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Transcriptional repression mediated by corepressors N-CoR and SMRT is a critical function of nuclear
hormone receptors, and is dysregulated in human myeloid leukemias. At the present time, these corepressors
are thought to act exclusively through an mSin3/HDAC1 complex. Surprisingly, however, numerous
biochemical studies have not detected N-CoR or SMRT in mSin3- and HDAC1-containing complexes. Each
corepressor contains multiple repression domains (RDs), the significance of which is unknown. Here we show
that these RDs are nonredundant, and that one RD, which is conserved in N-CoR and SMRT, represses
transcription by interacting directly with class II HDAC4 and HDAC5. Endogenous N-CoR and SMRT each
associate with HDAC4 in a complex that does not contain mSin3A or HDAC1. This is the first example of a
single corepressor utilizing distinct domains to engage multiple HDAC complexes. The alternative HDAC
complexes may mediate specific repression pathways in normal as well as leukemic cells.
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Recently, there has been intense interest in targeted
acetylation and deacetylation of proteins, including his-
tones, as a mechanism regulating eukaryotic gene ex-
pression (for reviews, see Struhl 1998; Kouzarides 1999).
Histone acetyltransferases (HATs) act as cofactors for se-
quence-specific DNA-binding proteins that function as
activators of transcription. Hyperacetylation of histones
and other proteins increases the accessibility of chroma-
tin templates, thereby enhancing transcription of genes
to which the HATs have been targeted. Different HATs
function as coactivators with distinct classes of activa-
tors (Korzus et al. 1998). Some HATs bind directly to
activators, whereas others are recruited indirectly as part
of multiprotein complexes. For nuclear hormone recep-
tors (NRs), key coactivators include the p160 class (for
review, see Glass et al. 1997), p300/CBP-associated fac-
tor (PCAF) (Blanco et al. 1998), and CREB-binding pro-
tein (CBP) (Chakravarti et al. 1996; Hanstein et al. 1996;
Kamei et al. 1996). All of these are HATs that interact
directly with the NRs in the presence of ligand. CBP is a
coactivator for nearly all classes of activators, whereas
the p160 coactivators function more specifically with
NRs. Consistent with this, CBP can be recruited indirectly
to NRs via the p160 coactivators (Westin et al. 1998).

Transcriptional repression is also an important com-
ponent of eukaryotic gene regulation. From an enzymat-
ic standpoint, repression is the converse of activation;
recruitment of histone deacetylases (HDACs) leads to a
more compact, repressive state of chromatin (for review,
see Pazin and Kadonaga 1997). Whereas the coactivators
often have intrinsic HAT activity, corepressors recruit
separate molecules with HDAC activity. Two known
yeast HDACs, Hda1 and Rpd3, are found in distinct com-
plexes (Rundlett et al. 1996). Mammalian HDACs fall
into two classes. Class I HDAC1, HDAC2, and HDAC3
are highly related to yeast Rpd3, whereas class II
HDAC4, HDAC5, and HDAC6 more closely resemble
the yeast protein Hda1 (Fischle et al. 1999; Grozinger et
al. 1999; Miska et al. 1999; Verdel and Khochbin 1999).

Nuclear receptor corepressor (N-CoR) (Horlein et al.
1995) and silencing mediator for retinoid and thyroid re-
ceptors (SMRT) (Chen and Evans 1995) function as core-
pressors not only for nuclear hormone receptors, but for
multiple classes of transcription factors including ho-
meodomain and POZ domain-containing proteins, such
as Pit-1 (Xu et al. 1998) and PLZF (Hong et al. 1997;
Grignani et al. 1998; He et al. 1998; Lin et al. 1998).
N-CoR/SMRT-mediated repression pathways play
pathophysiological roles in acute promyelocytic leuke-
mia (APL) (Grignani et al. 1998; He et al. 1998; Lin et al.
1998) and acute myelogenous leukemia (AML) (Gelmetti
et al. 1998; Lutterbach et al. 1998; Wang et al. 1998) as
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well as thyroid hormone resistance (Safer et al. 1997;
Yoh et al. 1997). N-CoR and SMRT are large proteins
(each ∼270 kD) containing multiple highly conserved
functional domains (Horlein et al. 1995; Ordentlich et al.
1999; Park et al. 1999). The carboxyl terminus is respon-
sible for interaction with unliganded NRs (Chen and
Evans 1995; Horlein et al. 1995; Seol et al. 1996; Zamir et
al. 1996), whereas the amino terminus mediates active
transcriptional repression. The amino terminus contains
multiple, separable, nonredundant repression domains
(RDs) (Horlein et al. 1995; Ordentlich et al. 1999; Park et
al. 1999). N-CoR and SMRT interact indirectly with
HDAC1 by associating with mSin3 (Alland et al. 1997;
Heinzel et al. 1997; Nagy et al. 1997), the mammalian
homolog of yeast Sin3 that was first identified as a co-
repressor for Mad/Max (Ayer et al. 1995). Both mamma-
lian and yeast Sin3 repress transcription by associating
with class I HDACs (Hassig et al. 1997).

