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The mammalian hairless (hr) gene plays a critical role in the maintenance of hair growth. Although the hr
gene has been identified, the biochemical function of its encoded protein (Hr) has remained obscure. Here, we
show that Hr functions as a transcriptional corepressor for thyroid hormone receptors (TRs). We find that two
independent regions of Hr mediate TR binding and that interaction requires a cluster of hydrophobic residues
similar to the binding motifs proposed for nuclear receptor corepressors (N-CoR and SMRT). Similarly, we
show that Hr binds to the same region of TR as known corepressors. We show that Hr interacts with histone
deacetylases (HDACs) and is localized to matrix-associated deacetylase (MAD) bodies, indicating that the
mechanism of Hr-mediated repression is likely through associated HDAC activity. Thus, Hr is a component of
the corepressor machinery, and despite its lack of sequence identity with previously described corepressors, its
mode of action is remarkably conserved. On the basis of its thyroid hormone-inducible and tissue- and
developmental-specific expression, Hr likely defines a new class of nuclear receptor corepressors that serve a
more specialized role than ubiquitous corepressors. The discovery that Hr is a corepressor provides a
molecular basis for specific hair loss syndromes in both humans and mice.
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Genetic analysis is a powerful way to discern the bio-
logical role of a given gene and its encoded protein. In
mammals, the advent of technology that allows manipu-
lation of the mouse genome has resulted in the genera-
tion of loss-of-function mutations for many genes that
often encode proteins of known biochemical function.
Conversely, for many spontaneous mutations, the bio-
logical role of a given gene is known whereas the bio-
chemical function of its encoded protein remains un-
clear. A number of spontaneous mutations in mice fall
into the latter category, including the mammalian hair-
less (hr) gene.
Mutation of the hr gene was first recognized in the

mouse 75 years ago (Brooke 1926). The original mutation
was caused by insertion of an endogenous retrovirus, and
the murine hr gene was cloned by mapping the retroviral
insertion site (Stoye et al. 1988; Cachon-Gonzalez et al.
1994). The human ortholog was subsequently found to
be associated with congenital hair disorders (alopecia
universalis and papular atrichia; Ahmad et al. 1998,
1999; Cichon et al. 1998; Kruse et al. 1999; Sprecher et al.
1999). Multiple murine and human alleles have been

characterized, and all share a distinctive phenotype in
which initial hair growth is normal, but after shedding,
the hair does not regrow (Lyon and Searle 1989; Pan-
teleyev et al. 1998; Ahmad et al. 1999). The phenotype is
variable and can include complete loss of hair follicles,
papular rash, and excessive wrinkling of the skin (Pan-
teleyev et al. 1998; Ahmad et al. 1999). The precise role
of hr in hair follicle biology is unknown, although there
is evidence that reduced hr function causes an increase
in intrafollicular apoptosis (Panteleyev et al. 1999). The
hr gene also has an important role in the brain, as hr
expression is directly regulated by thyroid hormone in
developing rat brain (Thompson 1996; Thompson and
Bottcher 1997; Thompson and Potter 2000). Consistent
with this idea, phenotypic analysis of hrmutant (the hrrh

allele) mice has revealed alterations in neuronal mor-
phology and inner ear defects (Lyon and Searle 1989; Gar-
cia-Atares et al. 1998; Cachon-Gonzalez et al. 1999). In
humans, neurological deficits are sometimes correlated
with the hair loss phenotype of hr mutants, as there are
multiple cases in which concurrent mental retardation is
observed (del Castillo et al. 1974; Aita et al. 2000).
Despite the importance of hr gene function in the skin

and brain, little is known about the biochemical role of
the protein encoded by hr (Hr). The function of Hr can-
not be predicted on the basis of homology, as the primary
amino acid sequence is not related to proteins of known
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function. Hr does not have known structural motifs with
the exception of a cluster of conserved cysteine residues
that has been proposed to form a noncanonical zinc fin-
ger (Cachon-Gonzalez et al. 1994). We have shown pre-
viously that Hr interacts directly and specifically with
thyroid hormone receptor (TR) (Thompson and Bottcher
1997). TR is a transcription factor that influences the
transcription rate of target genes in response to hormone
binding. TR has been shown to interact with a number of
proteins that mediate or modify its transcriptional activ-
ity. In the absence of thyroid hormone (TH), TR re-
presses transcription through interaction with corepres-
sors such as nuclear receptor corepressor (N-CoR) and
silencing mediator for retinoic acid and thyroid hormone
receptors (SMRT), which form multiprotein complexes
that often include histone deacetylases (HDACs) (Chen
and Evans 1995; Horlein et al. 1995; Sande and Privalsky
1996; Alland et al. 1997; Heinzel et al. 1997; Nagy et al.
1997). When hormone is bound, TR interacts with dis-
tinct multiprotein complexes that include coactivators,
resulting in transcriptional activation (Xu et al. 1999;
Glass and Rosenfeld 2000).
Evidence that Hr can mediate transcriptional repres-

sion suggested that Hr might function as a corepressor
(Thompson and Bottcher 1997). To determine whether
Hr is a corepressor, we identified Hr domains that
specify TR interaction. We show here that the regions of
Hr that interact with TR are similar in hydrophobicity
and predicted secondary structure to motifs shown pre-
viously to mediate corepressor–receptor interaction (Mo-
ras and Gronemeyer 1998; Hu and Lazar 1999; Nagy et
al. 1999; Perissi et al. 1999; Webb et al. 2000). Further-
more, we demonstrate that Hr can mediate transcrip-
tional repression by unliganded TR and identify multiple
domains that confer repression. Finally, we show that,
like other corepressors, Hr interacts with HDACs in
vivo, indicating that the mechanism by which Hr medi-
ates transcriptional repression is likely through associ-
ated HDAC activity. On the basis of its receptor inter-
action specificity and both tissue-restricted and TH-in-
ducible expression, Hr is representative of a new class of
nuclear receptor corepressors that likely perform a more
specialized role than previously characterized, ubiqui-
tous corepressors.

Results

Hr interacts with TR via two independent domains

We have shown previously that Hr interacts directly and
specifically with TR in vitro (Thompson and Bottcher
1997). To confirm that Hr interacts with TR in vivo, we
tested interaction using a coimmunoprecipitation assay.
Hr and TR� were expressed in cultured cells both indi-
vidually and together and extracts were prepared and
used for immunoprecipitation with Hr- and TR-specific
antisera (Fig. 1). Both Hr and TR were detected by im-
munoprecipitation with their respective antiserum, as
bands corresponding to the molecular mass of each pro-
tein were detected. When Hr was immunoprecipitated in

the presence of TR, an additional band corresponding to
the size of TR was observed. Thus, in the presence of
coexpressed TR, Hr and TR coimmunoprecipitate, indi-
cating that they associate in vivo.
To analyze further the Hr–TR interaction, we mapped

the regions of Hr required for interaction with TR. De-
letion derivatives of Hr were constructed and tested for
interaction by use of both Far Western and yeast two-
hybrid assays (Fig. 2). The part of Hr originally shown to
interact with TR included amino acids 568–1207. Dele-
tion of the amino- (724–1207) and carboxy- (568–1048)
terminal regions of 568–1207 did not abolish interaction.
An internal domain (amino acids 750–1084) was found to
support interaction in both Far Western and two-hybrid
assays. Subdivision of this domain into smaller regions
revealed two potential interaction domains. The mini-
mal region found to interact in both assays was amino
acids 750–864, indicating that this region is a primary
site of interaction (TR-ID1). The derivative including
amino acids 980–1084 was strongly positive in the Far
Western assay, suggesting that this region includes a sec-
ond site of interaction (TR-ID2). Previous results have
shown that Hr interacts with TR in the absence of TH
(Thompson and Bottcher, 1997). Therefore, we deter-
mined whether the separate interaction domains also in-
teract with TR in a TH-dependent manner (Fig. 2C). Far
Western analysis in the absence and presence of TH
showed that both TR-ID1 and TR-ID2 interact preferen-
tially with TR in the absence of TH.
To determine whether TR-ID1 and TR-ID2 could in-

teract independently with TR in vivo, we performed co-
immunoprecipitation assays (Fig. 2D). Vectors express-
ing regions of Hr with an epitope (Myc) tag were con-

