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Specific recruitment of corepressor complexes contain-
ing histone deacetylases (HDAC) by transcription factors
is believed to play an essential role in transcriptional
repression. Recent studies indicate that repression by
unliganded nuclear hormone receptors and by the Mad
family of repressors requires distinct HDAC-containing
corepressor complexes. In this work, we show that un-
liganded TR specifically recruits only the closely related
N-CoR and SMRT–HDAC3 complexes, whereas the
Mad1 recruits only the Sin3–HDAC1/2 complex. Signifi-
cantly, both the Sin3 and Mi-2/NURD complexes also
exhibit constitutive association with chromatin and
contribute to chromatin deacetylation in a nontargeted
fashion. These results suggest that HDAC complexes
can contribute to gene repression by two distinct mecha-
nisms as follows: (1) specific targeting by repressors and
(2) constitutive association with chromatin.
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Nuclear hormone receptors (NR) are a large group of
structurally related transcription factors whose tran-
scriptional activities are generally regulated by lipophilic
ligands (Mangelsdorf et al. 1995). As members of the NR
superfamily, the thyroid hormone receptor (TR) and ret-
inoic acid receptor (RAR) have the capacity to alternately
repress or activate transcription dependent on the
absence or presence of their cognate hormones (Glass
and Rosenfeld 2000). Studies over the last several years
indicate that TR and RAR make use of distinct cofactors
and chromatin modification to accomplish their dual
functions in transcription (Wolffe et al. 1997; Urnov and
Wolffe 2001). Whereas activation by liganded receptors is
believed to associate with the recruitment of coactiva-
tors and targeted acetylation of chromatin, recent stud-
ies indicate that repression by unliganded receptors re-

quire corepressors SMRT and N-CoR and recruitment
of HDAC activities (Glass and Rosenfeld 2000; Hu and
Lazar 2000; Ordentlich et al. 2001; Urnov and Wolffe
2001).

Three well-characterized class I HDAC-containing
complexes have been described as follows: the HDAC1/
2-containing Sin3 (Zhang et al. 1997) and Mi-2/NURD/
NuRD complexes (Wade et al. 1998; Xue et al. 1998;
Zhang et al. 1998) (referred to as Sin3 and Mi-2/NURD
complexes hereafter) and the HDAC3-containing SMRT
and N-CoR complexes (Guenther et al. 2000; Li et al.
2000; Wen et al. 2000). Each of these complexes has been
implicated in repression by unliganded TR and RAR.
The identification of the Sin3 complex and the demon-
stration that the corepressors SMRT and N-CoR physi-
cally interact with Sin3 provided the first working model
implicating HDACs in repression by unliganded recep-
tors (Heinzel et al. 1997; Nagy et al. 1997). The impor-
tance of the Sin3 complex in repression by unliganded
receptors is underscored by the ability of microinjected
Sin3 and HDAC1/2 antibodies to block repression (Hein-
zel et al. 1997). However, the purified mammalian Sin3
complex contains neither SMRT nor N-CoR (Zhang et
al. 1997). Furthermore, neither Sin3 nor HDAC1/2 are
present in the purified SMRT complex (Guenther et al.
2000; Li et al. 2000), implying that the involvement of
the Sin3 complex is not mediated through direct inter-
action with SMRT and N-CoR. In addition to the Sin3
complex, the Mi-2/NURD complex also appears to be
involved in repression by unliganded TR, because the
repression can be partially relieved through microinjec-
tion of Mi-2�/CHD4 antibodies (Xue et al. 1998).
Whereas the functional evidence clearly suggests the
involvement of both the Sin3 and Mi-2/NURD com-
plexes in repression by unliganded receptors, the mecha-
nisms by which these complexes are recruited is not yet
clear.

The recent biochemical purification of SMRT and N-
CoR indicates that both SMRT and N-CoR are associ-
ated with HDAC3 and a transducin �-like protein (TBL1)
in large protein complexes 1.5–2 MD in size (Guenther et
al. 2000; Li et al. 2000). Thus, SMRT and N-CoR define
a new functional category of class I HDAC-containing
complex. The interaction of SMRT and N-CoR with
HDAC3 stimulates its histone deacetylase activity (Wen
et al. 2000; Guenther et al. 2001), highlighting its func-
tional significance. Recent studies also indicate that
class II HDACs including HDAC4, HDAC5, HDAC6,
and HDAC7 can interact directly with N-CoR and
SMRT (Huang et al. 2000; Kao et al. 2000), although
only a small fraction of endogenous N-CoR or SMRT
appears to associate with the class II HDACs (Huang et
al. 2000).

