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Promyelocytic leukemia protein (PML) nuclear bodies (NBs) are dynamic subnuclear compartments that play roles in
several cellular processes, including apoptosis, transcriptional regulation, and DNA repair. Histone deacetylase (HDAC)
7 is a potent corepressor that inhibits transcription by myocyte enhancer factor 2 (MEF2) transcription factors. We show
here that endogenous HDAC7 and PML interact and partially colocalize in PML NBs. Tumor necrosis factor (TNF)-�
treatment recruits HDAC7 to PML NBs and enhances association of HDAC7 with PML in human umbilical vein
endothelial cells. Consequently, TNF-� promotes dissociation of HDAC7 from MEF2 transcription factors and the
promoters of MEF2 target genes such as matrix metalloproteinase (MMP)-10, leading to accumulation of MMP-10 mRNA.
Conversely, knockdown of PML enhances the association between HDAC7 and MEF2 and decreases MMP-10 mRNA
accumulation. Accordingly, ectopic expression of PML recruits HDAC7 to PML NBs and leads to activation of MEF2
reporter activity. Notably, small interfering RNA knockdown of PML decreases basal and TNF-�-induced MMP-10
mRNA accumulation. Our results reveal a novel mechanism by which PML sequesters HDAC7 to relieve repression and
up-regulate gene expression.

INTRODUCTION

The promyelocytic leukemia (PML) protein is involved in
transcriptional regulation, apoptosis, and oncogenesis (Maul
et al., 2000; Borden, 2002; Ching et al., 2005). A fraction of
PML is nucleoplasmic and is enriched in discrete nuclear
structures, referred to as either Kremer bodies, nuclear do-
main 10, PML oncogenic domains, or PML nuclear bodies
(NBs). PML is capable of regulating transcriptional activity
either positively (Tsuzuki et al., 2000; Lin et al., 2003) or
negatively (Li and Chen, 2000; Li et al., 2000; Vallian et al.,
1998; Wu et al., 2002). The mechanisms by which PML reg-
ulates transcription are not completely understood.

Class II histone deacetylases (HDACs), including HDAC4,
-5, -7, and -9, are potent transcriptional corepressors (Fischle
et al., 1999; Grozinger et al., 1999; Verdel and Khochbin, 1999;
Kao et al., 2000, 2002; Zhou et al., 2001; Fischer et al., 2002;
Guardiola and Yao, 2002). They associate with myocyte
enhancer factor 2 (MEF2) and inhibit its ability to activate
target genes such as matrix metalloproteinase (MMP)-10
(Chang et al., 2006), a zinc-dependent matrix metallopro-
tease known to regulate cell–cell interactions, including
those involving smooth muscle and endothelial cells. As
such, the ability of MEF2 to activate target genes partly

depends on the subcellular distribution of class II HDACs.
Nucleocytoplasmic shuttling of class II HDACs is controlled
by a highly conserved N-terminal nuclear localization se-
quence, a C-terminal nuclear export sequence, and phos-
phorylation (Verdin et al., 2003). Subsequent cytoplasmic
retention of HDAC7 is thought to be one mechanism leading
to MEF2 activation. In addition to nucleocytoplasmic traf-
ficking, we have found that endogenous HDAC7 exhibits
nuclear punctate staining resembling PML NBs, but the
functional significance of this localization remains largely
unknown. In this study, we have uncovered a novel regu-
latory pathway by which the proinflammatory cytokine tu-
mor necrosis factor (TNF)-� induces PML expression and
enhances the formation of PML NBs. We have also found
that induction of PML by TNF-� recruits HDAC7 to PML
NBs and derepresses the expression of MEF2 target genes,
including MMP-10.

MATERIALS AND METHODS

Plasmids and DNA Constructs
All PML plasmids used in this study are PML4 expression plasmids and are
referred to as PML. PML and HDAC7 expression plasmids have been de-
scribed previously (Xu et al., 2004; Gao et al., 2006). The CMX-HA-PML4
expression plasmid was generated by polymerase chain reaction (PCR) and
subcloned into the cytomegalovirus-promoter based CMX-HA (1H) vector
(Chakraborty et al., 2006). Truncated PML and HDAC7 cDNAs were PCR
amplified using full-length PML4 and HDAC7 as templates. HA-PML (3KR)
was generated by site-directed mutagenesis (Strategene, La Jolla, CA). Yellow
fluorescent protein-HDAC7, hemagglutinin (HA)-HDAC4, and HA-HDAC5
expression plasmids were generated by PCR. All plasmids were confirmed by
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sequencing. The MEF2 reporter construct has been described previously (Kao
et al., 2001).