Figure 1. Hr interacts with TR in vivo. COS cells transfected
with expression vectors for TR� and Hr both individually and
together (Hr + TR) were metabolically labeled with [35S]methio-
nine and protein extracts were prepared and used for immuno-
precipitation analysis. Hr-specific antiserum (�-Hr) immuno-
precipitates Hr (closed arrowhead) and, in the presence of TR,
coprecipitates TR (open arrowhead). Immunoprecipitation with
TR-specific antiserum (�-TR) shows position of TR (open arrow-
head). (In) Two percent of extract used for immunoprecipitation.
Sizes of molecular mass markers (kD) are indicated.
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Figure 2. Mapping of the interaction do-
mains of Hr with TR. (A) Deletion derivatives
of Hr tested in the Far Western assay for in-
teraction with TR. Bacterially expressed fu-
sion proteins of various Hr deletion deriva-
tives were separated by SDS-PAGE, trans-
ferred to nitrocellulose, and incubated with
35S-labeled TR�1. (Left) Autoradiograph of Far
Western filter; (right) Ponceau red staining to
show loading of bacterial protein extracts and
sizes of fusion proteins. (B) Summary of yeast
two-hybrid (2H) and Far Western (FW) assay
results. Yeast two-hybrid results were scored
by growth on medium lacking histidine; (+)
growth equal to 568–1207, (+/−) positive but
weaker growth, (−) no detectable growth. All
experiments were repeated at least twice with
the same results. (C) Hr interacts with TR in
the absence of ligand. Derivatives of Hr en-
coding TR interaction domains tested in the
Far Western assay of duplicate blots incu-
bated with 35S-labeled TR�1 in the absence
(−T3) or presence (+T3) of 10−6 M L-T3. De-
rivative 864–981 is included as a negative
control. (Left and middle) Autoradiographs of
Far Western filters; (right) Ponceau red stain.
(D) Coimmunoprecipitation of individually
expressed TR-IDs. COS cells were cotrans-
fected with expression vectors for TR� and
epitope-tagged Hr deletion derivatives that in-
cluded the indicated amino acids. Protein ex-
tracts were used for immunoprecipitation
analysis with TR-specific antiserum (�-TR) or
mouse IgG (negative control). Hr derivatives
were detected by Western analysis with Myc-
specific antiserum. (Right) Western analysis
of extracts with TR-specific antiserum to
show expression of TR. Hr fragments ex-
pressed in COS cells alone did not precipitate
with TR-specific antiserum (data not shown).
(In) One percent of extract used for immuno-
precipitation except for 750–1085 (5%). Sizes
of molecular mass markers (in kD) are indi-
cated.
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structed and cotransfected with an expression vector for
TR into COS cells. Hr deletion derivatives encompassing
both interaction domains (amino acids 750–1084), TR-
ID1 alone (amino acids 750–864), TR-ID2 alone (amino
acids 980–1084), and a noninteracting region (amino ac-
ids 864–981) were tested. Extracts prepared from trans-
fected cells were used for immunoprecipitation with TR-
specific antiserum, followed by Western analysis with
Myc-specific antiserum to detect the various Hr deriva-
tives. The Hr derivative that included both interaction
domains (750–1085) was detected by Western analysis,
indicating coimmunoprecipitation with TR. Hr deriva-
tives that contained only TR-ID1 or TR-ID2 were found
to coimmunoprecipitate with TR as well, indicating that
both domains can interact independently with TR. As
expected, a region shown previously to lack TR interac-
tion (864–981) does not coprecipitate. Hr derivatives ex-
pressed without coexpression of TR did not immunopre-
cipitate with TR-specific antiserum (data not shown).
Thus, Hr has two separable domains that mediate TR
interaction.
Within TR-ID1 is a stretch of amino acids related to

TRIP8, a protein of unknown function that was shown
previously to interact with TR (Lee et al. 1995; Fig. 3).
Because both Hr and TRIP8 interact with TR, the con-
served amino acids are likely important for mediating
interaction. Therefore, to determine which amino acids
in this region are essential for interaction, we used site-
directed mutagenesis to change pairs of conserved amino
acids to alanine in a derivative containing TR-ID1
(amino acids 568–864). Mutants were tested for interac-
tion in Far Western and yeast two-hybrid assays. Muta-
tion of the isoleucine residues at positions 820 and 821
(M5) and valine residues at positions 824 and 825 (M6)
abolished interaction in both assays. Mutation of adja-
cent residues 816I, 817L (M4) and 828K, 829I (M7) de-

creased but did not abolish interaction, whereas muta-
tions outside this hydrophobic region (M3) did not affect
interaction. These results indicate that a small hydro-
phobic subdomain of the conserved region (IIAQVV) is
critical for interaction. TR-ID1 also includes a motif
(LXXLL, Hr amino acids 778–782) shown previously to
mediate binding of coactivators to nuclear receptors
(Heery et al. 1997). Mutation of the leucine residue at
position 781 (M2) had no effect on interaction in the
two-hybrid or Far Western assays (Fig. 3). Similarly, mu-
tation of a second LXXLL motif outside of this region
(amino acids 586–590) did not affect interaction (data not
shown), demonstrating that Hr does not interact with
TR via these coactivator-type binding domains.
The carboxy-terminal interaction domain (TR-ID2)

was defined further by construction and testing of addi-
tional deletion derivatives in the Far Western assay (Fig.
4A). The minimal region contained within deletions
positive for interaction was between amino acids 1024
and 1040. This region contains a hydrophobic-rich core
similar to the domain that mediates interaction by TR-
ID1 (Fig. 4B). Residues in this region were changed to
alanine and tested by use of the Far Western assay. Only
mutation of amino acids LI1031/1032 (M11) abolished
interaction, whereas mutation of V1026 (M8) and V1036
(M14) resulted in weak interaction. LI1031/2 is part of a
motif (LISIL) that resembles a motif predicted previously
to mediate corepressor–TR interaction (Hu and Lazar
1999; Nagy et al. 1999). However, mutation of the sec-
ond isoleucine residue in this motif (I1034) resulted in
normal binding, suggesting that this is not the critical
motif. On the basis of the requirement for LI1031/2 and
reduced interaction when residues L1035 and V1036 are
mutated, LISILV is likely the minimal interaction do-
main, although adjacent residues are involved, as other
mutants showed intermediate effects on TR binding.