We have utilized chromatin immunoprecipitation
(ChIP) to assay active recruitment of three class I HDAC-
containing complexes by unliganded TR. Repression by
unliganded TR correlated with the recruitment of
SMRT/N-CoR/HDAC3 complexes, but not with the re-
cruitment of the Sin3 and Mi-2/NURD complexes. In
contrast, repression by Mad1 featured recruitment of
the Sin3/HDAC1/2 complex. Notably, both the Sin3
and NURD complexes displayed constitutive associa-
tion with chromatin consistent with roles in global
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deacetylation. We propose that both the Sin3 and
NURD complexes contribute to the repression by
unliganded nuclear receptors, not because they are ac-
tively recruited by unliganded nuclear receptors, but
because they contribute to the global deacetylation of
chromatin.

Results and Discussion

Repression by unliganded TR is correlated
with histone deacetylation

Using Xenopus oocytes as a model system for the study
of transcriptional regulation by TR in the context of
chromatin, we have reported previously that repression
by unliganded TR requires HDAC activity (Wong et al.
1998). Recent experiments indicate that the known class
I HDAC-containing complexes, including Sin3, Mi-2/
NURD, and SMRT/N-CoR/HDAC3 are highly con-
served between Xenopus and humans (Wade et al. 1998;
Vermaak et al. 1999; Li et al. 2000). Thus, we wished to
identify and compare the HDAC complex(es) recruited
specifically by unliganded TR as well as by Mad1 using
ChIP assays, as previous studies indicated that repres-
sion by Mad repressors required the Sin3-HDAC1/2
complex as well as N-CoR (Alland et al. 1997; Laherty et
al. 1997). For this purpose, we constructed a Xenopus
TR�A promoter-based reporter containing four Gal4-
binding sites (4xUAS) (Fig. 1A). The reporter plasmid was
assembled into chromatin with regularly spaced nucleo-
somes via the replication-coupled pathway (Almouzni
and Wolffe 1993), as confirmed by Southern blot hybrid-
ization following partial micrococcal nuclease digestion
(Fig. 1B). Expression of a Gal4–TR fusion protein in
Xenopus oocytes led to repression of transcription in the
absence of T3 and activation of transcription in the pres-
ence of T3 (Fig. 1C), resembling the reported result for
TR/RXR heterodimers (Wong et al. 1995). The repression
by Gal4–TR requires HDAC activity, as it can be blocked
by addition of an HDAC inhibitor, trichostatin A (TSA)
(data not shown; see Fig. 4D, below). To assess whether
the repression by unliganded Gal4–TR is associated with
chromatin deacetylation, we next carried out ChIP as-
says using an antibody specific for hyperacetylated his-
tone H3 or H4, respectively. Subsequent PCR analysis
(Fig. 1D) and quantification by PhosphorImaging (in each
ChIP assay, the number in each lane was the relative
value in comparison to 1 set for the control) revealed that
expression of Gal4–TR led to a substantial decrease in
levels of acetylation of histones H3 and H4 over the pro-
moter proximal region only in the absence of T3. These
results indicate that the repression by unliganded Gal4–
TR is associated with chromatin deacetylation. The ob-
served chromatin deacetylation was targeted specifically
by the Gal4–TR to the 4xUAS proximal region, as no
alteration in levels of acetylation of both H3 and H4 was
detected in a region distal to the 4xUAS (∼2.5 kb) (data
not shown; see Fig. 3B, below).

Unliganded TR recruits SMRT/N-CoR/HDAC3

Next, we carried out ChIP assays to determine which of
the HDAC-containing complexes could be recruited by
Gal4–TR. As shown in Figure 1D, the association of N-
CoR with chromatin was only detected in the presence
of Gal4–TR and in the absence of T3 (with a 12-fold
increase). Similar results were observed for SMRT and

HDAC3. These results indicate that Gal4–TR actively
recruits the corepressors SMRT, N-CoR, and HDAC3 in
the absence of T3. These ChIP results are consistent
with the recent biochemical purification of SMRT and
N-CoR complexes from HeLa cells, showing that
HDAC3 is a subunit of the SMRT and N-CoR complexes
(Guenther et al. 2000; Li et al. 2000).