Reagents and Antibodies
TNF-� was purchased from Promega (Madison, WI). HDAC7 antibodies have
been described previously (Gao et al., 2006). The specificity of anti-HDAC7
antibodies has been determined previously (Gao et al., 2006) and shown by
small interfering RNA (siRNA) knockdown experiment (Supplemental Figure
S9). The following antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA): �-CBP (sc-369), �-PML (sc-966 & sc-5621), �-actin (sc-1615),
�-Daxx (sc-7152), �-MEF2 (sc-313x), �-HDAC1 (sc-7872), �-HDAC2 (sc-7899),
�-HDAC3 (sc-11417), �-HDAC4 (sc-11418), and �-HDAC5 (sc-11419).
Anti-HA antibodies (2013819) were purchased from Roche Diagnostics (Indi-
anapolis, ID). Anti-tubulin antibodies (T6074), anti-HA antibody-conjugated
beads (E6779), anti-FLAG antibody-conjugated beads (F2426), and anti-FLAG
antibodies (F3165) were purchased from Sigma-Aldrich (St. Louis, MO). Anti-
acetyl-histone H4 antibodies (06-598) were purchased from Millipore (Bil-
lerica, MA). Anti-HDAC6 was a generous gift from Dr. X. Zhang (University
of South Florida). Anti-N-CoR antibodies were generated and purified in our
laboratory. Anti-HA horseradish peroxidase (2013819) was from Roche Diag-
nostics.

Reverse Transcription (RT)-PCR
Total RNA was extracted from human umbilical vein endothelial cells
(HUVECs) by using the RNeasy Mini kit (QIAGEN, Valencia, CA) and used
as a template for reverse transcriptase with poly(dT) primer (Invitrogen,
Carlsbad, CA). PCR reactions were performed on first-strand cDNA with the
following primers: PML forward, 5�-GAATCAACGAATGAATGGCT-3� and
PML reverse, 5�-CCAGGGACTCAGAATACAGG-3�; MMP-10 forward, 5�-
GCATTTTGGCCCTCTCTTC-3� and MMP-10 reverse, 5�-CAGGGTATGGAT-
GCCTCTTG-3�; HDAC7 forward, 5�-GCACCCAGCAAACCTTCTAC-3� and
HDAC7 reverse, 5�-AGCCCCTACCTCATCCACAG-3�; and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) forward, 5�-GAAGGTGAAGGTCG-
GAGT-3� and GAPDH reverse 5�-GAAGATGGTGATGGGATTTC-3�.

Real-Time PCR
Total RNA was extracted from HUVECs 72 h after transfection of siRNA with
the RNeasy Mini kit (QIAGEN) and reverse transcribed into a cDNA pool by
using Superscript II reverse transcriptase following the manufacturer’s in-
structions (Invitrogen). The cDNAs were quantified by real-time PCR by
using an iCycler (Bio-Rad, Hercules, CA) with the iQ SYBR Green Supermix
kit (Bio-Rad) and appropriate primer sets. Forty cycles of PCR were per-
formed with three temperature steps of 95°C for 10 s, 55°C for 20 s, and 72°C
for 30 s. Subsequently, the melting curves were examined to ensure the
homogeneity of the PCR products. The relative quantities of genes of interest
were normalized to GAPDH and compared between samples treated by
siPML and control siControl.

Cell Culture, Transfection, and siRNA
HeLa cells were grown in DMEM supplemented with 10% fetal bovine serum,
50 U/ml penicillin G, and 50 �g of streptomycin sulfate at 37°C in 5% CO2.
HUVECs were isolated from freshly obtained umbilical cord samples by
collagenase digestion of the umbilical vein. HUVECs were a gift from Dr.
Matsuyama (Case Western Reserve University, Cleveland, OH) and main-
tained in endothelial cell basal medium containing endothelial growth medi-
um-2 singlequot growth supplements (Cambrex, East Rutherford, NJ).
HUVEC passages 2–5 were used in this study. HUVECs were treated with
TNF-� (20 ng/ml) for up to 20 h. Control, PML, and HDAC7 siRNA SMART
pools were purchased from Dharmacon RNA Technologies (Lafayette, CO).
siRNA duplexes were transfected into HUVECs according to manufacturer’s
protocol. For mRNA expression levels, total RNA was isolated 48 h after
transfection followed by RT-PCR (Invitrogen). Transient transfections and
luciferase assays were performed in 48-well culture plates. HeLa cells were
transfected using Lipofectamine 2000 (Invitrogen). The amount of DNA was
kept constant (0.6 �g for Figure 4A and 0.7 �g for Figure 4, C and E) by
addition of pCMX vector. Five hours after transfection, medium was replaced,
and the cells were harvested 48 h after transfection followed by luciferase and
�-galactosidase (�-gal) activity assays (Promega). Each reaction was per-
formed in triplicate.

