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(Background: Nuclear receptor corepressors form complexes with histone deacetylase 3 (HDAC3).
Results: Interplay of HDAC3 degradation and its complex formation with corepressors maintains free HDAC3 levels, allowing
independent formation of nuclear receptor corepressor complexes.

Conclusion: By controlling HDAC3 expression, N-CoR and SMRT corepressors do not interfere with their independent

Significance: Independent formation of nuclear receptor corepressor complexes ensures their independent biological

N

J

An important step in transcriptional regulation by corepres-
sors N-CoR and SMRT is the formation of a stable and active
histone deacetylase 3 (HDAC3)-containing complex. Although
N-CoR and SMRT are thought to bind HDAC3 competitively,
multiple studies have shown that they do not interfere with the
function of each other. How this functional independence is sus-
tained under the competitive interaction is unclear. Here, we
show that the coupling of corepressor expression with HDAC3
degradation allows cells to maintain a stable level of uncom-
plexed HDAC3, thereby preventing mutual interference in the
assembly of N-CoR and SMRT complexes. The free uncom-
plexed HDACS3 is highly unstable. Unexpectedly, the rate of
HDACS3 degradation is inversely correlated with the expression
level of corepressors. Our results indicate that reducing one
corepressor accelerates HDAC3 clearance, thus preventing an
increase in complex formation between HDAC3 and the other
corepressor. In addition, this study also indicates that the for-
mation of a stable and active HDAC3-corepressor complex is a
stepwise process in which the C terminus of HDAC3 plays a
critical role at late steps of the assembly process.

Proper regulation of gene transcription requires the function
of histone deacetylases (HDACs),” which catalyze the removal
of acetyl groups from lysine residues of histones as well as non-
histone proteins (1-4). The ubiquitously expressed HDACs
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such as HDAC1 and HDAC3 comprise the class I family of
HDAC:s. A unique feature of HDACs is the requirement of the
formation of multisubunit complexes for their function.
HDAC S can interact with different partners to assemble into
distinct multisubunit complexes. These complexes often have
different functions, as best exemplified by HDAC1, which is a
shared subunit of the functionally distinct NuRD (nucleosome
remodeling and deacetylase complex) (5), Sin3A (SIN3 homo-
log A) (6-38), and CoREST (9-12) corepressor complexes.

HDACS3 also interacts with different proteins, including the
two homologous nuclear receptor corepressors N-CoR and
SMRT (13-17). N-CoR and SMRT share three conserved
repression domains in the N-terminal region and two nuclear
receptor interaction regions in the C terminus. In addition, they
contain two highly conserved SANT (SWI3/ADA2/N-CoR/
TFIIIB-like) domains. The N-terminal SANT domain, along
with an upstream N-CoR/SMRT-specific motif, mediates the
direct interaction with HDAC3 (13, 18), which is required for
the activation of HDAC3 enzymatic activity (13, 18). The con-
served HDAC3-interacting regions of N-CoR and SMRT are
referred to as deacetylase-activating domains (DAD), also
called deacetylase-interacting domains.

The homology between HDAC1 and HDACS3 resides in the
conserved histone deacetylase domain, which does not include
the unique C-terminal region of HDAC3. Previous studies
have shown that both N- and C-terminal regions of HDAC3 are
required for SMRT interaction with HDAC3 (18). However,
whether these regions form a single binding surface or mediate
different but mutually dependent steps in the formation of sta-
ble HDAC3 corepressor complexes is unknown.

Similar to the observation that HDAC1 forms heterogeneous
complexes, biochemical purification of HDAC3-containing
complexes does not support the co-existence of N-CoR and
SMRT in the same HDAC3 complex (13—15). The notion that
N-CoR and SMRT assemble into different HDAC3 complexes
is consistent with their independent biological functions and
their differential recruitment to nuclear receptors and other
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Mechanism to Insulate Complex Formation

transcription factors (19-23). In mouse studies, depletion of
each corepressor caused embryonic lethality, which occurred at
different embryonic stages and showed distinct phenotypes
(19-21). Knock-in mice carrying a mutated N-CoR DAD
domain defective in HDAC3 binding showed defects in func-
tions mediated by thyroid hormone receptor and peroxisome
proliferator-activated receptor, which cannot be compensated
by SMRT (24, 25), even though SMRT is considered a bona fide
corepressor of both receptors (16, 26). In cell culture studies,
the lack of N-CoR or SMRT in macrophages impacts specific
signaling pathways associated with only N-CoR or SMRT,
respectively (22). Similarly, knockdown of N-CoR or SMRT in
MCEF7 cells causes distinct effects in gene regulation and
growth behavior (27), consistent with segregation of N-CoR
and SMRT functions.