Both Sin3 and Mi-2/NURD complexes exhibited
constitutive chromatin association and were not
recruited by unliganded TR

We next carried out ChIP assays to determine whether
the Sin3 and Mi-2/NURD complexes would also be re-
cruited by unliganded Gal4–TR. ChIP assays revealed
the constitutive association of the Mi-2/NURD complex
with chromatin in the absence of Gal4–TR (Fig. 1D). No

Figure 1. Repression by unliganded TR is coupled to chromatin
deacetylation and recruitment of the HDAC3-containing SMRT/N-
CoR complexes, but not the Sin3 and Mi-2/NURD complexes. (A)
The diagram illustrates the structure of the 4xUAS-TR�A reporter.
Also indicated is the region for PCR amplification in the ChIP assay.
(B) Partial MNase digestion confirmed the assembly of the injected
4xUAS-TR�A reporter DNA into chromatin. (C) Gal4–TR repressed
transcription from the 4xUAS-TR�A reporter in the absence of T3
and activated in the presence of T3. The expression of Gal–TR was
accomplished by injection of in vitro synthesized mRNA. (Ctrl) The
primer extension product from the oocyte endogenous histone H4
mRNA, which serves as a loading control. Also shown was the
expression of Gal4–TR by Western analysis using a Gal4–DBD-spe-
cific antibody. (D) ChIP assay using antibodies as indicated. The
injection of oocytes was as in C. Input DNA used for PCR reaction
was 5% of total input DNA. Negative control (−) for ChIP assay was
performed as others but without addition of antibody. (E) ChIP assay
using antibodies (serum) and corresponding preimmune serum (pre-)
revealed the specific association of Sin3 and Mi-2/NURD complexes
with chromatin.
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increased association of Mi-2/CHD4 with chromatin
was observed in the presence of Gal4–TR, indicating that
unliganded Gal4–TR did not recruit the Mi-2/NURD
complex. Similarly, Xenopus Sin3A and HDAC1/2 also
associated with chromatin in a Gal4–TR independent
manner (Fig. 1D). Thus, in contrast to the clear evidence
for the active recruitment of SMRT, N-CoR, and
HDAC3, neither the Mi-2/NURD nor the Sin3 complex
was recruited by Gal4–TR in the absence of T3.

As controls, we performed parallel ChIP assays com-
paring Sin3A, HDAC1, and Mi-2/CHD4 with their cor-
responding preimmune serum. In each case (Fig. 1E),
much less DNA was pulled down by the corresponding
preimmune serum (indicated as pre-). The constitutive
association of the Mi-2/NURD complex with chromatin
was further supported by ChIP assays with two different
affinity purified CHD4 antibodies (data not shown) and
with an antibody against MBD3, a different subunit of
the Mi-2/NURD complex (Wade et al. 1999; Fig. 1E). We
thus concluded that both the Sin3 and Mi-2/NURD com-
plexes show constitutive association with chromatin
and that unliganded TR recruits neither complex.

Repression by Mad1 correlates with recruitment
of Sin3–HDAC1/2 complex

As repression by Mad1 was reported to involve both Sin3
and SMRT/N-CoR (Alland et al. 1997; Laherty et al.
1997), we next wished to identify the complexes re-
cruited by the repressor Mad1. For this purpose, we con-
structed a Gal4 fusion protein containing the amino ac-
ids 1–47 of Mad1, which is known to contain a repres-
sion domain and be sufficient for interaction with Sin3
(Eilers et al. 1999). Expression of the Gal4–Mad1 fusion
in Xenopus oocytes was sufficient to repress transcrip-
tion from the 4xUAS-TR�A reporter (Fig. 2A). As a con-
trol, the expression of Gal4–VP16 activated transcription
(Fig. 2A). ChIP assays showed that, similar to unliganded
Gal4–TR, expression of Gal4–Mad1 also led to a targeted
deacetylation of both H3 and H4 (Fig. 2B). Consistent