Figure 3. Hydrophobic amino acids in TR-
ID1 mediate Hr–TR interaction. (A) Region of
homology between Hr and TRIP8. Identical
residues are indicated by dashes. (B) Far West-
ern analysis of Hr mutants. (Top) Residues in
TR-ID1 changed to alanine by site-directed
mutagenesis (within deletion derivative 568–
864) indicated by black boxes. Regions pre-
dicted to form alpha-helical secondary struc-
ture are underlined. (Left) Autoradiograph of
Far Western filter; (right) Ponceau red staining
to show equivalent loading of bacterial pro-
tein extracts. (Arrowhead) Position of mu-
tated Hr fusion proteins. (C) Summary of
yeast two-hybrid (2H) and Far Western (FW)
assays for interaction of mutated Hr deriva-
tives. Yeast two-hybrid results were scored by
growth on medium lacking histidine. (+)
Growth equal to 568–864; (+/−) positive but
weaker growth; (−) no detectable growth. For
Far Western analysis: (+) signal equal to 568–
864; (+/−) significantly weaker signal than
568–864; (−) no detectable signal. All experi-
ments were repeated at least twice with the
same results.
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Comparison of the essential residues in the two Hr
interaction domains yields a consensus motif for Hr
binding to TR of I/LIXXL/VV (Fig. 4C). This consensus is
similar to that identified for N-CoR and SMRT binding
to TR and retinoic acid receptor (RAR), defined by dif-
ferent investigators as either I/LXXV/II or LXXH/
IIXXXI/L (Hu and Lazar 1999; Nagy et al. 1999; Perissi et
al. 1999; Webb et al. 2000). Our results are in general
agreement with both motifs if conservative substitu-
tions are allowed (valine at position 9 in Hr TR-ID1 and
positions 1 and 9 in Hr TR-ID2). The Hr consensus de-
fines a motif in which the spacing but not the identity of
hydrophobic residues is well conserved. These results
support models suggesting that corepressor–TR interac-
tion domains form an amphipathic alpha helix, and it is
this secondary structure that is critical for receptor in-
teraction (Nagy et al. 1999; Perissi et al. 1999). Consis-
tent with this idea, both Hr interaction domains are in
regions of predicted alpha helical structure (PSIPRED,

McGuffin et al. 2000), and a helical plot shows hydro-
phobic amino acids lie on one face of an alpha helix
(positions 1, 4, 5, and 8; data not shown). The spacing of
hydrophobic residues in the Hr interaction domains fits
well with the extended helix predicted by Perissi et al.
(1999), including the hydrophobic residues in positions 1
and 9, indicating that the Hr-binding motif may include
these residues.

Hr interacts with the TR ligand-binding domain

To map the domain(s) of TR that interact with Hr, dele-
tion derivatives of TR were tested in the Far Western and
yeast two-hybrid assays (Fig. 5). As shown previously, Hr
interacts with both TR� and TR� and not with RAR� or
RXR� in the Far Western assay (Thompson and Bottcher
1997). Interaction with Hr is not affected by deletion of
57 amino acids from the carboxyl terminus of TR� (TR�
1–353). This region includes the AF-2 domain/helix 12, a

Figure 4. Analysis of Hr carboxy-terminal interaction do-
main (TR-ID2). (A) Far Western analysis of deletion deriva-
tives from Hr amino acids 980–1084. (Top left) autoradio-
graph of Far Western filter; (top right) Ponceau red staining
to show equivalent loading of bacterial protein extracts.
(Open arrowheads) Positions of Hr fusion proteins. (Bot-
tom) Schematic representation of deletion derivatives from
Hr amino acids 980–1084. The minimal region in both in-
teracting dervatives is between amino acids 1024 and 1040.
(B) Far Western analysis of point mutants in TR-ID2. Site-
directed mutatgenesis was used to change the indicated
residues to alanine (within deletion derivative 980–1084).
Underlined residues are predicted to form alpha-helical
secondary structure. (Left) Autoradiograph of Far Western
filter; (right) Ponceau red staining to show equivalent load-
ing of bacterial protein extracts. (Arrowhead) Position of
mutated Hr fusion proteins, mutant M11 migrates slightly
slower than other mutants; (++) interaction equivalent to
980–1084; (+) interaction weaker than 980–1084; (+/−)
weak but detectable interaction; (−) no detectable interac-
tion. (C) Summary of site-directed mutagenesis results for
Hr TR-IDs. Boxed residues showed no interaction when
changed to alanine, underlined residues showed partial in-
teraction. Below is shown a comparison of Hr consensus
with consensus sequences defined for receptor binding by

N-CoR and SMRT. Consensus 1 is from Nagy et al. (1999), Hu and Lazar (1999), and Webb et al. (2000); consensus 2 is from Perissi
et al. (1999). Bold residues indicate Hr consensus extended to match consensus 2.
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region shown to mediate interaction with transcrip-
tional coactivators but that is not required for corepres-
sor binding (Barettino et al. 1994; Durand et al. 1994;
Chen and Evans 1995; Horlein et al. 1995; Heery et al.
1997; Moras and Gronemeyer 1998). The amino termi-
nus and DNA-binding domain alone do not interact with
Hr (TR� 1–126), whereas the Hr–TR interaction is unaf-
fected by deletion of the amino terminus and DNA-bind-
ing domain (TR� 199–456). Taken together, these results
suggest that the site of interaction lies in the ligand-
binding domain between amino acids 150 and 353 (num-
bering per TR�). Because Hr is a putative corepressor, we
tested a TR� derivative that has a point mutation (amino
acid 160 from arginine to proline) shown previously to
abolish interaction with a known corepressor, SMRT
(Chen and Evans 1995). Indeed, we found that TR�160
failed to interact with Hr in both assays. Although this
mutation has been shown to be a structural determinant
rather than an interaction surface, these results indicate
that the same mutation that disrupts interaction of TR
with other corepressors also disrupts interaction with
Hr. Together, these results are consistent with the TR-
binding properties of previously described corepressors
(N-CoR, SMRT), suggesting that Hr binds the same re-
gion of TR as corepressors (Chen and Evans 1995; Hor-
lein et al. 1995).

Hr mediates transcriptional repression
by unliganded TR

We have shown previously that Hr (amino acids 568–
1207) can repress basal transcription when expressed as a

fusion protein with the GAL4 DNA-binding domain
(DBD), indicating that Hr likely functions in transcrip-
tional repression (Thompson and Bottcher 1997). To-
gether with evidence that Hr interacts preferentially
with TR in the absence of TH (Thompson and Bottcher
1997; Fig. 2C), this result suggests that Hr may mediate
transcriptional repression by unliganded TR. Attempts
to demonstrate directly the role of Hr and other core-
pressors in TR-mediated transcriptional repression have
shown only modest effects (twofold; Li et al. 1997; Dres-
sel et al. 1999; data not shown), likely because corepres-
sors such as N-CoR and SMRT are ubiquitously ex-
pressed. Therefore, we tested the influence of Hr on TR
transcriptional activity using pituitary-derived cell lines
(GH1, GC) that endogenously express high levels of TR
and low levels of N-CoR and SMRT (Yaffe and Samuels
1984; Misiti et al. 1998; data not shown; Fig. 6A). These
cells also express endogenous Hr in a TH-dependent
manner (Thompson 1996). TH-responsive (MLV tk-luc)
and control (tk-luc) reporter genes were introduced into
cells by transient transfection and activity was measured
in the absence and presence of thyroid hormone. As ex-
pected, transcriptional activity is induced from the TH-
responsive reporter gene in the presence of TH. The ef-
fect of Hr on TR transcriptional activity was measured
by cotransfection of an expression vector for Hr. When
Hr is expressed, transcriptional activation by TH is
slightly reduced (<twofold). Strikingly, in the presence of
Hr, transcriptional activity in the absence of TH is re-
duced by ∼ fivefold only for the TH-responsive reporter
gene. This result indicates that Hr can enhance tran-
scriptional repression by unliganded TR. To demonstrate

Figure 5. Mapping of the TR–Hr interaction domain. Deletion derivatives of TR were
tested in the yeast two-hybrid and Far Western assays for interaction with Hr. (A) TR
derivatives tested in Far Western assay. Protein extract from bacteria expressing GST-
568–1207 was separated by SDS-PAGE, transferred to nitrocellulose, and individual
lanes incubated with 35S-labeled TR derivatives (see schematic in B) as indicated.
Panels are autoradiographs of Far Western filters. (Far right) Ponceau red staining to
show loading of extract. (Arrowhead) Position of GST-568–1207. (Bottom) SDS–poly-
acrylamide gel showing 35S-labeled in vitro translated proteins used as probes. (B)
Summary of yeast two-hybrid (2H) and Far West-ern (FW) assays for interaction of TR
derivatives. Yeast two-hybrid results were scored by growth on medium lacking his-
tidine. (+) Interaction; (−) no interaction; (ND) not done. Shaded region of TR�2 indi-

cates a divergent carboxyl terminus; TR�160 has a point mutation changing a proline residue at position 160 to arginine. (DNA)
DNA-binding domain; (T3) hormone-binding domain; (AF-2) coactivator-interaction domain in helix 12. All experiments were re-
peated at least twice with the same results.