Protein–Protein Interaction Assays
For immunoprecipitation, cells were grown on 10-cm plates and transfected
with appropriate plasmids (10 �g of total DNA) using Lipofectamine 2000
(Invitrogen). After 48 h, cells were washed in phosphate-buffered saline (PBS)
and resuspended in radioimmunoprecipitation assay buffer containing pro-
tease inhibitors. After incubation on ice for 2 h, the lysed cells were centri-
fuged at 4°C at 10,000 rpm for 10 min; supernatant was collected and kept at
�80°C. These whole cell extracts were incubated with appropriate antibodies
for 4 h at 4°C, and then protein A/G beads added to precleared whole cell
extracts for 2 h at 4°C. The immunopellets were washed three to four times
with 1� PBS, followed by Western blotting with appropriate antibodies. For

endogenous immunoprecipitations, HeLa cell extracts were immunoprecipi-
tated with anti-PML and anti-HDAC7 antibodies and probed with anti-
HDAC7 antibodies. For HUVECs, cells were treated with TNF-� as described
above. Whole cell lysates were prepared and immunoprecipitated with anti-
PML antibodies followed by Western blotting with anti-PML or anti-HDAC7
antibodies.

Confocal Microscopy
Transfected cells were fixed in 3.7% paraformaldehyde in PBS for 30 min at
room temperature and permeabilized in PBS with the addition of 0.1% Triton
X-100 and 10% goat serum for 10 min. The cells were washed three times with
PBS and blocked in PBS-goat serum (10%) and 0.1% Tween 20 solution (ABB)
for 60 min. Incubation with primary antibodies was carried out for 120 min in
ABB. The cells were washed three times in PBS, and the secondary antibodies
were added for 30–60 min in the dark in ABB. Coverslips were mounted on
slides using Vectashield mounting medium with 4,6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories, Burlingame, CA). All confocal images were
acquired using an LSM 510 inverted laser-scanning confocal microscope (Carl
Zeiss, Thornwood, NY). A 63� numerical aperture of 1.4 oil immersion plan
apochromat objective was used for all experiments. For endogenous and
transiently transfected PML, images of Alexa Fluor 594 were collected using
a 633-nm excitation light from a He/Ne2 laser, a 633-nm dichroic mirror, and
650-nm long pass filter. For endogenous HDAC7, images of Alexa Fluor 488
were collected using a 488-nm excitation light from an argon laser, a 488-nm
dichroic mirror and 500- to 550-nm band pass barrier filter. All DAPI-stained
nuclear images were collected using a Coherent Mira-F-V5-XW-220 (Verdi
5W) Ti:sapphire laser tuned at 750 nm, a 700-nm dichroic mirror, and a 390-
to 465-nm band pass barrier filter. The primary antibodies are described
above. The secondary antibodies used were from Invitrogen (anti-mouse and
anti-rabbit Alexa Fluor 488, anti-mouse and anti-rabbit Alexa Fluor 594). The
applied laser power (in percentage) of the LSM 510 system has a linear range.
For quantification of the intensity, if two samples were acquired with similar
parameters, e.g., detector gain, scan speed, and so on, varying the laser
percentage power can be used to semiquantify the two images in terms of
their average pixel intensity. For example, in Figure 2A, the laser power used
to acquire the image in panel g was 5 times higher than panel b or l. Thus, the
average pixel intensities or the level of proteins seen in panel l is 5 times
greater than that seen in panel g (see arrows) in this case.