A number of observations led us to postulate the ex-
istence of mSin3/HDAC1-independent repression
mechanisms. Biochemical characterization of mSin3 and
HDAC complexes has confirmed their mutual associa-
tion but, surprisingly, has not revealed an association
with endogenous N-CoR or SMRT (Hassig et al. 1997;
Tong et al. 1998; Wade et al. 1998; Zhang et al. 1998).
Furthermore, although highly conserved between
N-CoR and SMRT, the multiple RDs within a given co-
repressor have very different sequences. We found that
the RDs do not all compete for the same limiting factors
and that all RDs do not interact with mSin3A. RD3,
which does not interact with mSin3A, interacts directly
with class II HDAC4 and HDAC5. This interaction cor-
relates with the repressor activity of the RD3 polypep-
tide. Endogenous N-CoR and SMRT both interact
strongly with HDAC4 in a complex that does not con-
tain mSin3A or HDAC1. Thus, different RDs in nuclear
receptor corepressors function to recruit multiple, dis-
tinct HDAC complexes.

Results

N-CoR immunoprecipitates possess histone
deacetylase activity in the absence of mSin3A
and HDAC1

We are interested in the mechanisms of repression by
N-CoR and SMRT. We have confirmed the in vitro

mSin3 interaction with nuclear receptor CoRs using re-
combinant proteins as has been reported by others (ref-
erences in Alland et al. 1997; Heinzel et al. 1997; data
not shown; Fig. 2e, below). In addition, HDAC activity
was associated with endogenous N-CoR in 293T (Fig. 1a)
and HeLa cells (data not shown). However, although we
were easily able to detect interactions between endog-
enous mSin3A and HDAC1 in 293T and HeLa cells, the
presence of N-CoR was not detected in these complexes
in either cell line (Fig. 1b; data not shown). This is con-
sistent with the failure of others to identify N-CoR or
SMRT in mSin3 and HDAC1 complexes. Furthermore,
neither mSin3 nor HDAC1 coimmunoprecipitated with
endogenous N-CoR (Fig. 1b).

Nuclear receptor corepressors contain
an mSin3-independent repression domain

We have confirmed the presence of multiple RDs in N-
CoR and SMRT (Horlein et al. 1995; Ordentlich et al.
1999; Park et al. 1999), each of which represses transcrip-
tion when fused to the Gal4 DNA-binding domain (DBD)
(summarized in Fig. 2a). Overexpression of an N-CoR
RD1 polypeptide fused to a nuclear localization signal
and HA epitope tag (NLS–HA–RD1) blocked repression
of a Gal4-responsive reporter gene by Gal4–N-CoR RD1,
suggesting that limiting factors (potentially including
mSin3) mediated RD1 function (Fig. 2b). NLS–HA–
SMRT RD3 was expressed at similar levels (Fig. 2c) and
also localized to the nucleus (Fig. 2d) but, unlike NLS–
HA–RD1, had little effect on repression by Gal4–RD1
(Fig. 2b). This suggests that RD3 functioned by interact-
ing with a factor distinct from the critical components of
the RD1 repression mechanism. In agreement with pub-
lished reports (Alland et al. 1997; Heinzel et al. 1997),
RD1 from N-CoR as well as SMRT interacted with
mSin3A (Fig. 2e). In contrast, we detected little or no
interaction between mSin3A and RD3 polypeptides from
either N-CoR or SMRT (Fig. 2e). Nevertheless, histone
deacetylation is likely to be a key effector of the RD3
repression mechanism, because repression by SMRT
RD3 was inhibited by the HDAC inhibitor trichostatin
A (TSA) (Fig. 2f).