These biological studies illustrate an absence of significant
functional interference between N-CoR and SMRT corepres-
sors that would be expected to appear as compensating or
antagonizing effects arising from their interplay at the level of
complex formation. It is not known how the competitive for-
mation of N-CoR and SMRT corepressor complexes permits
their functional independency. Here, by studying the regulation
of HDACS stability, we unexpectedly linked HDAC3 degrada-
tion to the stable and independent maintenance of corepressor
complex formation. Our results indicate that the free, uncom-
plexed form of HDACS3 is intrinsically unstable. The rate of its
degradation, however, is correlated inversely with the levels of
corepressors in cells. This allows the cells to maintain a low and
stable level of free HDAC3. Depletion of one corepressor accel-
erates degradation of free HDACS3, thereby preventing an
increase in the assembly of an HDAC3 complex with the other
corepressor. In addition, we have also clarified the role of the
C-terminal region of HDAC3 in corepressor complex assembly.
We found that the C-terminal region is not absolutely required
for corepressor binding to HDAC3 but plays an important and
direct role in subsequent step(s) in the formation of a stable and
active HDAC3-corepressor complex. Given the nonspecific
effects of histone deacetylase inhibitors as anti-cancer drugs,
understanding how the formation of these complexes is regu-
lated precisely should have important implications for develop-
ing new approaches to specifically target HDAC3 in cancers
and leukemias.

EXPERIMENTAL PROCEDURES

Plasmids—HDAC3 and N-CoR-derived DAD (amino acid
420-488) and repression domain 1 (RD1; amino acid 1-312)
sequences have been reported previously (13). HDAC3 C-ter-
minal deletion mutants HDAC3A411 and HDAC3A390 were
constructed by PCR and confirmed by sequencing.

Cell Culture, Transfection, and Luciferase Assays—All cells
were maintained in DMEM supplemented with 10% fetal
bovine serum. Standard culture conditions were used. Lucifer-
ase assays were performed as described previously (28, 29). In
brief, 293T cells grown in 24-well plates were transfected with
an SV40 promoter, Gal4-DNA-binding domain, or Gal4-DAD,
along with different shRNA constructs, using FUGENE 6 trans-
fection reagent (Roche Applied Science). Luciferase activity
was measured 48 h post transfection and normalized to 3-ga-
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lactosidase, which served as the internal control for transfec-
tion efficiency. Fold repression was relative to Gal4 DNA-bind-
ing domain. All assays were performed in duplicate. Results are
reported as the average and S.E. from four independent assays.

Protein Purification and in Vitro HDAC Assay—FLAG-
HDACS3 and its truncated mutants were affinity-purified from
transfected 293T cells via an in-frame FLAG sequence. The in
vitro HDAC assay has been described previously (28). In brief,
Xenopus histones were acetylated by p300 and subsequently
used as the substrate for the HDAC reaction.

RT Quantitative PCR and Gene Knockdown—Quantitative
reverse transcription PCR and shRNA-mediated knockdown
were performed as described previously (29).

Immunoprecipitation and Western Blot Analysis—Immuno-
precipitation and Western blot analyses were performed as
described previously (29). Input lanes show 1% of total. Anti-N-
CoR, anti-SMRT, anti-HDACS3, and anti-HDACI antibodies
were from Thermo Scientific. Anti-FLAG M2-agarose and
anti-FLAG antibody were from Sigma. N-19 anti-HDACS3 anti-
body was from Santa Cruz Biotechnology. Anti-« tubulin anti-
body was from Active Motif. Anti-GFP antibody was from
Antibodies, Inc.. Anti-actin antibody was from Sigma.

Pulse-Chase Analysis—The labeling medium was Met/Cys-
free DMEM (Invitrogen, 21013-024) supplemented with 10%
dialyzed fetal bovine serum (Invitrogen, 26400) and
EXPRE®*’S**S Protein Labeling Mix (PerkinElmer Life Sci-
ences). After incubating the cells in labeling medium for 30 min
(defined as 0-h), the labeling medium was removed, and the
cells were incubated for 4 h (4-h time point) in chase medium
containing Met/Cys-free DMEM supplemented with 10% dia-
lyzed fetal bovine serum, 500 wg/ml L-cysteine (Sigma), and 100
pg/ml L-methionine (Sigma). Cells were harvested at both 0-h
and 4-h time points and lysed in radioimmune precipitation
assay buffer. The lysates were immunoprecipitated using anti-
FLAG or N-19 antibodies and then subjected to SDS-PAGE.
For experiments using MG132, cells were pretreated with
MG132 or vehicle for 2 h prior to labeling. The amount of
HDACS3 was quantified using Imagequant (Amersham Biosci-
ences) or Image]J (30) software following phosphorimaging or
densitometry scanning, respectively.