Chromatin Immunoprecipitation (ChIP) Assays
This protocol was modified from the Farnham laboratory’s protocol (Wells
and Farnham, 2002). HUVECs (1 � 106) were used for each immunoprecipi-
tation reaction. HUVECs were cultured in endothelial medium described
above for 48 h followed by TNF-� treatment. Cells were harvested at different
time points as indicated and rinsed with 1� PBS twice followed by cross-
linking with 1% formaldehyde for 10 min at room temperature. Glycine was
added to a final concentration of 125 mM for 5 min at room temperature to
stop cross-linking. Cells were rinsed with 10 ml of ice-cold 1� PBS and
pelleted by centrifugation at 5000 rpm. Cells were resuspended in 10 ml of cell
lysis buffer [5 mM piperazine-N,N�-bis(2-ethanesulfonic acid), pH 8.0, 85 mM
KCl, 0.5% NP-40, 0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitors mix). After incubation on ice for 10 min, cell nuclei were
pelleted by centrifugation at 5000 rpm for 5 min at 4°C. Nuclei were resus-
pended in nuclei lysis buffer (50 mM Tris-Cl pH 8.1, 10 mM EDTA, 1% SDS,
and protease inhibitors mix) and incubated on ice for 10 min. Nuclear lysates
were sonicated on ice with a Fisher sonic dismembrator 550 at a setting of 4
for 15 10-s pulses to shear the chromatin to an average of 600-base pair
fragments. Lysates were centrifuged at 14,000 rpm at 4°C for 15 min, and the
supernatants were precleared with protein A agarose beads (RepliGen,
Waltham, MA) for 10 min. Precleared lysates were diluted with IP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-Cl, pH 8.1,
and 167 mM NaCl) and incubated with individual antibodies on a rotation
platform at 4°C overnight. After 12- to 16-h incubation, protein A agarose
beads were added and incubated on a rotating platform for 15 min at room
temperature to pull down the DNA–protein complexes. The complexes were
centrifuged at 14000 rpm at 4°C for 5 min to pellet the beads and washed with
1� dialysis buffer (2 mM EDTA, 50 mM Tris-Cl, pH 8.0, and 0.2% sarkosyl)
twice and IP washing buffer (100 mM Tris-Cl, pH 9.0, 500 mM LiCl, 1% NP-40,
and 1% deoxycholic acid) at least four times. Ten percent of the no antibody
control was saved as total input before washing. DNA–protein complexes
were eluted with elution buffer (50 mM NaHCO3 and 1% SDS). This was
followed by reverse cross-linking by addition of NaCl to 300 mM and 10 �g
of RNase A and incubation at 65°C overnight. The samples were precipitated
at �20°C overnight by addition of 2.5-fold of 100% ethanol and then pelleted
by centrifugation. The samples were dissolved in 100 �l of 1� TE, 25 �l of 5�
proteinase K buffer (50 mM Tris-Cl, pH 7.5, 25 mM EDTA, and 1.25% SDS)
and 1.5 �l of proteinase K (10 mg/ml) and incubated in a 45°C water bath for
2 h. Samples were then extracted with phenol-chloroform-isoamyl alcohol
(25:24:1) followed by precipitation with 450 mM NaCl, 5 �g of tRNA (Roche
Diagnostics), 5 �g of glycogen (Roche Diagnostics), and 2.5-fold of 100%
ethanol at �20°C overnight. Pellets were collected by centrifugation and
dissolved in 30 �l of 1� TE and analyzed by PCR.
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RESULTS

Immunofluorescence and confocal microscopy were used to
compare the subcellular distribution of endogenous HDAC7
and PML in HeLa cells. We found that HDAC7 displayed
speckled nuclear staining that partially overlapped with
PML NBs (Figure 1Ad). A similar observation was made in
MDA-MB-231 breast cancer cells (data not shown). We ex-
tended these findings by transiently transfecting HeLa cells
with a PML expression plasmid. Transfected PML also dis-
played a punctate nuclear pattern, mimicking the distribu-
tion of endogenous PML (Figure 1Ba) and that most endog-
enous HDAC7 colocalized to PML NBs in the transfected
cells (Figure 1Bc). These data indicate that endogenous
HDAC7 and PML partially colocalize but that ectopic over-
expression of PML results in additional recruitment of
HDAC7 to PML NBs (Supplemental Figure S1). We next
carried out coimmunoprecipitation experiments and found
that endogenous HDAC7 and PML interact in HeLa cells
(Figure 1C). This interaction was also detected in Hep2 cells
(data not shown) and further confirmed by transient trans-
fection of HDAC7 and PML expression plasmids followed
by coimmunoprecipitation (Figure 1D). Moreover, HDAC4
and -5 also interacted with PML and were recruited to PML
NBs (Supplemental Figure S2). These data demonstrate that
HDAC7 and PML partially colocalize and interact in mam-
malian cells. We further hypothesize that up-regulation of
PML recruits class II HDACs to the PML NBs.