with previous findings that Mad1 interacts with Sin3A,
the ChIP assay revealed a substantially increased asso-
ciation of Sin3A with chromatin (6.5-fold). Moreover,
the association of HDAC1 was also increased (6.2-fold),
consistent with the notion that HDAC1 is a component
of the Sin3 complex (Zhang et al. 1997). In contrast to the
results with Gal4–TR (Fig. 1D), expression of Gal4–Mad1
did not lead to an increase in association of SMRT, N-
CoR, or HDAC3 with chromatin (Fig. 2B). Furthermore,
recruitment of Sin3 and HDAC1 was not observed with
Gal4–VP16 under the same experimental conditions (Fig.
2B) or with the Gal–DBD control (data not shown), indi-
cating that the Sin3 complex was actively recruited by
Gal4–Mad1. Together with the results that Gal4–TR ac-
tively recruits the HDAC3-containing SMRT and
N-CoR complexes, we conclude that Sin3 and SMRT/N-
CoR demarcate distinct HDAC-containing complexes
that can be actively recruited for local chromatin
deacetylation and repression by distinct repressors.

Unliganded TR/RXR also recruit only
the SMRT/N-CoR/HDAC3

The Gal4–TR proteins used in the above experiments
contain the ligand-binding domain but not the full-
length TR. Whereas these results indicate that recruit-
ment of the SMRT/N-CoR complexes does not result in
the recruitment of the Sin3 complex, and vice versa, we
cannot exclude the possibility that the TR/RXR hetero-
dimer may recruit the Sin3 complex. To test this possi-
bility, we used a reporter containing the Xenopus TR�A
promoter, which contains a native T3 response element
(TRE) located downstream of the transcriptional start
site. Expression of TR/RXR heterodimers in Xenopus oo-
cytes repressed transcription in the absence of T3, and
activated transcription in the presence of T3 (Fig. 3A).
ChIP assays confirmed that the repression by unliganded
TR/RXR was associated with the deacetylation of both
H3 and H4 and with the recruitment of N-CoR, SMRT,
and HDAC3 (Fig. 3B). Deacetylation of histones and re-
cruitment of N-CoR, SMRT, and HDAC3 were targeted
by unliganded TR/RXR to the TRE region, because nei-
ther were detected in a region ∼2 kb downstream of the
TRE site (PCR B). Importantly, we found no evidence for
the recruitment of Sin3A and HDAC1 by unliganded
TR/RXR under the same conditions (Fig. 3B). However,
the association of the Sin3 and NURD complexes with
chromatin was detected in both the TRE (PCR A) and the
control region (PCR B) (Fig. 3B), further supporting the
idea that both the Sin3 and NURD complexes exhibit
constitutive association with chromatin.

Our results thus far indicate that the repression ex-
erted by unliganded TR or Mad1 correlates with a tar-
geted deacetylation of chromatin and the active recruit-
ment of the HDAC3-containing SMRT/N-CoR com-
plexes or the HDAC1/2-containing Sin3 complex,
respectively. These results raise a question as to whether
tethering of HDAC3 or HDAC1 alone to chromatin
could be sufficient for repression in Xenopus oocytes.
Expression of both Gal4–HDAC1 and Gal4–HDAC3 led
to a dose-dependent repression of transcription from the
4xUAS-TR�A reporter (Fig. 3C). Thus, as shown previ-
ously in mammalian cells (Hassig et al. 1998), tethering
a single HDAC to chromatin is sufficient for repression
in Xenopus oocytes. As expected, this repression is sen-
sitive to inhibition by TSA (data not shown).

Figure 2. The repressor Mad1 recruits the HDAC1/2-containing
Sin3 complex, but not the SMRT/N-CoR complexes. (A) Expression
of Gal4–Mad1 through microinjection of Gal4–Mad1 mRNA syn-
thesized in vitro led to a dose-dependent repression. The experimen-
tal conditions were as in Figure 1C and the expression of Gal4–Mad1
and Gal4–VP16 was detected by Western analysis using a Gal4–
DBD-specific antibody. (B) ChIP assay revealed that the repression
by Mad1 is coupled to the chromatin deacetylation and recruitment
of the Sin3 complex. The ChIP assay and PCR reactions were per-
formed as in Figure 1D.