ShRNA Sequences—All shRNA constructs were purchased
from Sigma and were based on the pLKO.1 backbone unless
otherwise noted. The control shRNA plasmid (Addgene plas-
mid 1864) contains a scrambled sequence (CCTAAGGTTAA-
GTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTT-
AGG) and was used in most experiments except in Fig. 1, in
which another nonspecific control shRNA containing the se-
quence (CCGGTCCTAAGGTTAAGTCGCCCTCGCTCGA-
GCGAGGGCGACTTAACCTTAGGTTTTTG) used.
The human gene-specific shRNA constructs are listed below as
sense sequences cloned in pLKO.1 (HDAC3, CCGGCAAGA-
GTCTTAATGCCTTCAACTCGAGTTGAAGGCATTAAG-
ACTCTTGTTTTTTG; N-CoR, CCGGGCCATCAAACACA-
ATGTCAAACTCGAGTTTGACATTGTGTTTGATGGCTT-
TTTG; and SMRT, CCGGGCAGCGCATCAAGTTCAT-
CAACTCGAGTTGATGAACTTGATGCGCTGCTTTTTG).

was
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FIGURE 1. N-CoR regulates HDAC3 stability. A, Western blot analysis of the
expression of indicated proteins in FLAG-HDAC3-expressing Hela cells trans-
duced with the indicated shRNAs. B, pulse-chase assays detecting the turn-
over rate of FLAG-HDAC3 in FLAG-HDAC3-expressing Hela cells transduced
with the indicated shRNAs. Left panel, autoradiography of immunoprecipi-
tated FLAG-HDAC3 obtained using anti-FLAG M2 agarose at 0-h and 4-h time
points. Right panel, quantification of the immunoprecipitated FLAG-HDAC3
shown on the left panel. C, Western blot analysis of the expression of indicated
proteinsin normal Hela cells and in HeLa cells stably expressing FLAG-tagged
mouse N-CoR protein. These cells were transduced with control shRNA or
human N-CoR-specific sShRNA.

RESULTS

N-CoR Stabilizes HDAC3 Protein—To facilitate analysis of
HDACS3, we used a previously created HeLa cell line that stably
expresses FLAG-tagged HDAC3 (13). In these cells, FLAG-
HDAC3 behaves similarly to endogenous HDAC3 as shown by
its ability to form stable complexes with N-CoR and SMRT (13).
We found that knockdown of endogenous N-CoR resulted in a
concomitant reduction of total HDAC3 protein (Fig. 14). In
contrast, the level of HDAC1 was not affected. These results,
together with our finding that the mRNA level of HDAC3 was
unaffected by N-CoR knockdown (see Fig. 4E below), led us to
test whether the reduced HDAC3 expression was due to
increased protein instability. By using pulse-chase analysis, we
immunoprecipitated and quantified nascent FLAG-HDAC3
protein from control, N-CoR and HDAC3 knockdown cells at
both 0-h and 4-h time points (Fig. 1B). In control cells, FLAG-
HDACS3 was reduced to 20% of its original level 4 h after label-
ing. Consistent with our hypothesis, knockdown of N-CoR
enhanced the turnover rate of HDAC3. In contrast, knockdown
of HDACS3 slowed the process. These results are consistent
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FIGURE 2. Role of the corepressor DAD domain in the regulation of
HDAGCS3 stability. A, pulse-chase analysis of FLAG-HDAC3 turnover in 293T
cells transfected with FLAG-HDAC3 along with GFP-RD1 or GFP-DAD. The
middle panel shows the quantification of the remaining HDAC3 at the 4-h
time point as a percentage of the initial HDAC3 level at the 0-h time point. The
right panel is a Western blot analysis of whole cell extracts showing the
expression of GFP-RD1 and GFP-DAD in 293T cells transfected with FLAG-
HDAC3 along with GFP-RD1 or GFP-DAD. GFP-RD1 and GFP-DAD were
detected using the anti-GFP antibody. B, pulse-chase analysis performed as
described in Ain the presence of MG132 (20 um) or dimethyl sulfoxide (DMSO;
vehicle control). The middle panel shows the ratio of remaining HDAC3 per-
centage at 4-h time point in DAD-transfected to RD1-transfected cells in the
presence of MG132 or dimethyl sulfoxide. The right panel is a Western blot
analysis of cell extracts showing the expression of GFP-RD1 and GFP-DAD in
vehicle (dimethyl sulfoxide)-treated and MG132-treated 293T cells trans-
fected with FLAG-HDAC3 along with GFP-RD1 or GFP-DAD. GFP-RD1 and
GFP-DAD were detected as described in A. Cells were treated with dimethyl
sulfoxide or MG132 for 6 h before lysis.

with a protective role for N-CoR in the regulation of FLAG-
HDACS stability.