One difficulty in studying endogenous functions of indi-
vidual class IIa HDACs is that the HDACs interact with
common factors and share overlapping functions. Therefore,
knocking down one member usually does not generate a
phenotype due to functional redundancy. We have found
that HUVECs only express high levels of HDAC7; other
class IIa HDACs (4, 5, and 9) are not expressed at significant
levels (Supplementary Figure S3), providing an ideal system
to study the cellular functions and regulation of endogenous
HDAC7. Treatment with As2O3 and interferons (IFNs) has
been shown to enhance formation of PML NBs in other
systems (Koken et al., 1995; Lallemand-Breitenbach et al.,

2001). To test whether these treatments stimulated PML NB
formation in HUVECs, cells were treated with As2O3, INF�,
or TNF-� for 2 or 20 h followed by Western blotting. Among
these, TNF-� was the most potent inducer of PML mRNA
and protein levels (data not shown; see below). We found
that the intensity of HDAC7 staining in PML NBs increased
after TNF-� treatment (Figure 2A, compare c and m). Fur-
thermore, based on intensity, the amount of PML in PML
NBs in TNF-� treated cells was five- to sevenfold greater
than that in nontreated cells (Figure 2A, b and l). We per-
formed similar experiments and found that in contrast to
HDAC7, we did not observe recruitment of MEF2 to PML
NBs (Figure 2B). As expected, CBP localized to PML NBs
with or without TNF-� treatment (Supplemental Figure S4).
Furthermore, HDAC1, -2, -3, -6, or N-CoR did not colocalize
to PML NBs after TNF-� treatment.

Enhanced formation of PML NBs correlated with signifi-
cant increases in PML protein levels (Figure 3A, lanes 1 and
2). In contrast, HDAC7 protein levels remained unchanged,
which was consistent with the immunostaining data (Figure
3A). This increase in PML protein levels also correlated with
an increase in the amount of HDAC7 associated with PML
(Figure 3A, lanes 3 and 4). The observation that TNF-�
recruits HDAC7 to PML NBs suggests that TNF-� may
disrupt the association between HDAC7 and transcription
factors such as MEF2. To test whether TNF-� alters the
association between HDAC7 and MEF2, we performed co-
immunoprecipitations by using anti-MEF2 antibodies and
found that TNF-� treatment reduced the amount of HDAC7
bound to MEF2 (Figure 3B). Furthermore, ChIP assays indi-
cate that TNF-� treatment led to loss of association of
HDAC7 with the promoter of the MMP-10 gene, a known
MEF2 target, and increased acetylation of histone H4 in the
vicinity of the MMP-10 promoter (Chang et al., 2006) (Figure
3C, lanes 1–3). As a control, HDAC7 did not associate with
a region 2 kb upstream of the MEF2 binding site (lanes 4–6).
In contrast, we did not detect an association between PML
and the MMP-10 promoter (Supplemental Figure S5). These
results suggest that HDAC7 target genes are no longer sub-

Figure 1. HDAC7 associates with PML in
HeLa cells. (A) Confocal immunofluorescence
microscopy was carried out using anti-
HDAC7 antibodies and anti-PML antibodies.
PML NBs occur as multiple speckles within
the nucleus. (B) HeLa cells were transfected
with a PML expression plasmid. Immuno-
staining was carried out to detect transfected
PML and endogenous HDAC7. a–c, anti-PML
and anti-HDAC7 antibodies were used to
stain transfected and endogenous PML and
endogenous HDAC7; d–f, only anti-PML an-
tibodies were applied; g–i, only anti-HDAC7
antibodies were applied. Note that transfected
PML was expressed at a much higher level
than endogenous PML. All images were taken
at the same settings. (C) HeLa whole cell ex-
tracts were prepared and immunoprecipitated
with beads alone, anti-PML, or anti-HDAC7
antibodies followed by Western blotting with
anti-HDAC7 antibodies. (D) An HDAC7 ex-
pression plasmid was singly or cotransfected
with a PML expression plasmid followed by
immunoprecipitation and Western blotting
with the indicated antibodies.
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ject to HDAC7-mediated repression after TNF-� exposure.
To test this hypothesis, we used RT-PCR to measure the
levels of MMP-10 mRNA. Our data demonstrate that accu-
mulation of the MMP-10 transcript increased in TNF-�-
treated HUVECs (Figure 3D). Consistent with previous ob-
servations (Chang et al., 2006), siRNA knockdown of
HDAC7 also induced expression of MMP-10 mRNA (Figure
3E). To test whether endogenous PML plays a role in the
expression of MMP-10 mRNA, we carried out knockdown
experiments with siRNA. We found that PML knockdown
decreased MMP-10 mRNA accumulation (Figure 3F). These
data indicate a positive regulatory function for PML in the
expression of the MMP-10 transcript. In contrast, HDAC7
protein levels were not affected. Additionally, PML knock-
down significantly attenuated TNF-�-induced up-regulation
of MMP-10 (Figure 3G). Concomitantly, knockdown of PML
led to enhanced association between MEF2 and HDAC7
(Figure 3H). These data suggest that TNF-� induces expres-
sion of MEF2 target genes such as MMP-10, partly by induc-
ing the accumulation of PML, which sequesters HDAC7
from MEF2 association.