N-CoR associates with a class II HDAC

The lack of a strong association between N-CoR and

Figure 1. Endogenous N-CoR immunoprecipitates
deacetylase activity without coprecipitating HDAC1. (a)
Whole-cell 293T extracts were prepared and immuno-
precipitated with either control IgG or anti-N-CoR IgG.
Immunoprecipitates were assayed directly for histone
deacetylase activity and are displayed as counts per
minute of 3H-labeled acetic acid released. S.E.M. is
shown. (b) 293T cell extracts were immunoprecipitated
with IgG, anti-N-CoR, anti-mSin3A, or anti-HDAC1,
separated by SDS-PAGE, and immunoblotted for the
presence of N-CoR, mSin3A, and HDAC1.
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mSin3A/HDAC1, the association of N-CoR with HDAC
activity, and the effectiveness of TSA in blocking the
mSin3-independent repression by RD3 led us to question
whether HDAC1, a class I HDAC, was solely responsible
for the deacetylase activity observed in N-CoR immuno-
precipitates. The recently identified class II HDACs are
more similar to yeast Hda1 than Rpd3, and all possess an
amino terminal sequence not found in class I HDACs
(Fischle et al. 1999; Grozinger et al. 1999; Miska et al.
1999; Verdel and Khochbin 1999). We hypothesized that
endogenous N-CoR might associate with a member of
this family. To address this, myc-tagged HDAC4 was
overexpressed in HeLa cells. The interaction between
N-CoR and HDAC4 was observed both by immunoprecipi-
tation (IP) of N-CoR followed by HDAC4 immunoblot, as
well as by myc IP followed by N-CoR immunoblot (Fig.
3a). Similar results were obtained in 293T cells (Fig. 3b).

Class II HDACs directly interact with the
mSin3-independent repression domain

The results thus far support a model in which the lim-
iting factor in RD3 function is a class II HDAC, analo-
gous to the recruitment of class I HDACs to RD1
through mSin3A. To understand the protein interactions
involved in RD3 function, we screened a 17-day-old
mouse embryo cDNA library in a yeast two-hybrid sys-
tem using SMRT RD3 as bait. Remarkably, mHDA1
(Miska et al. 1999; Verdel and Khochbin 1999), the
mouse homolog of human HDAC5, emerged from this
unbiased screen as a strongly interacting protein (Fig. 4a).
HDAC5 interacted directly with both N-CoR RD3 and
SMRT RD3, but did not interact with N-CoR RD1 in
vitro (Fig. 4b). Both HDAC4 and HDAC5 are class II
HDACs with high sequence identity, especially in the

Figure 2. N-CoR and SMRT possess sepa-
rable and distinct repression domains that
operate through independent mechanisms.
(a) Schematic representation of N-CoR and
SMRT showing the three designated RDs.
Interaction domains (ID) are located at the
carboxyl terminus and mediate interaction
with nuclear hormone receptors. Strong
mSin3-binding sites are indicated (Horlein
et al. 1995; Alland et al. 1997). (b) Activity
of a luciferase reporter in 293T cells trans-
fected with Gal4–RD1 (N-CoR 1-312)
alone or in the presence of RD1 fused to a
nuclear localization signal (NLS–HA–RD1)
or NLS–HA–RD3 (SMRT 1031–1505). (c)
Immunoblot of whole-cell lysates from
293T cells transfected with NLS–HA–RD1
and NLS–HA–RD3. (d) Confocal micro-
scopic examination of HeLa cells trans-
fected with NLS–HA–RD1 and NLS–HA–
RD3, stained with anti-HA antibody and
Texas Red-conjugated secondary antibody,
and visualized by immunofluorescence.
(e) Pulldown of [35S]Met-labeled in vitro-
translated mSin3A by GST alone or GST–
RD fusion proteins as indicated. Input,
10%. (f) Gal4–DBD and Gal4–SMRT RD3
were transfected and luciferase activity
was measured in the absence or presence of
330 nM TSA.