To explore whether N-CoR plays a similar role in the regula-
tion of endogenous HDAC3, and to ascertain whether the effect
observed with the N-CoR shRNA was indeed N-CoR-specific,
we knocked down N-CoR in normal HeLa cells as well as in an
engineered HeLa cell line that stably expresses a FLAG-tagged
mouse N-CoR ¢DNA, which is not targeted by the human-
specific ShRNA used. In HeLa cells, depletion of N-CoR protein
resulted in a similarly strong reduction of endogenous HDACS3,
but the level of HDAC1 was unaffected (Fig. 1C). In the cells
expressing mouse FLAG-N-CoR, as expected, the total level of
N-CoR was only slightly reduced by the human N-CoR shRNA.
Accordingly, the level of HDAC3 was much less affected (Fig.
1C). Thus, both the depletion and the rescue experiments con-
sistently demonstrated that N-CoR is an important stabilizing
factor of HDACS3.

Free Uncomplexed HDAC3 Is Unstable and Is Protected by
Binding to Corepressors—Because N-CoR binds HDAC3 but
not HDAC1, we hypothesized that the stabilizing effect of
N-CoR is attributed to its binding to HDAC3. To test this, we
asked whether the short DAD region of N-CoR (amino acids
420 to 488, Fig. 2A) was sulfficient to stabilize HDAC3. The
repression domain 1 of N-CoR (RD1), which does not bind to
HDAC3, was used as a negative control. Both polypeptides were
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expressed as fusion proteins to GFP. These fusion protein con-
structs were co-transfected with FLAG-HDAC3 into 293T cells
followed by pulse-chase experiments. In cells expressing GFP-
RD1, newly synthesized FLAG-HDACS3 was degraded to 10% of
its original level in 4 h (Fig. 2A). Remarkably, expression of
GFP-DAD resulted in ~90% protection of HDAC3 from deg-
radation (Fig. 24). GFP-RD1 and GFP-DAD were expressed at
similar levels in transfected cells (Fig. 24, right panel). We fur-
ther studied the possible involvement of proteasomal pathways
in the degradation of HDAC3. Treatment of the cells with the
proteasome inhibitor, MG132, resulted in modest protection of
HDACS3 from degradation in cells coexpressing GFP-RD1 (Fig.
2B). This result shows that the proteasomal pathway is partially
responsible for the degradation of HDAC3 in these cells. In cells
co-expressing GFP-DAD, treatment with MG132 significantly
reduced but did not abolish the ability of DAD to stabilize
HDACS3 (Fig. 2B). The levels of GFP-RD1 or GFP-DAD were
similar in vehicle- and MG132-treated cells (Fig. 2B, right
panel). Taken together, these results show that the corepressor
binding step is crucial for the protection of HDAC3 from
degradation.

Deletion of C Terminus of HDAC3 Uncouples DAD Binding
from Its Ability to Stabilize and Activate HDAC3—Given pre-
vious studies showing that the unique C-terminal region of
HDAC3 is important for the binding of corepressors to HDAC3
(18) and for the regulation of HDAC3 function by phosphory-
lation (31) and caspase-mediated cleavage (32), we asked
whether deleting this region would affect HDAC3 degradation
or affect its protection by DAD. We first constructed a FLAG-
tagged HDAC3 mutant lacking the C-terminal region after
amino acid 411 (HDAC3A411). Using pulse-chase assays simi-
lar to that shown in Fig. 2B, we compared the stability of wild-
type HDAC3 (FL) and the HDAC3A411 (A411) mutant as well
as their protection by DAD. Consistent with previous results
(18), HDAC3A411 was unable to bind DAD in cells grown in
the absence of proteasome inhibitor, and was highly unstable
like the wild-type HDAC3 (Fig. 3A). Remarkably, MG132 treat-
ment allowed the detection of an interaction between
HDAC3A411 and DAD (Fig. 3A). However, this binding was
insufficient to protect HDAC3A411 from degradation, which
occurred similarly to that observed in RD1-transfected cells
(Fig. 3A). Similar results were also observed with another C-ter-
minal-truncated HDAC3 mutant, HDAC3A390, which lacks
the region following amino acid 390 (data not shown).