Potter et al.

2692 GENES & DEVELOPMENT



that the effect of Hr on TR-mediated repression requires
TR binding, we used a derivative of Hr (�Hr) that lacks
both interaction domains. As expected, the mutant Hr
was unable to enhance repression by TR. Expression of
the mutant Hr was equivalent to wild type as assessed by
Western analysis (data not shown).
To further demonstrate the specificity of Hr on TR-

mediated repression, we used RAR in the cotransfection
assay (Fig. 6B). TR and RAR can both bind to the same
response element (TREpal), and both repress transcrip-
tion in the absence of ligand. Because Hr does not bind to
RAR, expression of Hr should have no effect on RAR-
mediated repression. So that receptor levels would be
comparable, TR and RAR were both expressed by tran-
sient transfection. As expected, both TR and RAR induce
transcription in the presence of their respective ligands.
When TR is expressed, addition of Hr results in a four-
fold reduction of basal transcription in the absence of
TH. In contrast, when RAR is expressed, basal level tran-
scription is unaffected by coexpression of Hr. Thus, Hr
does not mediate repression by a nuclear receptor to
which it does not bind (RAR) and can mediate transcrip-
tional repression by TR on two different TH-responsive
genes. Together, these results show that Hr mediates
TR-dependent transcriptional repression in the absence
of ligand, the functional definition of a nuclear receptor
corepressor.

Mapping of the Hr repression domains

To identify specific regions of Hr that function in tran-
scriptional repression, deletion derivatives of Hr were

expressed as fusion proteins with the GAL4 DBD and
tested in a cotransfection assay with a GAL4-responsive
reporter gene (Fig. 7). This assay allows the assessment of
repressor activity without dependence on receptor bind-
ing by the various deletion derivatives. Expression of
full-length Hr repressed transcription by 11-fold,
whereas derivatives encompassing the amino- and car-
boxy-terminal halves of the protein (amino acids 31–568,
and 568–1207, respectively) repressed transcription as
well, suggesting that there are at least two distinct re-
pression domains. Further deletion derivatives were con-
structed and tested. Within the amino-terminal region,
the minimal deletion derivative capable of repressing
transcription included amino acids 236–450 (RD1). De-
letion derivatives of the carboxy-terminal region (568–
1207) were also tested, and multiple derivatives could
mediate repression. Amino acids 750–864 (RD2) were as
effective as the parental construct (14-fold) and overlap
with one of the regions that interacts with TR. Amino
acids 864–980 (RD3) repressed transcription to a smaller
but significant degree (7.5-fold). Thus, like previously de-
scribed corepressors, Hr has multiple, separable repres-
sion domains (Horlein et al. 1995; Li et al. 1997; Or-
dentlich et al. 1999).

Interaction of Hr with histone deacetylases

Having shown that Hr can repress transcription via mul-
tiple domains, we next addressed the mechanism by
which Hr functions as a repressor. In many cases, tran-
scriptional repression results from the association
of corepressors with histone deacetylases (Pazin and

Figure 6. Hr mediates transcriptional re-
pression by unliganded TR. (A) TH-respon-
sive (MLV TRE-tk-luc) and control (tk-luc)
reporter genes were cotransfected into GH1
cells together with an expression vector for
Hr (+Hr) or expression vector alone (−Hr).
Luciferase activity was measured in the ab-
sence (−T3) and presence (+T3) of 10–7 M
L-T3. �Hr is a Hr derivative that lacks both
TR-IDs and consists of amino acids 1–568.

Relative luciferase activity (RLU) is luciferase activity normalized to �-gal activity
from CMX �-gal. Shown is the mean of two experiments done in duplicate. (Right)
Fold repression is luciferase activity in the absence of Hr divided by activity in the
presence of Hr. Shown are the mean values from three experiments done in dupli-
cate. (B) Transcriptional repression by Hr is specific for TR. A TH-responsive re-
porter gene which can be activated by both TR and retinoic acid receptor (RAR)
(TREpal-tk-luc) was cotransfected into GC cells together with an expression vector
for TR (left) or RAR (right). The effect of Hr on transcription by these receptors was
assayed by cotransfection of an expression vector for Hr (+Hr) or expression vector
only (−Hr). Luciferase activity was measured in the absence and presence of 10–7 M
L-T3 (T3) or 10

–6 M all-trans retinoic acid (RA). Relative luciferase activity (RLU) is
luciferase activity normalized to �-gal activity from CMX �-gal. Experiments were
done three times with similar results; shown is a representative experiment. Fold
repression is luciferase activity in the absence of Hr divided by activity in the
presence of Hr and is the mean of three experiments done in duplicate.
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Kadonaga 1997; Burke and Baniahmad 2000; Glass and
Rosenfeld 2000). There are eight known HDACs, which
are divided into two classes (I and II) on the basis of
structural homology (Grozinger et al. 1999; Gray and Ek-
strom 2001). Corepressors have been shown to be com-
ponents of multiprotein complexes that include histone
deacetylases and other proteins such as Sin3A (Alland et
al. 1997; Heinzel et al. 1997; Nagy et al. 1997; Laherty et
al. 1998; Guenther et al. 2000; Wen et al. 2000). Because
it is likely that Hr functions through a similar mecha-
nism, we examined whether Hr interacts with HDACs.
Using the two-hybrid and Far Western assays, we did not
detect interaction of Hr with several HDACs or Sin3A
(data not shown). However, because corepressors form
large, multiprotein complexes, it is feasible that Hr
could be found in a similar complex without directly
contacting HDACs. Therefore, we used coimmunopre-
cipitation assays to determine whether Hr is found in an
in vivo complex with HDACs (Fig. 8). To test for inter-
action of Hr with endogenous HDAC1 and HDAC2, im-
munoprecipitation with antisera specific for HDAC1
and HDAC2 was performed on protein extracts prepared
fromHr-transfected cells. Western blot analysis with Hr-
specific antiserum showed that when HDAC1 is immu-
noprecipitated, a proportion of Hr is precipitated as well
(Fig. 8A). In contrast, immunoprecipitation of HDAC2
does not result in detectable precipitation of Hr. The
presence of both HDAC1 and HDAC2 in the extract was

verified by Western analysis. To determine whether Hr
interacts with other HDACs, epitope (FLAG)-tagged de-
rivatives of HDAC3–HDAC6 were transfected into cul-
tured cells along with Hr (Fig. 8B,C). FLAG-specific an-
tiserum was used to immunoprecipitate the various
HDACs, followed by Western analysis with Hr-specific
antiserum. When extracts from cells expressing only Hr
or only HDAC3 were immunoprecipitated with FLAG-
specific antiserum, Hr protein was not detected by West-
ern analysis. However, when HDAC3 was present to-
gether with Hr, immunoprecipitation with FLAG-spe-
cific antiserum resulted in the coprecipitation of Hr,
indicating that HDAC3 associates with Hr. Under the
same conditions, we find that HDAC5 coprecipitated
with Hr but HDAC4 and HDAC6 did not (Fig. 8C). The
presence of the various HDACs in the extracts was veri-
fied by Western analysis. Therefore, Hr appears to asso-
ciate with HDACs, coimmunoprecipitating preferen-
tially with HDAC1, HDAC3, and HDAC5.