To further dissect the mechanism by which PML regulates
HDAC7 function, we transiently transfected HeLa cells to
examine whether PML is capable of regulating MEF2-medi-
ated transcription. We found that coexpression of PML po-
tentiated activity of a MEF2-responsive reporter in the
absence or presence of exogenous MEF2 (Figure 4A). Fur-
thermore, PML overcame HDAC7-mediated transcriptional

repression of MEF2 reporter activity (Supplemental Figure
S6A). To test whether the ability of PML to regulate MEF2
reporter activity is dependent on class IIa HDACs, we eval-
uated their effects on an MEF2 reporter. HDAC4, -5, and -7
were all capable of attenuating PML-mediated activation of
MEF2 reporter activity, suggesting that PML potentiates
MEF2 activity by regulating class II HDACs (Supplemental
Figure S6B). We mapped the residues in PML that are es-
sential for interaction with HDAC7 by coimmunoprecipita-
tion experiments and the minimal PML fragment that can
activate a MEF2 reporter by transient transfection assays.
We found that deletion of amino acids 556–633 significantly
reduced the PML:HDAC7 association (Figure 4B, compare
lanes 3 and 8), whereas PML (331–633) was sufficient for
interaction with HDAC7 (lane 10). Furthermore, amino acids
552–633 did not bind HDAC7 in coimmunoprecipitation
experiments (Supplemental Figure S7). Ectopic expression
of wild-type PML potentiated transcription activity by
MEF2 (Figure 4C, lanes 5–7), whereas PML truncations
defective in binding HDAC7 did not (lanes 8 –13). Fur-
thermore, the same C-terminal fragment of PML that in-
teracted with HDAC7 was able to activate MEF2 tran-
scription (lanes 14 –16). These data suggest that PML
interaction with HDAC7 is essential for its ability to po-
tentiate MEF2 transcription activity and that the C-termi-
nal region of PML is required for this interaction.

Sumoylation of PML is thought to contribute to its
regulation and formation of PML NBs (Bernardi and Pan-

Figure 2. TNF-� treatment results in the sequestra-
tion of HDAC7 to PML NBs. (A) HUVECs were
treated with or without TNF-� for 20 h followed by
immunostaining with anti-HDAC7 and anti-PML
antibodies and confocal microscopy. Note that the
intensity of PML NBs in the TNF-� treated sam-
ples (l) was 5 times greater than that in the un-
treated cells (b and g). Unless specified, the laser
intensity used in the confocal microscopy was the
same as that used in b. The laser intensity used in
g was fivefold higher than that in b. HUVECs do
not express detectable levels of HDAC4 or HDAC5
(data not shown). (B) Confocal microscopic images
of TNF-� treated cells immunostained with anti-
PML and anti-MEF2 antibodies. Experiments were
carried out according to A.

TNF�-induced Recruitment of HDAC7 to PML NBs

Vol. 19, July 2008 3023



dolfi, 2007; Heun, 2007). To determine whether sumoyla-
tion is essential for PML to interact with HDAC7, we
generated a sumoylation-deficient PML mutant, PML
(3KR, K65R/K160R/K490R) and tested its association
with HDAC7. Although incapable of forming PML NBs,
PML (3KR) still forms nuclear aggregates (Zhong et al.,
2000). We found that PML (3KR) still associated with
HDAC7, indicating that PML sumoylation is dispensable

for its association with HDAC7 (Figure 4D). Furthermore,
this mutant potently activated MEF2 reporter activity
(Figure 4E). We reason that the ability of PML to activate
MEF2 reporter activity correlates with the ability of PML
to sequester HDAC7. As predicted, transfected wild-type,
PML (3KR) and PML (331-633) (Figure 4F, a–j) but
not PML (1-555) (Figure 4F, k– o) recruited endoge-
nous HDAC7 to PML-mediated nuclear aggregates in