Targeted and nontargeted HDACs in repression
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The constitutive chromatin association of the Sin3
and Mi-2/NURD complexes likely contributes
to global chromatin deacetylation
and chromatin-mediated repression

The results that tethering a single HDAC to chromatin
is sufficient to repress transcription (Fig. 3C) and that
both TR and Mad1 recruit a single, unique HDAC com-
plex, apparently contradict the observed requirement for
multiple HDAC complexes for repression. The associa-
tion of both the Sin3 and Mi-2/NURD complexes with
chromatin in the absence of TR and Mad1 led us to hy-
pothesize that these complexes could contribute to his-
tone deacetylation and repression through their intrinsic
association with chromatin in the absence of active re-
cruitment by sequence-specific repressors. To test this
idea, we first examined whether their observed chroma-
tin association is unique to the TR�A reporter. Two ad-
ditional reporters (TK- and MMTV-CAT) were as-
sembled into chromatin via a replication-coupled path-

way in Xenopus oocytes and the association of the Sin3
and Mi-2/NURD was determined by ChIP assay. Both
complexes were found to be associated with all the re-
gions tested (Fig. 4A). Thus, the observed chromatin as-
sociation most likely reflects an intrinsic association of
both the Sin3 and Mi-2/NURD complexes with chroma-
tin.

Having established their likely intrinsic chromatin as-
sociation, we next wished to show that the Sin3 and
Mi-2/NURD complexes contribute to chromatin
deacetylation and repression in the absence of specific
repressors. Although it is clear that the HDAC1/2 pre-
sent in the Sin3 and Mi-2/NURD complexes represents
the major HDAC activity in Xenopus oocytes (Wade et
al. 1998; Vermaak et al. 1999), no reagent that could
block specifically the HDAC1/2 activity in these com-

Figure 3. The SMRT/N-CoR complexes but not the Sin3 com-
plexes are recruited by unliganded TR/RXR heterodimers and teth-
ering of either HDAC3 or HDAC1 is sufficient for repression. (A)
The expression of TR/RXR heterodimers repressed transcription in
the absence of T3 and activated transcription in the presence of T3.
(B) ChIP assays examining the TRE proximal region (PCR A) and a
distal region (∼2 kb) (PCR B). The ChIP assay conditions were as in
Figure 1D, except different sets of primers were used for PCR. Note
that the association of CHD4, Sin3A, and HDAC1 with both the
TRE proximal and the distal region was detected, whereas the asso-
ciation of N-CoR, SMRT, and HDAC3 was detected only in the TRE
vicinity with unliganded TR/RXR. (C) Tethering of HDAC1 and
HDAC3 to chromatin is sufficient for repression. The transcription
assay was as in Figure 1C except that the mRNA encoding Gal4–
HDAC1 or Gal4–HDAC3 was used. Three dilutions of mRNA cor-
responding to 3, 1, and 0.3 ng/oocyte were injected, respectively, for
Gal4–HDAC1 (lanes 2–4) and Gal4–HDAC3 (lanes 4–6). Also shown
was the Western analysis showing the expression of Gal4–HDAC1
and Gal4–HDAC3.