Hr is localized to MAD bodies

Hr is a nuclear protein, and many of the known HDACs
are also localized to the nucleus (Thompson and
Bottcher 1997; Emiliani et al. 1998; Kao et al. 2000). To
determine whether Hr colocalizes with HDACs in vivo,
we first examined the distribution of Hr in the nucleus.
Hr was expressed in cultured cells by transient transfec-

Figure 7. Hr has multiple independent
repression domains. (A) Fusion proteins
of Hr with the GAL4 DNA-binding do-
main (DBD) were used in a cotransfection
assay with a GAL4-responsive promoter
(GALp3-tk luc). Values were calculated by
normalization of luciferase activity to
�-gal activity from CMX �-gal; fold repres-
sion is activity of GAL4 DBD divided by
the activity of the indicated deletion de-
rivative. Results are the mean of four in-
dependent experiments done in duplicate.
(B) Schematic representation of Hr func-
tional domains defined for TR interaction
(TR-ID) and transcriptional repression
(RD). Repression domains are shaded, ZF
indicates region proposed to form a zinc
finger. (TR-ID1) Amino acids 816–830;
(TR-ID2) amino acids 827–838; (RD1)
amino acids 236–450; (RD2) amino acids
568–864; (RD3) amino acids 864–981.
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tion and detected by indirect immunofluorescence with
Hr-specific antiserum (Fig. 9). As shown previously, we
find that, in vivo, Hr expression is nuclear. In 5%–20%
of cells, Hr nuclear expression is not uniform but rather
is concentrated in discrete nuclear regions resulting in a
punctate appearance. This expression pattern resembles
that observed for HDAC5 (Downes et al. 2000). Within
the nucleus, HDAC5 is found in discrete subnuclear do-
mains termed matrix-associated deacetylase (MAD) bod-

ies. MAD bodies are comprised of a complex of proteins
that includes corepressors (SMRT) and HDACs (HDAC5
and HDAC7; Downes et al. 2000).
To determine whether Hr localization is the same as

HDAC5 and that, therefore, Hr is a component of MAD
bodies, cells were transfected with expression vectors for
Hr and FLAG–HDAC5 both individually and together.
Indirect immunofluorescence with Hr-specific and
FLAG-specific antisera was used to detect Hr and
HDAC5, respectively (Fig. 9B). Both Hr and HDAC5
showed punctate, nuclear staining in a subset of cells.
When both Hr and HDAC5 were present, the staining
pattern of the two proteins largely overlapped. Because
MAD bodies also contain SMRT, indirect immunofluo-
rescence was used to detect Hr and SMRT. As for
HDAC5, we find an overlapping staining pattern for Hr
and SMRT, indicating that MAD bodies may contain
multiple corepressors. To verify that the punctate stain-
ing pattern was similar to that previously observed in
MAD bodies, antibody staining for HDAC5 and SMRT
was used (Fig. 9C). As expected, the staining pattern of
SMRT and HDAC5 was coincident. To assess the speci-
ficity of the subnuclear structures detected by the Hr
antiserum, cells were stained for Hr and SC-35, a protein
found in RNA splicing bodies that also has a punctate
staining pattern (Fig. 9C). Both Hr and SC-35 detect
punctate, nuclear expression; however, staining for Hr
and SC-35 does not overlap. Together, these results in-
dicate that Hr is a component of MAD bodies, providing
further evidence that Hr and HDACs associate in vivo.

Discussion

Hr defines a new class of specialized nuclear
receptor corepressors

Hr shares little sequence identity with previously de-
scribed nuclear receptor corepressors such as N-CoR and
SMRT. Yet, dissection of Hr domains involved in TR
interaction and transcriptional repression has revealed
striking functional similarities between Hr and corepres-
sors. Common features include (1) binding to TR via two
independent domains, (2) binding to TR in the absence of
hormone, (3) the presence of multiple, separable repres-
sion domains, (4) interaction with HDACs, and (5) local-
ization to MAD bodies. Notably, we demonstrate that
Hr can mediate transcriptional repression by unliganded
TR. Thus, this analysis has revealed that Hr is a nuclear
receptor corepressor.
Because Hr shares many functional similarities with

N-CoR and SMRT, what is the precise role of each of
these factors? N-CoR and SMRT are ubiquitously ex-
pressed and likely have a general role in mediating re-
pression by TR and RAR (Horlein et al. 1995; Chen et al.
1996). In contrast, expression of hr is largely restricted to
skin and brain (Cachon-Gonzalez et al. 1994; Thompson
1996). In addition, hr expression in the brain is develop-
mentally regulated, reaching maximal levels during the
first three postnatal weeks, the period within which TH
is known to be important for brain development. On the

Figure 8. Hr associates with HDACs. (A) Hr associates with
endogenous HDAC1. (Left) Protein extracts prepared from COS
cells transfected with an expression vector for Hr (Hr) or vector
only (Mock) were used for immunoprecipitation with HDAC1-
and HDAC2-specific antisera. Hr was detected by Western
analysis with Hr-specific antisera. (In) 10% of extract used for
immunoprecipitation; (IgG) nonspecific rabbit IgG (negative
control). (Right) Western analysis detecting HDAC1 and
HDAC2 in extract used for immunoprecipitation (10% of in-
put). (B) Hr coimmunoprecipitates with HDAC3. (Left) Protein
extracts prepared from COS cells transfected with expression
vectors for Hr, FLAG-tagged HDAC3, or both (Hr + HDAC3).
FLAG-specific antiserum or a nonspecific monoclonal antise-
rum (mAb) were used for immunoprecipitation. Hr was detected
by Western analysis with Hr-specific antisera. (In) Ten percent
of extract used for immunoprecipitation. (Right) Western analy-
sis of extract used for immunoprecipitation with FLAG-specific
antisera to detect HDAC3. (C) Hr associates with HDAC5. (Left)
COS cells were doubly transfected with expression vectors for
Hr and FLAG-tagged HDAC4–HDAC6. FLAG-specific antise-
rum or a nonspecific monoclonal antibody (mAb) were used for
immunoprecipitation. Hr was detected by Western analysis
with Hr-specific antiserum. (Right) Western analysis of extracts
used for immunoprecipation with FLAG-specific antiserum to
detect HDACs. Protein loaded is 10% of amount used for im-
munoprecipitation. Sizes of molecular mass markers (kD) are
indicated.
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basis of its spatially and temporally restricted expres-
sion, Hr may impart a specialized function to the core-
pressor complex not provided by ubiquitous corepres-
sors. Receptor binding specificity is consistent with this
notion, as results demonstrating that Hr influences tran-
scriptional repression by unliganded TR but not RAR
indicate that Hr preferentially influences TR signaling.
Perhaps the most unique property of hr is that its ex-

pression is TH-dependent in developing brain (Thomp-
son 1996; Thompson and Potter 2000). Hr may be part of
a novel autoregulatory pathway in which the Hr protein
subsequently influences its own expression by mediat-
ing transcriptional repression by TR. Additionally, be-
cause TH inhibits Hr–TR binding, Hr may modify TH-
regulated gene expression preferentially in tissues in
which Hr expression is not TH-dependent, such as skin
or adult brain (Thompson 1996; C.C. Thompson, un-

publ.). In either scenario, Hr likely affects the expression
of other, downstream TH-responsive genes, playing an
integral role in mediating the effects of TH on gene ex-
pression.
Detailed analysis of Hr interaction with TR and