Figure 3. TNF-� induces dissociation of HDAC7 from MEF2 and association of HDAC7 and PML. (A) HUVECs were treated with or
without TNF-�, and whole cell extracts were prepared followed by immunoprecipitation with anti-PML antibodies and Western blotting with
the indicated antibodies. Whole cell extracts (lanes 1 and 2) were immunoprecipitated with anti-PML antibodies and probed with anti-PML
or anti-HDAC7 antibodies (lanes 3 and 4). One major band migrating at 110–120 kDa and one minor band migrating at 80 kDa were detected.
(B) HUVEC whole cell extracts treated with TNF-� were immunoprecipitated with anti-MEF2 antibodies and probed with anti-HDAC7
antibodies. (C) Chromatin immunoprecipitation assays were carried out using anti-HDAC7 and anti-acetyl-histone H4 antibodies as
described in Materials and Methods. Lanes 1–3, PCR using primers flanking the MEF2 binding sites (BS). Lanes 4 and 5, PCR using primers
2 kb upstream of the MEF2 BS. (D) HUVECs were treated with or without TNF-� as described in A, and total RNA was isolated followed
by RT-PCR using gene-specific primers as indicated. (E) siRNA-mediated knockdown of HDAC7 was performed, and total RNA was isolated
followed by RT-PCR using gene-specific primers as indicated. (F) siRNA-mediated knockdown of PML was performed, and total RNA was
isolated followed by RT-PCR using gene-specific primers as indicated. (G) siRNA-mediated knockdown of PML was performed followed by
TNF-� treatment and total RNA was isolated followed by RT-PCR using gene-specific primers as indicated. Real-time PCR was carried out
to measure the mRNA expression of indicated genes. The ratio of GAPDH mRNA for [siControl � TNF-�]/[siControl] was set at 1. -Fold
induction is shown. (H) A control or PML siRNA was transfected into HUVECs. Seventy-two hours after transfection, whole cell lysates were
prepared followed by coimmunoprecipitation with anti-MEF2 antibodies or control immunoglobulin (IgG). Western blotting were performed
using anti-HDAC7 or anti-MEF2 antibodies. IgG heavy chain is shown below MEF2 marked as an asterisk.
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Figure 4. Coexpression of PML potentiates MEF2 transcription activity. (A) An MEF2 reporter construct (Kao et al., 2001) was
cotransfected into HeLa cells with an internal control plasmid, CMX-�-Gal, MEF2C, or PML expression plasmids. Luciferase activity
was measured according to our published protocol (Chakraborty et al., 2006). (B) HA-HDAC7 and full-length or truncated PML
expression plasmids were cotransfected into HeLa cells. Whole cell extracts were prepared and immunoprecipitated with anti-HA
antibodies followed by Western blotting with anti-PML and anti-HA antibodies. (C) Transient transfection reporter assays were
performed as described in B with increasing amounts of full-length PML (lanes 5–7) or PML truncations (lanes 8 –16) into HeLa cells.
Bottom, expression of full-length PML or truncated PML as detected by PML antibodies. A similar trend was observed when HDAC7
was not ectopically expressed (data not shown). (D) Wild-type HA-PML or HA-PML mutant (K65R/K160R/K490R, 3KR) was
cotransfected with a FLAG-HDAC7 expression plasmid in HeLa cells. Extracts were prepared and subjected to immunoprecipitation
as indicated. Western blotting was performed using the indicated antibodies. (E) Transient transfection assays were carried out as
described above. Protein levels of the wild type and PML (3KR) are shown. (F) Wild type HA-PML, HA-PML (3KR), HA-PML (1-555),
and green fluorescent protein (GFP)-PML (331-633) were transfected into HUVECs followed by immunostaining with anti-HA [except
for GFP (331-633)] and anti-HDAC7 antibodies and confocal microscopy.
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HUVECs. In summary, our data uncover a distinct mech-
anism by which TNF-� induces MMP-10 mRNA expres-
sion in a PML-dependent pathway that involves seques-
tration of HDAC7.

DISCUSSION

In this study, we investigate the mechanisms by which
TNF-� regulates expression of HDAC7 target genes, includ-
ing MMP-10. Three major findings can be drawn from this
study: 1) TNF-� induces PML mRNA and protein accumu-
lation/sumoylation and enhances PML NB formation; 2)
TNF-� treatment leads to recruitment of HDAC7 to PML
NBs, loss of HDAC7 association with MEF2 transcription
factors and the MMP-10 promoter, and induction of
MMP-10 mRNA accumulation; and 3) PML knockdown en-
hances association between HDAC7 and MEF2 and reduces
basal expression and TNF-�-induced up-regulation of
MMP-10 mRNA.