Figure 4. Both the Sin3 and Mi-2/NURD complexes are likely to
contribute to a global deacetylation of chromatin. (A) ChIP assays
revealed that both the Sin3 and Mi-2/NURD complexes were con-
stitutively associated with various chromatin templates. The struc-
ture of each reporter and the relative position of PCR products of
ChIP assay were shown at right. (Lane 1) ChIP assay without anti-
body (beads only, negative control); (lanes 2,4,6) ChIP assays using
preimmune serum (pre-); (lanes 3,5,7) ChIP assays using serum
against CHD4, Sin3, and HDAC1, respectively. (B) TSA treatment
led to increased histone acetylation. Groups of oocytes as in A were
treated with (+) or without (−) TSA (0.3 µM) overnight, and acetyla-
tion of histones H3 and H4 were analyzed by ChIP assays. Input
DNA used for PCR reaction in lanes 1 and 2 was 5% of total input
DNA, whereas lanes 3 and 4 were control ChIP assays without
addition of antibody (beads only) (C). TSA treatment revealed the
repression of transcription by no-targeted deacetylation. The oocyte
injection and TSA treatment were as in B. After overnight incuba-
tion, the levels of transcription were assayed by primer extension.
(*) The expected product from each reporter. (D) The nontargeted
deacetylation also contributes to repression by both unliganded TR
and Mad1. Groups of oocytes were injected with the 4xUAS-TR�A
reporter and mRNA encoding Gal–TR or Gal–Mad1 and treated with
(+) or without (−) TSA as indicated. After overnight incubation, lev-
els of transcription were determined by primer extension assay (top),
and the levels of histone H3 acetylation were determined by ChIP
assay (bottom).
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plexes is currently available. Therefore, we used TSA, a
specific HDAC inhibitor, to evaluate the potential con-
tribution of these enzymes to the properties of chroma-
tin assembled via the replication-coupled pathway. We
assembled three different reporters into chromatin via
this pathway and tested the effect of TSA treatment on
acetylation and transcription. ChIP assays revealed that
TSA treatment led to a two- to threefold increase in
acetylation of H3 and H4 over all regions that we have
tested on the TR�A, TK, and MMTV promoters (Fig. 4B).
These results indicate that chromatin is under dynamic
acetylation and deacetylation and that the Sin3 and Mi-
2/NURD complexes are likely the major contributors to
such nontargeted, global deacetylation. Importantly, this
nontargeted global deacetylation appears to be important
for repression mediated by chromatin assembly, as TSA
treatment substantially enhanced transcription from all
three reporters assembled into chromatin via replica-
tion-coupled pathway (Fig. 4C).

The contribution of global deacetylation to the repres-
sion by TR and Mad1 could also be revealed by TSA
treatment. Both unliganded Gal4–TR and Gal4–Mad1 re-
pressed transcription from the 4xUAS-TR�A reporter
(Fig. 4D, cf. lane 1 with lanes 3 and 5). The addition of
TSA not only blocked this repression, but also elevated
transcription beyond the basal level (Fig. 4C, cf. lane 1
with lanes 4 and 6). Consistent with its effect on tran-
scription, TSA treatment blocked the deacetylation tar-
geted by Gal4–TR or Gal4–Mad1 and elevated the levels
of acetylation beyond that in the control (Fig. 4A, cf. lane
1 with lanes 4 and 6). Thus, the final levels of chromatin
deacetylation, as well as repression by unliganded TR
and Mad1, appears to be determined by the combined
effect of an actively targeted HDAC complex (SMRT/N-
CoR/HDAC3 by TR and Sin3 by Mad1) and the global
association of the Sin3 and Mi-2/NURD complexes with
chromatin.

A working model for repression by unliganded
receptors

Our results provide clear evidence that unliganded TR
recruits the HDAC3-containing SMRT/N-CoR com-
plexes but not the Sin3 and Mi-2/NURD complexes, and
that Mad1 recruits the Sin3 complex but not the SMRT/
N-CoR complexes. Both the Sin3 and Mi-2/NURD com-
plexes exhibit constitutive association with chromatin
and most likely contribute to chromatin deacetylation in
a global fashion. On the basis of these observations, we
propose a working model (Fig. 5), in which unliganded
receptors specifically recruit the HDAC3-containing
SMRT and N-CoR complexes to their target genes. Both
the Sin3 and Mi-2/NURD complexes contribute to this
repression, not because they are actively recruited by
unliganded NRs, but because they contribute to the glob-
al dynamic deacetylation of chromatin. Both the Sin3
and Mi-2/NURD complexes are well suited for a role in
global chromatin deacetylation, because both complexes
contain RbAp46 and RbAp48 subunits, which have ca-
pacity to interact directly with histones (Parthun et al.
1996), and because both complexes are abundant and are
primarily localized in the nucleus. This model unifies
well the current biochemical data that both Sin3 and
SMRT/N-CoR are present in distinct HDAC-containing
complexes and the functional data that the Sin3 and Mi-
2/NURD complexes are involved in repression by unli-

ganded NRs. Furthermore, this model may be generally
applicable to other repressors.