Figure 3. N-CoR interacts with HDAC4 in vivo. (a)
HeLa cells were transfected with empty vector or myc-
tagged HDAC4 (Myc–HDAC4). Whole-cell lysates
were immunoprecipitated with myc antibody (top
right) or N-CoR antibody (bottom right) and separated
by SDS-PAGE. (Top) Cells were immunoblotted with
N-CoR antibody; (bottom) with myc antibody. (Left)
Inputs to the corresponding lanes at right. (b) 293T
cells were transfected with myc-HDAC4 and immu-
noprecipitated with IgG, myc antibody, or N-CoR an-
tibody, as indicated. Inputs (5%) are shown. Samples
were immunoblotted for N-CoR and myc epitope.
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catalytic domain (Miska et al. 1999). HDAC4 also inter-
acted strongly with both N-CoR RD3 and SMRT RD3 in
vitro (Fig. 4b). These interactions were specific for class
II HDACs as HDAC1 did not interact with either RD3 or
RD1 (Fig. 4b). Mammalian two-hybrid analysis revealed
strong interactions between VP16–HDAC5 and Gal4–
SMRT RD3 (Fig. 4c) and N-CoR RD3 (Fig. 4d) in intact
mammalian 293T cells. Reciprocally, VP16–SMRT RD3
and Gal4–HDAC5 also interacted in 293T cells (Fig. 4e).
Similar results were obtained with HDAC4 (Fig. 4e). The
specificity of these interactions was confirmed by the
lack of similar association between HDAC4 and HDAC5
with RD1 (Figs. 4c,d,e) or between HDAC1 and SMRT
RD3 (Fig. 4e).

The class II HDAC catalytic domain is required
for interaction with corepressor

The carboxyl terminus of HDAC5, containing its cata-
lytic domain, was the region identified as an RD3-inter-
acting protein in the yeast two-hybrid screen. The car-
boxyl terminus of HDAC4 was similarly found to inter-
act with RD3 in vitro (Fig. 5a). Point mutations that
abolish HDAC activity abrogated interaction with RD3
(Fig. 5a). These mutated residues are conserved in

HDAC1, in which the identical substitutions abrogate
enzyme activity and, in the case of the D840N, but not
the H803A mutation, mSin3A interaction (Hassig et al
1998). HDAC4 and the mutants were myc epitope-
tagged and expressed in 293T cells. The proteins were
expressed at similar levels, but only wild-type HDAC4
coimmunoprecipitated endogenous N-CoR (Fig. 5b).
Thus, in vivo interactions between HDAC4 and N-CoR
corresponded exactly with the in vitro interactions be-
tween HDAC4 and SMRT RD3. As expected, only the
wild-type HDAC4 possessed HDAC activity (Fig. 5c). In-
hibition of wild-type HDAC4 enzyme activity with TSA
did not block interaction with N-CoR (Fig. 5d), suggest-
ing that the lack of HDAC activity of the mutants was
not solely responsible for their failure to interact with
N-CoR. Furthermore, addition of N-CoR RD3 did not
inhibit HDAC4 deacetylase activity in vitro (data not
shown).

The repression function of SMRT RD3 sublocalizes
to the class II HDAC interaction domain

The HDAC5 interaction domain was sublocalized to the
carboxyl terminus of SMRT RD3 (amino acids
1281–1505) (Fig. 6a). HDAC4 interactions localized to

Figure 4. Repression domain 3 interacts with
HDAC4 and HDAC5 in vitro and in vivo. (a) Yeast
two-hybrid analysis of mouse HDAC5 clone inter-
action with Gal4–SMRT RD3. Yeast were trans-
formed with the indicated plasmids and growth was
assayed on triple dropout (−His, −Leu, −Trp) plates.
The positive control is p53 bait and SV40 Large T
antigen prey. (b) [35S]Methionine-labeled in vitro-
translated myc–HDAC1, myc–HDAC4, and VP16–
HDAC5 were incubated with indicated GST fusion
proteins. Inputs, 10%. (c) Mammalian two-hybrid
analysis of HDAC5 with repression domains. 293T
cells were transfected with Gal4–DBD, Gal4–N-
CoR RD1, or Gal4–SMRT RD3 in the absence or
presence of VP16–HDAC5 and cell lysates were
measured for activity of a luciferase reporter. (d)
Mammalian two-hybrid analysis as in c except
Gal4–N-CoR RD3 was used. (e) Mammalian two-
hybrid analysis as above with Gal4–DBD, Gal4–
HDAC1, Gal4–HDAC4, or Gal4–HDAC5 in the
presence of vector, VP16–N-CoR RD1, or VP16–
SMRT RD3. Means ± S.E.M. are shown.
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the same region of RD3, whereas the amino terminus of
SMRT RD3 (amino acids 1031–1288) did not interact
with either HDAC4 or HDAC5 in vitro (Fig. 6a). This
interaction correlated with the repression function of
SMRT RD3, which also mapped to the carboxyl termi-
nus (Fig. 6b). These data support the hypothesis that the
RD3 repression function is related to its ability to recruit
class II HDACs.