These results revealed that the binding of DAD to HDAC3 is
not sufficient to stabilize HDAC3 and that additional C-termi-
nal region-dependent step(s) are required. DAD binding has
been implicated in the activation of HDAC3 (13, 18), and it has
been suggested that deletion of the C terminus of HDAC3 abol-
ishes binding to DAD, precluding activation by DAD (18).
Because we found that blocking proteasome function by treat-
ment with MG132 stabilized the interaction between DAD and
C-terminal truncated HDAC3, we were able to test whether the
C-terminal region of HDAC3 is involved directly in its activa-
tion. Using a cell-free HDAC assay, we first confirmed that the
purified HDAC3-DAD complex but not uncomplexed HDAC3
was active enzymatically (Fig. 3B). Next, we purified HDAC3-
DAD and HDAC3A411-DAD complexes by anti-FLAG immu-
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noprecipitation from transfected, MG132-treated, 293T cells.
Using the HDAC assay, we found that HDAC3-DAD but not
HDAC3A411-DAD was active enzymatically (Fig. 3C, left). This
result demonstrates that the C-terminal region of HDACS3 is
involved directly in the activation of HDAC3 by DAD. Based on
these results, we propose a stepwise model for the formation of
a stable and active HDAC3-corepressor complex (Fig. 3C,
right). The initial binding of HDAC3 to DAD is independent of
the HDAC3 C-terminal region. This binding yields an interme-
diate complex that is unstable, inactive, and sensitive to protea-
somal degradation. Subsequent step(s) involving the C-termi-
nal region of HDAC3, which may engage a direct association
with DAD, is required to convert this complex into a stable and
active form.

Knockdown of SMRT Does Not Increase Complex Formation
between N-CoR and HDAC3—Several independent studies
have indicated that the N-CoR complex does not contain
SMRT and that the SMRT complex does not contain N-CoR
(13-15). This also was confirmed here by the failure to detect
SMRT in the FLAG-N-CoR-HDAC3 complex purified from
the FLAG-N-CoR-expressing cells (Fig. 44). Because SMRT
and N-CoR are expected to compete for binding to HDAC3, we
asked whether knockdown of SMRT would allow increased for-
mation of the N-CoR-HDAC3 complex. We tested this idea
using the FLAG-N-CoR-expressing cells. We found that
knockdown of SMRT in the FLAG-N-CoR-expressing cells
reduced the total level of HDAC3 expression (Fig. 4B), similar
to the effect of knocking down N-CoR in normal HeLa cells
observed earlier. SMRT knockdown did not reduce and may
even slightly increase the mRNA level of HDAC3 in HeLa cells
(see Fig. 4E below). These results indicate that both N-CoR and
SMRT contribute to the maximal steady-state level of HDAC3
protein expression. Surprisingly, we found that the level of
HDACS3 contained in the FLAG-N-CoR complex essentially
was unaffected by the knockdown of SMRT (Fig. 4B). This
result, showing that the level of the N-CoR-HDAC3 complex is
stable and insensitive to changes in SMRT corepressor levels,
indicates that levels of corepressor complexes are regulated
independently.

Steady-state Level of Free HDAC3 Is Unaffected by Corepres-
sor Knockdown—Because the steady-state level of the corepres-
sor-HDAC3 complex is a function of the steady-state level of
the uncomplexed free HDAC3, we hypothesized that a buffer-
ing mechanism may exist, which enables cells to maintain a
constant level of free HDACS3, thus preventing competitive
interference between the two corepressor complexes. To test
this hypothesis, we sought to directly measure the cellular level
of free, uncomplexed HDAC3. To this end, we examined
an HDACS3 antibody (N-19) that recognizes the N terminus of
HDACS3. We reasoned that because the N-terminal region of
HDACS3 is required for corepressor association (18), its binding
to corepressors might interfere with its recognition by the N-19
antibody. To test this possibility, we compared immunoprecipi-
tates obtained using N-19 and anti-FLAG antibodies from 293T
cells transfected with FLAG-HDACS3 in the absence or pres-
ence of GFP-DAD. The results confirmed that the N-19 anti-
body was unable to immunoprecipitate the DAD-bound form
of HDACS3 (Fig. 4C). In contrast, the FLAG antibody captured
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FIGURE 3. Deletion of the C terminus of HDAC3 uncouples DAD binding from its ability to stabilize and activate HDAC3. A, pulse-chase assays performed
as described in Fig. 2 using cells transfected with either full-length FLAG-HDAC3 (FL) or FLAG-HDAC3A411, along with GFP-RD1 or GFP-DAD. The right panel
shows the schematic representation of HDAC3 and HDAC3A411 proteins. B, HDAC assays of purified HDAC3 and HDAC3-DAD complex showing that HDAC3-
DAD, but not HDAC3, has histone deacetylase activity. Left and right bottom panels, Coomassie Blue staining of indicated proteins. Right top panel, autoradio-
graphicimage. C, in vitro HDAC assays performed using the HDAC3 or HDAC3A411 protein alone, or their respective complexes with GFP-DAD, purified from
transfected 293T cells following treatment with MG132. The arrows denote the bands corresponding to HDAC3, HDAC3A411, DAD, total H3 protein, and the
acetylated H3 protein. Top panel, autoradiographic image. Middle and bottom panels, Coomassie Blue staining. Right panel, the proposed stepwise model of
HDACS3 stabilization and activation. The C-terminal region of HDAC3 is required for the stabilization and activation of HDAC3 by DAD. In the absence of the C

terminus, the binding of DAD to HDAC3 yields an unstable complex that may be quickly degraded or dissociated in the absence of MG132.