Materials and methods
Plasmid constructs
The 4xUAS-TR�A reporter was generated by inserting four copies of
17mer Gal4 DNA-binding site into the NdeI site in the TR�A promoter
(−445 to transcriptional start site; Wong et al. 1995). The TK-CAT re-
porter was generated by subcloning the EcoRI–EcoR fragment containing
the TK promoter from the pBLCAT2 into pBluescript II. The MMTV-
CAT reporter was constructed by replacing the TK promoter in the TK-
CAT reporter with a 1.5 kb XhoI–BamH1 fragment containing the
MMTV LTR. The preparation of ssDNA of reporters was as described
(Wong et al. 1995). To make Gal4–TR and Gal4–Mad1 expression con-
structs, the DNA fragment encoding Gal4–DBD (amino acids 1–147) was
first cloned into pSP64 poly(A) (Promega). The DNA fragments corre-
sponding to the ligand-binding domain of Xenopus TR�A (amino acids
86–369) and amino acids 1–47 of Mad1 were then inserted in-frame with
the Gal–DBD to generate Gal4–TR and Gal4–Mad1. The reporter pTR�A
and TR and RXR expression plasmids have been described previously
(Wong et al. 1995).

Microinjection of Xenopus oocytes and subsequent analyses of protein
expression, chromatin structure, and transcription
Preparation and microinjection of mRNAs and reporter DNA into stage
VI Xenopus oocytes were as described previously (Wong et al. 1995). In
general, mRNA was injected at a concentration of 100 ng/µL (18.4 nL/
oocyte) 2–3 h before the injection of reporter ssDNA (50 ng/µL, 18.4
nL/oocyte). The injected oocytes were incubated at 18°C overnight and
processed for transcriptional analysis by primer extension and assay for
chromatin structure by partial micrococcal nuclease digestion as de-
scribed previously (Wong et al. 1995). The internal control for transcrip-
tion is the primer extension product of the Xenopus storage histone H4
mRNA. Western analyses for Gal–DBD fusion proteins were carried out
by use of a Gal–DBD-specific antibody from Santa Cruz Biotechnology
(sc-510).

ChIP assay
The ChIP assays for recruitment of corepressor complexes and histone
acetylation were essentially as described (Shang et al. 2000) with the
following modifications. After overnight incubation, the groups of in-
jected oocytes were treated with 1% formaldehyde for 10 min and ho-
mogenized in buffer (50 µL/oocyte) (20 mM Tris at pH 7.6, 60 mM KCl,
3 mM CaCl2, and 1 mM DTT) by pipetting. Micrococcal nuclease (1 U/50
µL extract) was added to the homogenates to digest chromatin into 400–
500-bp length fragments. The digestion was stopped by addition of 10
mM EGTA and centrifuged. The extracts were used for ChIP assay (each
reaction with 100 µL extract and 1–2 µL of individual antibody) as de-

Figure 5. A working model for the involvement of three class I
HDAC-containing complexes in repression by unliganded NRs. In
this model, only HDAC3-containing SMRT and N-CoR complexes
were actively recruited through a direct interaction between unli-
ganded TR and corepressors SMRT or N-CoR, which in turn lead to
a local chromatin deacetylation and repression. On the other hand,
both the HDAC1/2-containing Sin3 and Mi-2/NURD complexes are
not recruited by unliganded receptors. Instead, they contribute to
repression by unliganded receptors through their ability to deacety-
late chromatin in a global fashion as a result of their intrinsic asso-
ciation with chromatin.
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scribed (Shang et al. 2000). The antibodies against acetylated H3 and H4
and HDAC3 were purchased from Upstate Biotechnology. The antibodies
against Xenopus Sin3A and HDAC1 were kind gifts from Drs. Yun-Bo Shi
and Peter Jones (NICHD/NIH, Bethesda, MD). The antibodies against
SMRT, N-CoR, and CHD4 have been described previously (Xue et al.
1998; Li et al. 2000). The final PCR reactions were carried out with
inclusion of 1 µCi of [32P]dCTP in each PCR reaction, and the PCR
product was visualized by autoradiography after fractionation by use of a
6% native polyacrylamide gel. The quantification of ChIP results were
carried out by use of a PhosphorImager and by setting the value in control
samples as 1.
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