HDAC4 interacts with endogenous N-CoR and SMRT
in complexes that do not contain mSin3A

We next determined whether mSin3A was a component
of HDAC4–N-CoR complexes in intact cells, and
whether overexpression of HDAC1 could influence
these complexes. HDAC4 and HDAC1 were overex-
pressed at similar levels in HeLa cells (Fig. 7a). Immu-
noprecipitates of myc–HDAC4 from transfected cells
contained abundant amounts of endogenous N-CoR (Fig.
7b). However, little if any, mSin3A was detected in these
complexes (Fig. 7b). In addition, endogenous N-CoR did
not coimmunoprecipitate with myc-tagged HDAC1,
whereas abundant mSin3A was present in the HDAC1

complexes (Fig. 7b). These results were confirmed in the
reciprocal direction, that is, by immunoprecipitating en-
dogenous N-CoR following transfection of HDAC4 or
HDAC1. Only HDAC4 coimmunoprecipitates with N-
CoR (Fig. 7c). Very similar observations were made for
SMRT (Fig. 7d), and all results were repeated in 293T
cells (data not shown). Finally, we examined interaction
of endogenous HDAC4 with endogenous N-CoR and
SMRT. Endogenous HDAC4 was detected in immuno-
precipitates of endogenous N-CoR and, reciprocally, en-
dogenous N-CoR was associated with immunoisolated
endogenous HDAC4 (Fig. 7e). Comparison with the total
amount of immunoprecipitated proteins indicated that
only a fraction of the N-CoR was in stable HDAC4 com-
plexes, and vice versa. Endogenous SMRT was also de-
tected in HDAC4 immunoprecipitates (Fig. 7f). These
results indicate the existence of novel endogenous
nuclear receptor corepressor–HDAC4 complexes that
largely exclude HDAC1 and mSin3A.

Discussion

Our results indicate the existence of a novel nuclear re-
ceptor corepressor–HDAC complex. Interactions be-
tween the nuclear receptor corepressors and HDAC4/
HDAC5 were evident in multiple assay systems, includ-
ing yeast and GST-pulldown assays, suggesting that the
association is direct. The interaction localizes to RD3,
whose repression function is TSA sensitive like those of
HDAC4 and HDAC5 (data not shown). Furthermore,

Figure 6. The repression function of RD3 sublocalizes to the
class II HDAC interaction domain. (a) [35S]methionine-labeled
in vitro-translated HDAC5 and HDAC4 were incubated with
GST, GST–SMRT RD3 carboxyl terminus, or GST–SMRT RD3
amino terminus. Input, 10%. (b) Gal4–SMRT RD3 carboxyl ter-
minus and Gal4–SMRT RD3-amino terminus were transfected
into 293T cells and luciferase activity was measured.

Figure 5. The HDAC4 catalytic domain is required for co-
repressor interaction. (a) GST or GST–SMRT RD3 were incubated
with the indicated [35S]methionine-labeled in vitro-translated
proteins in GST pulldown assays. Input, 20% except for wild-
type-HDAC4, 10%. (b) 293T cells were transfected with vector
or the myc-tagged HDAC4 wild type, H803A mutant, or D840N
mutant. Whole-cell lysates were immunoprecipitated with myc
antibody and samples were separated by SDS-PAGE and immu-
noblotted with N-CoR antibody (top). Proteins were expressed
at equal levels as shown by the myc immunoblot (bottom). The
asterisk indicates a background protein. (c) Effects of mutations
on HDAC activity. 293T cells were transfected as in b, and myc
immunoprecipitates were directly assayed for deacetylase activ-
ity and are displayed as counts per minute of 3H-labeled acetic
acid released. (d) TSA has no effect on HDAC4 interaction with
N-CoR. 293T cells were transfected with myc-tagged HDAC4
and whole-cell lysates were immunoprecipitated with myc an-
tibody in the absence or presence of 300 nM TSA and immuno-
blotted with N-CoR or myc antibody.
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this repression function localizes to the carboxyl termi-
nus of RD3, which is the region that interacts with
HDAC4 and HDAC5. Together, these data strongly sug-
gest that the association with HDAC4/HDAC5 is re-
sponsible for the TSA-suppressible repression function
of RD3.