both free and GFP-DAD-bound forms of FLAG-HDACS3 (Fig.
4C). These studies also confirmed that HDAC3 is stabilized by
binding DAD. This is shown by the increased expression of
FLAG-HDACS3 in GFP-DAD-expressing cells (Fig. 4C, input
lanes), and the selective enrichment of HDAC3 in its DAD-
bound form in these cells (Fig. 4C, IP lanes), compared with
GFP-RD1-expressing cells.

Having demonstrated that the N-19 antibody specifically
immunoprecipitated the free, uncomplexed form of HDACS3,
we then asked whether the level of free HDAC3 was refractory
to a change in corepressor expression. To better test our
hypothesis, we reduced both corepressor levels by simultane-
ously depleting N-CoR and SMRT in HeLa cells. This caused a
dramatic reduction of the total protein expression of HDAC3
(Fig. 4D, input lanes). Its mRNA level, however, was unaffected

APRIL 6,2012+VOLUME 287 +NUMBER 15

(Fig. 4E), consistent with the protective function of N-CoR and
SMRT against HDAC3 degradation. Using the N-19 antibody,
we then immunoprecipitated the free HDAC3 from both con-
trol and corepressor knockdown cells. As expected, the N-19
antibody failed to immunoprecipitate any corepressors from
these cells, consistent with its specificity for the free form of
HDACS3 (Fig. 4D). Despite the dramatic reduction of the total
HDACS3 level in corepressor knockdown cells, the level of
free HDAC3 detected by the N-19 antibody was similar in both
control and knockdown cells (Fig. 4D), thus confirming our
hypothesis. In Fig. 4D, the detection of free HDAC3 requires a
much longer exposure as compared with the detection of total
HDACS3 (left), indicating that free HDAC3 exists at a low level
in cells. This is consistent with the pronounced reduction of the
total HDACS3 level following corepressor depletion.
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FIGURE 4. Effect of SMRT knockdown on the formation of N-CoR-HDAC3
complex and effect of corepressor depletion on the expression of free
HDACS3. A, Western blot analysis of indicated proteins in the input and anti-
FLAG M2-agarose immunoprecipitates obtained from nuclear extract of HeLa
cells stably expressing FLAG-N-CoR. B, Western blot analysis of indicated pro-
teins in the input and anti-FLAG M2-agarose immunoprecipitates obtained
from cell extracts of the FLAG-N-CoR cell line transduced with either control
or SMRT shRNA. Lanes 1-4 were from non-adjacent lanes on the same gel.
C, Western blot analysis of indicated proteins in the input and immunopre-
cipitates from cells co-transfected with FLAG-HDAC3 along with GFP-RD1 or
GFP-DAD. Immunoprecipitation was carried out using either control IgG,
N-19 anti-HDAC3, or anti-FLAG antibodies (Ab). FLAG-HDAC3 was detected
by using the anti-FLAG antibody. D, Western blot analysis of indicated pro-
teins in the input as well as the N19 anti-HDAC3 immunoprecipitates
obtained from Hela cells depleted of both N-CoR and SMRT by shRNAs
(shCoRs). E, quantitative real-time PCR showing that knockdown of N-CoR and
SMRT corepressors does not significantly affect the mRNA level of HDAC3 in
Hela cells. HDAC3 levels were normalized to the level of GAPDH under each
treatment condition, and the relative expression of HDAC3 was set as 1 in
control shRNA-transduced cells. F, luciferase reporter assays performed in
293T cells co-transfected with a Gal4-UAS-SV40 luciferase reporter along with
Gal4-DAD fusion protein as well as the different shRNA constructs, as indi-
cated. The fold repression is relative to the luciferase activities observed in
cells transfected with Gal4 DNA-binding domain along with each shRNA con-
struct. Right panel, schematic representation showing the different HDAC3
pathways in this assay system. Only free HDAC3 can be recruited by Gal4-DAD
to repress transcription from the transfected reporter.