HDACs has revealed both similarities and differences in
Hr function compared with previously characterized co-
repressors. The consensus generated for Hr–TR binding
is similar in hydrophobicity but differs in sequence iden-
tity from that identified for N-CoR and SMRT binding to
TR and RAR (Hu and Lazar 1999; Nagy et al. 1999;
Perissi et al. 1999; Webb et al. 2000). In fact, the Hr-
interaction domains share little sequence identity with
each other or with those defined for N-CoR and SMRT
(3/19 identities). This lack of sequence similarity is in
contrast to the interaction domains of N-CoR and
SMRT, which are highly related (11/19 identities in the

Figure 9. Hr localizes to MAD bodies. (A) Hr localizes to sub-
nuclear structures. COS cells were transfected with an expression
vector for Hr, plated on coverslips and used for indirect immu-
nofluorescence with Hr-specific antiserum. (Left) DAPI staining
to show nucleus; (center) staining with Hr-specific antiserum de-
tected with Cy3-conjugated secondary antiserum; (right) differen-
tial interference contrast (DIC) image of cell. Bar, 20 µm. (B) Hr
and HDAC5 colocalize to the same subnuclear bodies. COS cells
were transfected with expression vectors for Hr (Hr), FLAG-
tagged HDAC5 (HDAC5), or both (Hr + HDAC5) and detected by
indirect immunofluorescence with Hr- or FLAG-specific antise-
rum. �-Hr and �-FLAG were detected with Cy3- and FITC-con-

jugated secondary antisera, respectively. Merge, overlayed images from Cy3 and FITC; yellow color indicates regions of overlap. (C) Hr
colocalizes with SMRT in MAD bodies. COS cells were transfected with the indicated expression vectors and used for indirect
immunofluorescence. (Top) Hr and SMRT detected by use of myc- and SMRT-specific antisera, respectively. �-myc and �-SMRT were
detected with Cy3- and FITC-conjugated antisera, respectively. Merge, overlayed images from Cy3 and FITC; yellow indicates regions
of overlap. (Middle) SMRT and HDAC5 detected with SMRT- or FLAG-specific antiserum. �-SMRT and �-FLAG were detected with
Cy3- and FITC-conjugated secondary antisera, respectively. Merge, overlayed images from Cy3 and FITC; yellow indicates regions of
overlap. (Bottom) Hr and RNA splicing factor SC-35 detected with Hr- and SC-35-specific antisera. �-Hr and �-SC-35 were detected
with Cy3- and FITC-conjugated secondary antisera, respectively. Merge, overlayed images from Cy3 and FITC; yellow indicates
regions of overlap.
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carboxy-terminal interaction domain and 14/17 identi-
ties in the amino-terminal interaction domain). Thus,
our results for Hr define a minimal motif in which the
spacing of hydrophobic residues is well conserved, sup-
porting the proposal that the secondary structure of this
region (amphipathic alpha helix) is important for speci-
fying receptor interaction (Nagy et al. 1999; Perissi et al.
1999). In addition, the spacing of interaction motifs is
conserved between Hr and N-CoR/SMRT, as, in all
cases, the interaction motifs are separated by ∼ 200
amino acids. This spacing may be critical as it has been
proposed that the N-CoR interaction domains act coop-
eratively (Webb et al. 2000).
Although the predicted secondary structure of the Hr

interaction domains resembles that of other corepres-
sors, the identity of the hydrophobic residues in the core
consensus is likely significant and may reflect binding
specificity. Hr binds to TR but unlike N-CoR and SMRT,
Hr does not bind to RAR (Thompson and Bottcher 1997;
Fig. 4). Together with the analysis of other putative TR-
selective corepressors such as Alien (Dressel et al. 1999),
the Hr-binding motif will help define the mechanism of
corepressor–receptor binding specificity.
Transcriptional repression has been correlated with as-

sociated HDAC activity for nuclear receptors as well as
for other transcription factors such as Mad (Alland et al.
1997; Hassig et al. 1997; Heinzel et al. 1997; Laherty et
al. 1997; Nagy et al. 1997; Glass and Rosenfeld 2000). We
find that Hr interacts with both class I and class II
HDACs, indicating that the mechanism by which Hr
mediates transcriptional repression is likely by recruit-
ing HDAC activity. Unlike N-CoR and SMRT, which
have been shown to associate either directly or indirectly
with all known HDACs except HDAC6, Hr interacts
preferentially with HDAC1, HDAC3, and HDAC5 (Al-
land et al. 1997; Heinzel et al. 1997; Nagy et al. 1997;
Guenther et al. 2000; Huang et al. 2000; Kao et al. 2000;
Wen et al. 2000). This interaction was not detected in the
yeast two-hybrid or Far Western assays, suggesting the
interaction is indirect and is likely part of a larger protein
complex. This result is not surprising, as HDACs and
corepressors are components of large, multiprotein com-
plexes (Downes et al. 2000; Guenther et al. 2000; Li et al.
2000; Wen et al. 2000).
Within the nucleus, we find that Hr is localized to

subnuclear structures termed MAD bodies. MAD bodies
were recently identified as subnuclear structures associ-
ated with the nuclear matrix that contain SMRT and
HDAC5 and HDAC7 (Downes et al. 2000). The depen-
dence of MAD body integrity on HDAC activity suggests
that it is a functionally significant unit. Coimmunopre-
cipitation of SMRT and HDAC5 with a number of other
proteins suggested that these other proteins are compo-
nents of MAD bodies as well (Downes et al. 2000). The
presence of Hr in MAD bodies indicates that Hr is likely
part of a large, multiprotein complex involved in regu-
lating transcriptional repression and predicts that Hr in-
teracts with other proteins in addition to TR and
HDACs. Evidence that N-CoR and SMRT reside in large
protein complexes (apparent molecular mass of 1–2 MD;

Downes et al. 2000; Li et al. 2000; Jones et al. 2001) raises
the question of whether corepressors and other proteins
form a single multiprotein complex that includes mul-
tiple corepressors and HDACs, or whether N-CoR,
SMRT, and Hr subserve the same function in a collec-
tion of independent complexes.

Hr function in vivo

Hr function as a corepressor provides evidence for the
biochemical role of Hr. What then, is the biological role
of Hr? The biological function of Hr can be inferred from
the phenotype of humans and mice with mutations in
the hr gene. Mutation of the human hr gene results in
congenital hair loss disorders (papular atrichia and alo-
pecia universalis) and, in some cases, associated neuro-
logical deficits (del Castillo et al. 1974; Ahmad et al.
1998, 1999; Cichon et al. 1998; Kruse et al. 1999;
Sprecher et al. 1999; Aita et al. 2000). Thus, these disor-
ders are an example of human disease resulting from
aberrant corepressor function. The phenotypes of hrmu-
tants likely result from disruption of Hr corepressor
function, suggesting that the molecular basis of these
disorders is perturbation of gene expression by TR and
possibly other transcription factors.
Given its role in TH-regulated gene expression, we ex-

pect that Hr also has a role in regulating TH-dependent
aspects of growth and development. If this is true, then
the phenotype of hr mutants should resemble some of
the phenotypes associated with TH deficiency. Consis-
tent with this idea, many symptoms of TH deficiency in
the skin are similar to those of hrmutants. For example,
up to 90% of patients with TH deficiency show thick-
ening of the skin and 30%–40% suffer hair loss (Bernhard
et al. 1996). In the brain, morphological changes in hr
mutant mice resemble those seen in TH-deficient ani-
mals. Changes in Purkinje cell morphology have been
reported, which correlate with the effects of TH defi-
ciency on Purkinje cells (Legrand 1979; Garcia-Atares et
al. 1998). The hr (hrrh allele) mutant mice are also deaf
and show cochlear defects similar to congenital hypothy-
roid mutant (Tshrhyt) mice (O’Malley et al. 1995;
Cachon-Gonzalez et al. 1999). Inner ear defects also cor-
relate with expression of TR� in the inner ear and deaf-
ness in TR� null mice (Bradley et al. 1994; Forrest et al.
1996). The phenotypic parallels between hr mutation
and TH deficiency establish a link between the bio-
chemical and biological roles of Hr.