The N-CoR/SMRT–HDAC4/HDAC5 complex con-
trasts with the previously described N-CoR/SMRT–
mSin3–HDAC1 (or HDAC2) complex. RD3 does not in-
teract with HDAC1 or mSin3A, whereas RD1 does in-
teract with mSin3A in vitro. Thus, the N-CoR-
associated HDAC activity may be accounted for by both
class I and II HDACs, which associate with corepressor
via different mechanisms. As detailed in this report, we
have been unable to consistently demonstrate the exis-
tence of the N-CoR/mSin3/HDAC1 complex in HeLa
and 293T cells. Thus, we suggest that this complex is not
the sole contributor to the robust N-CoR-associated
HDAC activity. This conclusion is surprising in light of
the prevailing models for nuclear receptor-mediated re-
pression, but is consistent with the inability of others to

detect nuclear receptor corepressors in HDAC1 or Sin3-
containing complexes (Hassig et al. 1997; Tong et al.
1998; Wade et al. 1998; Zhang et al. 1998b,c).

Although HDAC4 and HDAC5 contain a unique
amino terminus that is absent in HDAC1, the corepres-
sor interactions mapped to the carboxyl terminus of
HDAC4 and HDAC5, which contains the HDAC en-
zyme activity. Several amino acids that are required for
catalytic activity of HDAC4 are conserved in HDAC1,
including H141 and D176 (Hassig et al. 1998). Mutation
of the aspartate residue in HDAC1 also abolished inter-
action with mSin3A and RbAp48, suggesting a major
role in the tertiary structure of the protein, although mu-
tation of the histidine residue did not disrupt protein
interactions, suggesting a more specific role in the en-
zyme activity of HDAC1 (Hassig et al. 1998). Interest-
ingly, both of these mutations in HDAC4 prevent inter-
action with corepressor. This explains why both of these
enzyme-dead mutants of HDAC4 do not function as
dominant-negative regulators of corepressor function
(E.Y. Huang and M.A. Lazar, unpubl.). We considered the

Figure 7. N-CoR and SMRT each form
complexs with HDAC4 that do not in-
clude mSin3A. (a–c) HeLa cells were trans-
fected with empty vector, myc–HDAC4,
or myc–HDAC1. (Top) Cells were probed
with N-CoR antibody; (middle) cells are
probed with mSin3A antibody; (bottom)
cells are probed with myc antibody. (a)
Immunoblots of inputs. (b) Whole-cell
lysates were immunoprecipitated with
myc antibody before being immunoblot-
ted as in a. (c) Whole-cell lysates of
myc–HDAC4- or myc–HDAC1-transfected
HeLa cells were immunoprecipitated with
IgG or N-CoR IgG before being immuno-
blotted. (d) Immunoprecipitations were per-
formed as in b and immunoblotted for
SMRT (top), mSin3A (middle), and myc epi-
tope (bottom). Inputs are shown in left
panels. (e) Whole-cell lysates from untrans-
fected 293T cells immunoprecipitated with
either IgG, anti-N-CoR IgG, or anti-HDAC4
antiserum. Samples were immunoblotted
for N-CoR or HDAC4. Inputs shown, 2%.
(f) Same as e except immunoprecipitations
were performed with IgG or anti-HDAC4
antiserum, and immunoblotted with SMRT
or HDAC4 antibody.
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possibility that N-CoR may bind to the active site of
HDAC4. However, TSA did not prevent the interaction
(Fig. 5d), and N-CoR RD3 did not inhibit HDAC4 enzy-
matic activity, whereas histones did (E.Y. Huang and
M.A. Lazar, unpubl.).

The novel corepressor–HDAC4/HDAC5 complex
demonstrates that transcriptional repression by nuclear
receptors may be functionally executed through different
combinations of proteins that possess similar enzymatic
activity. This emphasizes the balance between acetyla-
tion and deacetylation as reversible determinants of
transcriptional activity. Transcriptional activation is
mediated by large complexes containing multiple HATs
whose function may be activator specific and regulated
by cellular signaling events (Korzus et al. 1998; Xu et al.
1998). It is possible that under some circumstances, a
single nuclear receptor corepressor complex may recruit
multiple HDACs, just as nuclear receptor activation
complexes can contain multiple HATs including CBP
and the p160 class of coactivators. Although the deacety-
lase activity and the sensitivity to TSA of HDAC1 and
HDAC4 are similar (data not shown; Grozinger et al.
1999; Miska et al. 1999), the molecular targets of the
HDACs may be critical. In addition to histones, protein
acetylation regulates a variety of transcriptional regula-
tors (Kouzarides 1999), including both sequence-specific
transcription factors p53 (Gu and Roeder 1997; Liu et al.
1999) and GATA-1 (Boyes et al. 1998; Hung et al. 1999),
the nuclear receptor coactivator ACTR (Chen et al.
1999), and basal factors such as TFIIF (Imhof et al. 1997).
Regulated deacetylation is likely to impact these factors
as well. Other proteins in the nuclear receptor corepres-
sor complexes might modify the activity of specific
HDACs, as recently described for MTA2 in HDAC1
complexes (Zhang et al. 1999).