We have discovered a novel mechanism by which class II
HDACs can be kept in an inactive form in the nucleus
through induction or overexpression of PML. Class II
HDACs are potent transcriptional corepressors; therefore,
induction of PML increases expression of HDAC7 target
genes such as MMP-10. In HUVECs, this occurs when
TNF-� signaling induces PML expression and association
between PML and HDAC7. This PML-mediated regulation
is distinct from the known mechanism by which phosphor-
ylation controls the subcellular localization of class II
HDACs through sequestration in the cytoplasm (Verdin
et al., 2003). We also note that knockdown of PML down-
regulates MMP-10 mRNA levels even without TNF-� treat-
ment, suggesting that PML can sequester HDAC7 in the
absence of TNF-� (Figure 3). Indeed, PML and HDAC7
interact without TNF-� treatment (Figures 1 and 3). Inter-
estingly, we also found that overexpression of HDAC7 also
increases the interaction between PML and HDAC7 (Sup-
plemental Figure S8), suggesting that PML or HDAC7 ex-
pression levels may regulate their association. Consistent
with this model, HDAC7 knockdown significantly up-regu-
lates MMP-10 mRNA expression (Figure 3E). Accordingly,
we predict that a subset of genes induced by HDAC7 knock-
down can also be down-regulated by PML knockdown.
PML and HDAC7 also interact in other cell lines such as
Hep2 and MDA-MB-231 (data not shown), so it is likely that
such a regulatory pathway is of general importance.

Consistent with our observations that TNF-� induces
PML-dependent up-regulation of HDAC7 target genes,
overexpression of PML potently activates a MEF2 reporter
activity and recruits HDAC7 to PML NBs, suggesting that
PML may sequester HDAC7 from associating with the
MEF2 binding site, thus relieving repression. A recent pub-
lication by Block et al. (2006) has shown that, when fused to
a DNA binding domain, a small fraction of PML fusion
protein colocalizes with the reporter construct that harbors
the binding site. This result suggests a direct effect of PML
on the reporter activity. However, several observations ar-
gue against this model. First, in Block’s paper, the authors
tethered the Tet repressor, TetR, with PML to generate HA-
TetR-PML. This fusion directly binds to the Tet operator
present in the reporter construct. Nonetheless, only a small
fraction of the cotransfected reporter construct colocalized
with PML NBs. The majority of the reporter construct did
not. Therefore, the reporter activity is unlikely to be directly
affected by PML. In our assay system, PML does not tether
to a DNA binding domain. We do not think that PML will
target the MEF2/HDAC7 binding site in the reporter con-

struct. Second, it has been proposed that PML NBs do not
contain nucleic acid (Boisvert et al., 2000). Third, a paper
published by Wang et al. (2004) concluded that PML NBs
form in nuclear compartments of high transcriptional activ-
ity, but they do not directly regulate transcription of genes in
these compartments. Furthermore, there is a strong correla-
tion between the association of PML mutants with HDAC7
and the ability of PML mutants to activate a MEF2 reporter
activity, indicating that HDAC7 association is critical for the
ability of PML to activate MEF2 reporter activity (Figure 4).
Last, we show that knockdown of PML enhanced the asso-
ciation between MEF2 and HDAC7 (Figure 3H), suggesting
that PML and MEF2 compete for HDAC7 binding. Based on
these observations, we believe that PML NBs do not directly
activate MEF2-mediated transcription.

A PML mutant that cannot be sumoylated, PML4 (3KR), is
capable of forming subnuclear aggregates but not proper
PML NBs, when it is expressed in several cell lines, includ-
ing HUVEC, HeLa, MDA-MB-231, and PML�/� mouse em-
bryonic fibroblasts (Figure 4F; data not shown). We also
found that HDAC7 is recruited to these nuclear aggregates.
Thus, the ability of PML to interact with HDAC7 and acti-
vate MEF2 reporter is independent of its sumoylation, which
is consistent with our findings (Figure 4). This result indi-
cates that these residues are not critical for activation of
MEF2 reporter activity. Further investigations are required
to address this issue.

We have identified PML as a key effector of the proinflam-
matory cytokine TNF-�. Our data also show that other
proinflammatory stimuli such as IFNs and bacterial lipo-
polysaccharide are capable of inducing formation of PML
NBs (data not shown). Similar to TNF-�, these stimuli
showed a sustained effect on the formation of PML NBs.
This regulation is distinct from the mechanism by which
As2O3-induced transient PML NB formation (data not
shown; Zhu et al., 1997; Wang et al., 1998). The sustained
effect of TNF-� on PML NBs could have important physio-
logical consequences in HUVECs. Consistent with our ob-
servations, PML is highly expressed in inflammatory tissues
(Terris et al., 1995). It remains to be investigated whether
PML controls expression of other genes through a similar
mechanism and whether PML�/� animals develop defects
in inflammatory responses.
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