To further confirm the ability of cells to maintain a stable
level of free HDAC3, we co-transfected 293T cells with the
Gal4-DAD fusion protein and a Gal4-responsive luciferase
reporter, along with control, HDAC3-, and corepressor-spe-
cific shRNAs. Repression of luciferase expression in this system
has been shown previously (18) and is thought to be dependent
on the recruitment of endogenous, free HDAC3 (not bound to
corepressors). Thus, the ability of Gal4-DAD to repress lucifer-
ase expression is a measurement of the cellular level of free
HDAC3. We found that knocking down HDAC3 reduced Gal4-
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DAD-mediated repression (Fig. 4F). In contrast and confirming
the existence of similar levels of free HDAC3 in control and
corepressor knockdown cells, knocking down both N-CoR and
SMRT corepressors did not significantly change the level of
Gal4-DAD-mediated repression (p = 0.3) (Fig. 4F). Together
with the immunoprecipitation result, this result also shows that
the ability to maintain a stable free HDAC3 concentration is cell
type-independent.

Knockdown of Corepressors Accelerates Free HDAC3
Degradation—A stable level of free HDAC3 should allow each
corepressor to independently maintain its optimal level of com-
plex formation. We next sought to gain further insight into the
mechanism underlying the ability of cells to maintain a stable
level of free HDAC3. Given that HDAC3 is under dynamic
equilibrium between degradation and complex formation,
along with the finding that the mRNA level of HDACS3 is unaf-
fected by corepressor knockdown, we hypothesized that reduc-
ing corepressor levels may increase the rate of free HDAC3
clearance, thereby allowing cells to maintain a stable steady-
state level of free HDACS3. This also would explain why the
complex formation between N-CoR and HDAC3 was not
increased in SMRT knockdown cells (Fig. 4B). To test this
hypothesis, we performed pulse-chase assays using the N-19
antibody in both control and corepressor knockdown cells. We
found that the turnover rate of free HDAC3 was significantly
increased by knocking down corepressors in 293T cells (Fig.
5A). The increased turnover of free HDAC3 in corepressor-
depleted cells should result from increased degradation based
on the following considerations. First, because degradation of
free HDAC3 and the formation of HDAC3-corepressor com-
plexes are competing reactions (Fig. 5B), the overall rate con-
stant of free HDAC3 turnover, k(turnover) (Fig. 5B), should be
the sum of both reactions. Second, because complex formation
is reduced in corepressor-depleted cells, the accelerated turn-
over of free HDAC3 in corepressor knockdown cells should,
therefore, result from an increased rate of degradation (i.e. an
increased k, Fig. 5B). This idea was also confirmed by the
results from modeling of the pulse-chase reaction using
COPASI software (complex pathway simulator) (33) under dif-
ferent corepressor levels using different k, values (Fig. 5B).
Increased turnover of free HDAC3 upon corepressor depletion
was observed in other cell types (Fig. 5C), although the extent
varied, possibly related to the different levels of corepressor
knockdown or to cell type-specific effects. Taken together, the
above studies indicate that the corepressors are not only capa-
ble of forming a complex with HDAC3 to prevent its degrada-
tion, but are also capable of exerting a more direct inhibition on
the degradation of free HDAC3. A reduction in one corepressor
is predicted to increase the degradation rate allowing more
HDACS3 to be degraded, thereby avoiding an increase in the
formation of the other corepressor complex.

N-CoR/SMRT Controls HDAC3 Protein Expression in Cell
Type-independent Manner—Consistent with the cell type-in-
dependent regulation of HDAC3 degradation, we confirmed
that knockdown of corepressors generally reduced the total
protein levels of HDAC3 in multiple cell types, including
SW480 colon cancer cells, which overexpress HDAC3 (Fig. 6A)
(34). To directly correlate HDAC3 level with corepressor
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FIGURE 5. Knockdown of corepressors accelerates free HDAC3 degradation. A, pulse-chase analysis using the N-19 antibody to detect free HDAC3 in
control and corepressor-depleted 293T cells. B, kinetic modeling of pulse-chase reactions of free HDAC3 under conditions of variable corepressor concentra-
tion ([CoR] = 1 or0.1) and variable degradation rate constant of free HDAC3 (k, = 10 or 20). k,, association rate constant of HDAC3 and corepressors. The results
confirmed that reduced expression of corepressors will slow the process of free HDAC3 turnover unless the degradation rate has been increased concurrently.
C, pulse-chase analysis as performed in A in control and corepressor-depleted Hela (left panel) and SW480 (right panel) cells.

expression, we performed Western blot analysis and quantified
their relative expression levels from multiple cell types by using
densitometry and NIH Image] software (30). The results con-
firmed a linear correlation between HDAC3 expression and the
overall expression of N-CoR and SMRT corepressors (Fig. 6B
and supplemental Table S1), which further underscored a dom-
inant role of corepressors in the control of HDAC3 protein
levels. Interestingly, between the two breast cancer cell lines,
MDA-MB-231 and MCF7, the more aggressive MDA-MB-231
cells showed a higher expression ratio of HDAC3 to corepres-
sors (Fig. 6B and supplemental Table S1). This suggests an
interesting possibility that the reduced HDAC3 degradation
rate (k,), which should increase the ratio of HDAC3 versus
corepressors, may be linked to tumor progression.

