GAL4-PML GAL4-PML
(1-216)

GALA4

See S8 59
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FIG. 7. PML recruits HDAC and deacetylates its target promoter
in vivo. Acetylation of plasmid DNA-associated histone H3 in vivo was
determined by the CHIP assay. Three groups of experiments were
carried out by cotransfection of UAS-TATA-Luc with GAL4-PML,
GAL4-PML(1-216), and GAL4 alone into Cos-1 cells. GAL4-PML(1-
216) and GAL4 were negative controls. In each group, total DNA was
used as a positive control for PCR, and total DNA immunoprecipita-
tion in the absence of antibody served as a negative control. aAcH3,
acetylated histone H3-bound DNA amplified by PCR after being im-
munoprecipitated by the antibody. Primers were designed to amplify a
550-bp fragment of the luciferase gene (arrow). A negative control for
PCR without DNA (C—) and a positive control using UAS-TATA-Luc
plasmid DNA (C+) were also included.

A possible role of PML-HDAC association in the regulation
of cell cycle progression. PML interacts with critical cell cycle
regulatory proteins, including Rb (4) and Spl (65). It is well
documented that Rb plays a central role in controlling cell
cycle progression by modulating the transcriptional activity of
E2F (61). Transcription of many genes involved in the G,-to-S
transition is controlled by E2F. At G, the hypophosphorylated
form of Rb recruits HDAC, interacts with E2F, and inactivates
its transactivation function (10, 48, 49). During G,/S transition,
Rb becomes phosphorylated by the cyclin-dependent kinase
cyclin D-Cdk4 or cyclin E-Cdk2 (61). The phosphorylated form
of Rb releases E2F and HDAC and reactivates E2F target
gene; this enables cell cycle progression from G, to S. How-
ever, the biologic significance of PML interaction with Rb is
not clear. Several reports have documented that Sp1 interacts
with E2F and synergistically activates transcription of G,/S-
phase checkpoint genes (37, 46). Together, these studies sug-
gest that PML could play a role in regulating cell cycle pro-
gression by functionally associating with the Rb-E2F complex.
PML’s role in cell cycle progression is also supported by re-
ports documenting that PML NB is the target of several viral
oncoproteins. We hypothesize that interaction of PML with
HDAGC:s regulates cell cycle progression by modulating the
functional activity of the Rb-E2F complex. Our study shows
that PML inhibits Rb-mediated transcriptional repression of
the E2F target gene and that this effect can be reversed by an
increased HDAC concentration (unpublished observation).
This raises the possibility that PML may play a role in regu-
lating Rb-mediated repression of E2F by sequestration of a
limited quantity of HDACs.

Disruption of PML function by t(15;17) and its contribution
to the development of APL. Disruption of PML function by
t(15;17) is believed to play a role in the development of APL
(51). Differentiation therapy using high-dose ATRA induced a
complete clinical remission of APL and then a reorganization
of the normal PML NB (14, 20, 75). At least two scenarios may
explain this observation: (i) the fusion protein PML-RAR« is
eliminated as a result of rapid degradation, mainly through a
proteasome pathway (37, 77), or (ii) the PML growth suppres-
sor function is reactivated.

Recent studies provide substantial evidence demonstrating
that both PML-RAR«a and PLZF-RARa [encoded by the fu-
sion gene PLZF-RARo resulting from t(11;17) in a rare form of
APL] form a complex with a transcriptional corepressor and
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recruit HDAC to achieve transcriptional silencing of target
genes (24, 32, 45). Nonphysiological high-dose ATRA induces
PML-RARa to dissociate from the corepressor complex in
RA-sensitive APL; this possibly triggers reactivation of RA-
responsive myeloid-specific genes and consequently induces
differentiation of APL cells. However, in RA-insensitive APL
that expresses PLZF-RARa, the corepressor complex is not
dissociated by treatment with high-dose ATRA (32). Further-
more, both PML-RAR«- and PLZF-RARa-associated core-
pressor complexes can be dissociated by treatment with RA
plus TSA and induced differentiation. This finding indicates
that the ability of fusion proteins to recruit a transcriptional
corepressor is critical in promoting the development of APL.

The present study demonstrates that PML, but not PML-
RARGu, interacts directly with HDAC:s to repress target genes.
This finding provides an important implication, that t(15;17)
disrupts the transcription-silencing function of PML in APL
cells. Such an event may lead to altered chromatin remodeling
and an altered pattern of gene expression. It may also contrib-
ute to the development of leukemia. PLZF has also been
shown to interact with HDAC (38). The domain of PML that
interacts with HDAC involves a C-terminal region not in-
cluded in the PML-RARa fusion protein. However, the do-
main of PLZF that interacts with HDAC involves the N-ter-
minal domain, and PLZF-RAR« retains full HDAC binding
activity in addition to its ability to associate with corepressors
through RARa. Based on this observation, we hypothesize that
in PML-RARa-positive APL, ATRA induces dissociation of
the corepressor from RARa and completely disables its ability
to act as a transcription silencer. This event leads to RA-
induced differentiation of the APL cells. In PLZF-RAR«-pos-
itive APL, RA does not interfere with HDAC binding to PLZF
and is unable to relieve the transcription-silencing effects of the
fusion protein on target genes. Therefore, PLZF-RARa-pos-
itive APL is insensitive to differentiation therapy using ATRA.
This hypothesis explains why RA plus TSA induces differen-
tiation of both types of APL (24, 32, 45).
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