Materials and methods

Two-hybrid assay

Yeast two-hybrid assays were performed as described previously
(Hollenberg et al. 1995; Thompson and Bottcher 1997). Deletion
derivatives of hr were subcloned into pLexA for use as bait in
the two-hybrid assay. The resulting plasmids were transformed
into yeast strain L40 and used to test interaction with TR
(pVP16-TR�2).
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Construction of Hr deletion derivatives pLexA-Hr568 (568–
1207) has been described (Thompson and Bottcher 1997).
pLexA-724–1207 was made by digestion of the rat hr cDNA
with SmaI, ligation of BamHI linkers, and digestion with
BamHI. The resulting fragment was subcloned into the BamHI
site of pLexA. pLexA-568–1048 was made by digestion of
pLexA-568–1207 with Asp718 and SalI, formation of blunt ends
with Klenow, and re-ligation. pLexA-N568-C784 was made by
digestion of pLexA-Hr568 with NheI and SalI, formation of
blunt ends with Klenow, and re-ligation. pLexA-568–864 was
made by digestion of pLexA-N568 with SacI and SalI, formation
of blunt ends with T4 DNA polymerase, and religation. pLexA-
864–1207 was made by digestion of the rat hr cDNA with SacI
and formation of blunt ends with T4 DNA polymerase followed
by ligation of BamHI linkers. The resulting fragment was
cloned into the BamHI site of pLexA. To construct pLexA 750–
1084, 864–981, 981–1084, and 1084–1207, PCR was used to gen-
erate the indicated fragment from the rat hr cDNAwith specific
oligonucleotides that introduced an in-frame BamHI site. PCR
fragments were subcloned into pCR2.1 (Invitrogen). Fragments
were excised from pCR2.1 with BamHI and the isolated frag-
ments subcloned into the BamHI site of pLexA. pLexA 750–864
was made by digestion of pLexA 750–1085 with SacI and SalI,
formation of blunt ends with T4 DNA polymerase and religa-
tion.

Construction of TR deletion derivatives pVP16-TR�2 and
TR�1–353 were isolated in the original two-hybrid screen with
pLexA-Hr (Thompson and Bottcher 1997). pVP16-TR�1 was
made by deletion of an NcoI–BamHI fragment from pVP16-
TR�2 and replacement with the corresponding NcoI–BamHI
fragment of pGEM4-rTR�1. pVP16-TR�199–456 was made by
subcloning of the EcoRI–BamHI fragment from pCMX-��TR�1
(kindly provided by K. Umesono) into the EcoRI–BamHI sites of
pLexA. pVP16-TR�14–126 was made by digestion of pVP16-
TR�2 with BamHI and XbaI, formation of blunt ends with Kle-
now, and religation. pVP16-TR�160 was made by replacement
of a BamHI–XbaI fragment from pVP16-TR�2 with the corre-
sponding BamHI–XbaI fragment from pCMX TR160 (Chen and
Evans 1995). Presence of the point mutation at amino acid po-
sition 160 was confirmed by sequencing.

Far Western assay

The procedure for Far Western blotting was as described
(Cavailles et al. 1994; Thompson and Bottcher 1997). The same
fragments subcloned into pLexA for the two-hybrid assay were
subcloned into pGEX3X (Pharmacia) or pATH21 (derivatives
568–1048, 568–784) to express these sequences as GST or trpE
fusion proteins, respectively. pGEX 750–864 was made by di-
gestion of pLexA 750–1085 with SacI, formation of blunt ends
with T4 DNA polymerase followed by digestion with BamHI.
The resulting fragment was ligated with pGEX3X digested with
BamHI and SmaI. To construct pGEX 980–1027, 980–1040,
1024–1084, and 1041–1084, PCR was used to generate the indi-
cated fragment from the rat hr cDNA with specific oligonucleo-
tides that introduced an in-frame BamHI site. PCR fragments
were subcloned into pCR2.1. Fragments were excised from
pCR2.1 with BamHI and the isolated fragments subcloned into
the BamHI site of pGEX3X. pATH568–1048 and 568–784 were
made by insertion of restriction fragments from the rat hr DNA
(HindIII–PstI and HindIII–NheI respectively) into pATH21.
All proteins were produced in bacterial strain DH10 and

whole-cell lysates from IPTG- or indoleacrylic acid-induced
samples were used for Far Western analysis. Extracts from bac-
teria expressing fusion proteins were separated by SDS–poly-
acrylamide gel electrophoresis and transferred to nitrocellulose.

35S-labeled proteins generated by in vitro transcription/transla-
tion (Promega) were used as probes. Equivalent expression of
proteins used as probes was verified by SDS–polyacrylamide gel
electrophoresis followed by fluorography. pTZ18 (rTR�1) was
kindly provided by H. Towle (University of Minnesota).

Site-directed mutagenesis

Point mutations were introduced by use of specific oligonucleo-
tides for site-directed mutagenesis (Quick-Change Kit, Strata-
gene). For the amino-terminal interaction domain (TR-ID1), the
rat hr cDNA (2.2-kb HindIII fragment) in pBluescript was used
as the template for mutagenesis. Mutagenized fragments were
subcloned into pLexA and pGEX3X for use in two-hybrid and
Far Western assays, respectively. For point mutations in the
context of Hr amino acids 568–864, pLexA derivatives were
digested with SacI and SalI, blunt ends were generated with
Klenow, and the products were ligated. pGEX derivatives were
constructed by digestion of the pLexA derivatives with SacI and
creation of blunt ends with T4 DNA polymerase followed by
digestion with BamHI. The resulting BamHI blunt fragments
were subcloned into the SmaI–BamHI sites of pGEX3X. Muta-
tions in the carboxy-terminal interaction domain (TR-ID2) were
made by use of specific oligonucleotides with pGEX 980–1085
as template. For all constructs, mutagenesis was confirmed by
sequence analysis.

Cell culture/transfection

Cell lines were obtained from ATCC. COS-1 and CV-1 cells
were maintained in DMEM supplemented with 10% fetal calf
serum. GH1 cells were maintained in MEM supplemented with
10% fetal calf serum. GC cells were maintained in DMEM
supplemented with 10% horse serum and 5% fetal calf serum.
CV-1 cells were transfected (per well of a 6-well plate) with 167
ng of reporter plasmid, 50 ng of expression plasmid, and 80 ng of
CMX-�gal by use of Lipofectamine (Life Technologies). GH1
and GC cells were transfected (per well of a 12-well plate) with
150 ng of reporter plasmid, 90 ng of expression plasmid, and 75
ng of CMX-�gal. Cells were harvested in reporter or passive
lysis buffer (Promega) and assayed for �-galactosidase and lucif-
erase activity. Luciferase activity was divided by �-galactosidase
activity to normalize for transfection efficiency. All experi-
ments were done in duplicate and repeated at least three times
with similar results. For hormone-induction experiments, se-
rum was depleted of thyroid and steroid hormones by treatment
with AG-1-X8 resin (Bio-Rad) and charcoal (Sigma) as described
(Samuels et al. 1979). Cells were grown for 1 d in hormone
depleted media before transfection. After transfection, thyroid
hormone (L-T3) or all-trans retinoic acid was added to 10

–7 or
10–6 M, respectively. CMX-rTR�, CMXhRAR�, TREpal tk-luc,
and MLV tk-luc have been described (Umesono et al. 1988,
1991). Construction of pRK5myc-rhr is described below;
pRK5myc-rhr 1–568 (�Hr) was made by isolation of a 1.6-kb
HindIII fragment from pRK5myc-rhr and insertion of the frag-
ment in the HindIII site of pRK5myc.