We have shown that nuclear receptor corepressors uti-
lize different, noncompeting mechanisms to interact
with multiple HDACs. With our present observations,
four of the six known mammalian HDACs have been
implicated in nuclear hormone receptor repression com-
plexes (Fig. 8). In vivo, the corepressors might, at times,

associate with different HDACs simultaneously, and at
other times exist in distinct complexes. The HDACs are
expressed in different tissues (Grozinger et al. 1999) and
their expression may be regulated during differentiation
and by subcellular distribution (Miska et al. 1999; Verdel
and Khochbin 1999). Thus, different nuclear receptor co-
repressor–HDAC complexes may predominate as a func-
tion of cell type, cell cycle, or differentiation state. Ab-
errant recruitment of N-CoR and SMRT is pathogenic in
multiple forms of acute myeloid leukemia, and HDAC
inhibition has been successfully used to treat human
APL (Warrell et al. 1998). The present work suggests that
more rational and specific therapies might target a dis-
tinct HDAC complex(es) involved in leukemogenesis.

Materials and methods

Plasmid constructs

The yeast pGAD10–mHDA1 clone was subcloned into pCMX–
Gal4 DBD (Zamir et al. 1997) and pGEX-4T1 (Pharmacia) with
EcoRI. Gal4–SMRT RD3, Gal4–NCoR RD1, GST–SMRT RD3,
and GST–N-CoR RD1 were described previously (Gelmetti et
al. 1998; Zhang et al. 1998a). Gal4–N-CoR RD3 and GST–N-
CoR RD3 contain amino acids 1017–1506 of N-CoR. HDAC1
was cloned into pCMX–Gal4 DBD to create Gal4–HDAC1.
NLS–HA-RD1 and NLS–HA-RD3 were created by taking the
EcoRI/NotI fragment from the Gal4 constructs and cloning into
pCMV with in-frame HA epitope and nuclear localization sig-
nal. pCMX–VP16–HDAC5, -N-CoR RD1, and -SMRT RD3 were
created by inserting the NLS–VP16 polylinker from pVP16 into
pCMX (Clontech), and subcloning the relevant polypeptides.
GST–SMRT RD3-amino terminus (amino acids 1031–1288) and
GST–SMRT RD3-carboxyl terminus (amino acids 1281–1505)
were cloned by PCR into pGEX-4T1 (Pharmacia). GST–SMRT
RD1 contains amino acids 1–303 of full-length SMRT. Myc–
HDAC4 wild-type, H803A, D840N, HDAC4–amino terminus
(amino acids 118–611), HDAC4 carboxyl terminus (amino acids
612–1084) as well as myc–HDAC1 were described previously
(Miska et al. 1999). HDAC4 carboxyl terminus was also sub-
cloned into pCMX–Gal4 DBD.

Cell culture and transfection

293T cells and HeLa cells were maintained in DMEM (high
glucose) supplemented with 10% FBS and L-glutamine (all
GIBCO-BRL). Cells were grown at 37°C in 5% CO2. 293T cells
were transfected by use of the calcium phosphate precipitation
technique. HeLa cells were transfected with FuGene 6 (Boeh-
ringer Mannheim) according to the manufacturer’s instructions.
Cells were washed 16–20 hr after transfection and maintained
another 24 hr before harvesting for luciferase reporter assays and
immunoprecipitations. In luciferase assays, the Gal4 UAS x
5-SV40-luciferase reporter contains five copies of the Gal4 17-
mer binding site. TSA (Biomol) was used at 330 nM. For TSA
inhibition experiments, 1-day post transfection fresh medium
with TSA was added (day 2), and again the following day (day 3),
and cells were harvested on day 4. Light units were normalized
to a cotransfected b-galactosidase expression plasmid. Fold re-
pression and fold activation are relative to the Gal4–DBD, and
results of duplicate samples are plotted. For immunofluores-
cence, HeLa cells were grown and transfected on chamber slides
(Nalge Nunc). Cells were fixed in 4% paraformaldehyde, per-
meabilized in 0.2% Triton X-100, and blocked with 1% BSA in