DISCUSSION

This is the first study to show that the formation of multisub-
unit complexes can be protected from mutual interference
through regulated clearance of the uncomplexed form of the
shared subunit. There are other heterogeneous transcriptional
complexes that contain shared subunits but possess distinct
functions, such as the various HDAC1 complexes mentioned
earlier, the BRM- and BRG1-containing SWI/SNF complexes
(35), and the various TATA-binding protein-associated factor-
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containing complexes (36-38). Therefore, our study should
have broad implications in the regulation of these complexes as
well.

Based on our findings, we propose a model to explain how
each corepressor self-maintains its complex level independent
of changes in levels of the other corepressor. Although the
uncomplexed free HDAC3 is intrinsically unstable, the extent
of degradation is determined by the balance between complex
formation and the degradation potential of HDAC3. The abil-
ity of corepressors both to protect HDAC3 from degradation
and to inhibit the rate of degradation (Fig. 7) drives the equi-
librium toward complex formation and allows both core-
pressors to establish their independent and optimal levels of
complex assembly (Fig. 7). When the level of a particular
corepressor is reduced, its inhibition of HDAC3 degradation
is relieved, causing a readjustment of the balance between
complex formation and degradation. The fraction of HDAC3
that would otherwise form a complex with the (now)
reduced corepressor is directed into the degradation path-
way, preventing formation of additional complex with the
other corepressor (Fig. 7). It should also be noted that,
although our study described here has focused on SMRT
depletion to confirm the independent formation of core-
pressor complexes, given that the level of free HDACS3 is
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unaffected by the change of expression of both corepressors,
depletion of N-CoR similarly should have no effect on the
complex formation between SMRT and HDACS3.

Previous studies have shown that the expression of corepres-
sors can be regulated depending on cell cycle status (39), hor-
mone stimulation (40), or signaling-dependent phosphoryla-
tion (41-43). Under these circumstances, when the expression
of one corepressor is affected, the proposed mechanism of insu-
lating the two corepressor complexes would protect the inde-
pendent function of each corepressor. It would minimize pos-
sible compensating effects from increased or decreased
formation of the other corepressor complex, while also ensur-
ing that the independent function of the other corepressor
(whose expression is unaffected) is not compromised.
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Our results show that corepressor binding protects HDAC3
from both proteasomal and non-proteasomal degradation
pathways. Consistent with this, we found that free HDAC3 is
polyubiquitinated in transfected 293T cells and that the forma-
tion of HDAC3-DAD complex prevents this polyubiquitination
(data not shown). Although ubiquitination can mediate both
proteasome-dependent and -independent degradation (44), it
remains to be determined whether ubiquitination is the sole
driver of HDAC3 degradation. It also will be important to
determine if HSP70 and/or TRiC chaperones are involved in
the regulation of HDAC3 degradation, as these proteins have
been shown to bind HDAC3 only prior to the formation of a
stable corepressor complex (45). We speculate that factors that
mediate HDAC3 degradation might also mediate cross-talk
between degradation and corepressor expression. Conceivably,
these factors may be sequestered by binding to corepressors
and become released upon reduced corepressor expression.
Candidates include TBL1 and TBLR1, which can function as
ubiquitin ligases and have been shown to be involved in the
degradation of HDAC3 (46, 47).

Finally, our studies have implications for the therapeutic tar-
geting of HDACS3. It is known that HDAC3 is commonly up-
regulated in cancers (34). Although histone deacetylase inhibi-
tors are useful in the treatment of these cancers, they are
associated with nonspecific effects. It has been reported that
treatment with histone deacetylase inhibitors can induce con-
comitant degradation of HDAC3 and corepressors in cancer
cells (48), confirming the inverse correlation between HDAC3
clearance and corepressor expression as observed here. Along
with the presently observed HDAC3 reduction upon corepres-
sor depletion in all cancer cell lines tested here, these studies
suggest that the pathways driving HDAC3 degradation in
tumors are intact. Therefore, further analysis of the mecha-
nisms underlying, and the factors involved in, the degradation
of HDAC3 may reveal new targets allowing specific inactivation
of HDACS3 in cancers and leukemias.
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