Figure 8. Model of nuclear receptor corepressor–deacetylase
interactions. HDAC1/HDAC2 bound to mSin3 can interact
with corepressor via RD1 or a sequence amino-terminal to in-
teraction domain 1 (ID1). In contrast, HDAC4/HDAC5 binds at
RD3 without mSin3 as a mediator. Other proteins include
RbAp46 and RbAp48, and likely differ for HDAC1 and HDAC4
complexes.
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PBS prior to staining with anti-HA antibody at 1:200 dilution
and Texas Red-conjugated goat anti-rabbit IgG secondary anti-
body (Southern Biotechnology Associates) at 1:75 dilution. Con-
focal microscropy was performed with a Bio-Rad 1024-ES sys-
tem on a Nikon Eclipse E800 microscope equipped with a 60×
Plan-APO 1.4 NA objective.

Yeast two-hybrid screen

SMRT amino acids 1031–1505 was used as bait to screen a 17-
day mouse embryo library (Clontech) as described previously
(Zamir et al. 1997). Amino acids 468–991 of mHDA1 (Miska et
al. 1999; Verdel and Khochbin 1999) (GenBank accession no.
AF006602) were isolated from the screen and used in all subse-
quent assays. This corresponds to human HDAC5 (Grozinger et
al. 1999) (GenBank accession no. AF132608) starting at amino
acid 601.

In vitro interaction assays

Glutathione S-transferase (GST) assays were performed as de-
scribed previously (Zhang et al. 1997). Briefly, GST fusion pro-
teins bound to glutathione beads were incubated with [35S]me-
thionine-labeled in vitro-translated proteins at 4°C, washed,
boiled in SDS loading buffer, subjected to SDS-PAGE, and visu-
alized by autoradiography. GST fusion proteins were stained
with Coomassie blue to ensure equal loading.

Immunoprecipitations

Cells were washed in PBS and lysed with NET-N buffer (150 mM

NaCl, 1 mM EDTA, 20 mM Tris-HCl at pH 8.0, 0.5% NP-40, and
10% glycerol) containing protease inhibitor cocktail (Boeh-
ringer Mannheim) on ice for 30 min. Lysates were clarified by
centrifugation at 12,000g for 10 min at 4°C. Immunoprecipita-
tions were carried out with mixing at 4°C for 2 hr with anti-
body, then a slurry of protein G–agarose (GIBCO-BRL) was
added and rotation continued for another 2 hr. Beads were
washed four times with NET-N and boiled in 1× SDS loading
buffer.

Immunoblot analysis

Proteins were separated by SDS-PAGE and transferred to PVDF
membranes with HMW transfer buffer (50 mM Tris, 380 mM

glycine, 0.1% SDS, and 20% methanol). Blots were probed with
primary antibodies in TBS containing 0.15% Tween-20 and 1%
BSA, followed by horseradish peroxidase-conjugated anti-rabbit
or anti-mouse antibody (Boehringer Mannheim) at 1:5000 and
ECL reagent (Amersham). Anti-N-CoR antibodies were raised
in rabbits against N-CoR amino acids 1944–2453, IgG purified
on a protein G column (Pierce), and used at 1:2000 dilution.
Anti-SMRT mouse monoclonal antibodies were raised against
GST–SMRT amino acids 2004–2310. Anti-mSin3A K-20 rabbit
polyclonal (Santa Cruz) was diluted 1:200. Anti-HDAC1 rabbit
polyclonal (UBI) was diluted 1:333. Anti-myc 9E10 mouse
monoclonal (Santa Cruz) was diluted 1:500. Anti-HDAC4 anti-
bodies were raised in rabbits against HDAC4 amino acids 1067–
1084 and were diluted 1:1000. No cross-reactivity with HDAC5
or HDAC1 could be detected. Anti-HA Y-11 rabbit polyclonal
antibody (Santa Cruz) was used at a dilution of 1:500.

HDAC assays
3H-Labeled acetylated HeLa histones were prepared essentially
as described (Carmen et al. 1996). Deacetylase activity of im-

munoprecipitations was assayed by incubating the pelleted
beads with 40,000 cpm of 3H-labeled acetylated HeLa histones
in a total volume of 200 µl of HD buffer (20 mM Tris-HCL at pH
8.0, 150 mM NaCl, 10% glycerol) at 37°C for 2 hr. To stop each
reaction, 50 µl of Stop solution (1 M HCl, 0.16 M HAc) was added
and released 3H-labeled acetic acid was extracted with 600 µl of
ethyl acetate and measured.
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