Construction of GAL4 DBD expression plasmids pCMX-
GAL4, GALpx3 tkluc, and pCMX-GAL-Hr568 have been de-
scribed (Thompson and Bottcher 1997). pCMX GAL-Hr was
made by isolation of the AvrII fragment spanning nucleotide
positions 593–4239 of the rat hr cDNA, formation of blunt ends
with Klenow, and insertion into the EcoRV site of pCMX-
GAL4. pCMX GAL568–1207, 724–1207, 750–1084, 864–981,
981–1084 were made by insertion of the BamHI fragments from
the corresponding pLexA derivatives into the BamHI site of

Potter et al.

2698 GENES & DEVELOPMENT



pCMX GAL4. pCMX GAL 31–568 was made by digestion of
pLexA31–568 with EcoRI and PstI and subcloning of the result-
ing fragment into the corresponding sites of pCMX GAL4. To
construct pCMX GAL 1–236, 150–450, and 450–730, PCR was
used to generate the indicated fragment from the rat hr cDNA
with specific oligonucleotides that introduced an in-frame
BamHI site. PCR fragments were subcloned into pCR2.1. Frag-
ments were excised from pCR2.1 with BamHI and the isolated
fragments subcloned into the BamHI site of pCMX GAL4.
pCMX GAL 236–450 was made by digestion of pLexA 150–450
with BamHI followed by incubation with Klenow to generate
blunt ends. The 600-bp blunt-ended fragment was subcloned into
the EcoRV site of pCMXGAL4. pCMXGAL450–568 wasmade by
digestion of pLexA 450–730 with HindIII and generation of blunt
ends with Klenow followed by digestion with EcoRI. The 350-bp
EcoRI blunt fragment was then subcloned into pCMX GAL di-
gested with EcoRI and EcoRV. pCMX GAL568–724 was made by
isolation of the 470-bp SmaI fragment from pLexA568–1207 and
insertion into the SmaI site of pCMX GAL4. All constructs were
sequenced to verify in-frame fusion.

Generation of Hr-specific antiserum

To generate Hr-specific antiserum, amino acids 450–730 of rat
Hr were expressed as a GST fusion protein (described above).
Protein was purified by SDS-PAGE, and acrylamide containing
the fusion protein was used to immunize rabbits (Covance).
Antiserumwas affinity purified by use of a bacterially expressed
fusion protein of Hr amino acids 450–730 with trpE.

Immunoprecipitation

Extracts for immunoprecipitation were prepared from tran-
siently transfected COS cells. For immunoprecipitation experi-
ments with TR and full-length Hr, COS cells were transfected
by electroporation with 2.5 µg of each DNA per 10-cm plate.
Cells were metabolically labeled by growth in methionine-free
medium supplemented with 150 µCi/mL [35S]methionine for
4 h. Extracts were prepared by solubilizing cells in RIPA buffer
(50 mM Tris at pH 7.5, 0.15 M NaCl, 1% NP-40, 0.5% deoxy-
cholate, 0.1% SDS). Extracts were incubated with primary an-
tisera overnight at 4°C, then incubated with protein A–Sepha-
rose for 3 h. After being washed three times with RIPA buffer,
pellets were boiled in 1× sample buffer and run on SDS–poly-
acrylamide gels. Gels were fixed, treated with AMPLIFY (Amer-
sham), dried, and exposed to X-ray film. For immunoprecipita-
tion experiments with Hr derivatives and HDACs, after trans-
fection (48 h), cells were harvested in PBS, then homogenized in
ice-cold IP buffer (50mM Tris at pH 7.5, 150 mM NaCl, 1%
NP-40, 10% glycerol) containing protease inhibitors (Complete
Mini, Roche). Extracts were incubated for 2 h at 4°C and cen-
trifuged at 15,000g for 10 min. The soluble protein supernatant
was incubated overnight at 4°C with primary antibody and then
incubated with Protein A–Sepharose beads (Sigma) for 3 h at
4°C. Beads were washed 3 times with ice-cold IP buffer. Immu-
noprecipitates were fractionated by SDS-PAGE and analyzed by
Western blotting. Western analysis was performed with the in-
dicated antisera and detected by use of enhanced chemilumi-
nescence (ECL) under conditions specified by the manufacturer
(Amersham). FLAG-, HDAC1- and HDAC2-specific and control
antisera were obtained from Sigma. TR-specific antiserum was
obtained from Santa Cruz Biotechnology, Inc and Affinity Bio-
reagents. Anti-myc antiserum (9E10) was kindly provided by N.
Marsh-Armstrong (Kennedy Krieger Research Institute).
pRK5myc-rhr was made by insertion of the XbaI–SpeI frag-

ment of the rat hr cDNA into the XbaI site of pRK5-myc (kindly

provided by B. Prasad and R. Reed, Johns Hopkins University
School of Medicine). Then, the EcoRV–XbaI vector fragment of
this plasmid was ligated to the SmaI–XbaI fragment of pLexA-
Hr (1–224; C.C. Thompson, unpubl.). pRK5myc-rhr 750–1085
was made by insertion of a PstI–SmaI fragment from pLexA
750–1085 into the PstI and EcoRV sites of pRK5myc. pRK5myc-
rhr 750–864 was made by digestion of pRK5myc-rhr 750–1085
with SacI, treatment with T4 DNA polymerase to create blunt
ends, and digestion with HindIII. The resulting fragment was
inserted into theHindIII and SmaI sites of pRK5myc. pRK5myc-
rhr 864–981 and 980–1084 were made by digestion of the cor-
responding pCMX GAL derivatives with SmaI and NheI and
ligation of the isolated fragments into the SmaI and XbaI sites
of pRK5myc. Other expression plasmids were kindly provided
as follows: FLAG-tagged HDAC3 by W.-M. Yang and E. Seto
(Moffitt Cancer Center and Research Institute); FLAG-tagged
HDAC4–HDAC6 by C. Grozinger and S. Schreiber (Harvard
University); SMRT by R. Evans (The Salk Institute).

Immunofluorescence

COS-1 cells transfected with the indicated expression vectors
were plated onto glass coverslips. After 2 d, cells were fixed with
4% paraformaldehyde for 20 min at room temperature, then
incubated in PBS containing 10% goat serum and 0.1% Triton
X-100 for 1 h. Cells were incubated with primary antisera for 1
h at room temperature. After washing with PBS, incubation
with secondary antisera was for 1 h at room temperature. Cells
were washed twice with PBS and once with PBS containing 0.1
µg/mL 4�,6-diaminido-2-phenylindole (DAPI). Coverslips were
dried and mounted with Vectashield (Vector Laboratories). Digi-
tal images were captured by use of a Zeiss Axiocam with a Zeiss
Axioplan microscope and analyzed by use of Adobe Photoshop
software. Primary antisera and concentrations used were as fol-
lows: affinity-purified Hr-specific antibody, 1:200; mouse
monoclonal anti-myc (9E10), 1:2; mouse monoclonal anti-
FLAG (Sigma), 1:400; mouse anti-SC-35 (Sigma), 1:200; rabbit
anti-SMRT (Affinity Bioreagents), 1:300. Secondary antisera and
concentrations used were as follows: anti-rabbit or anti-mouse
indocarbocyanine (Cy3; Jackson ImmunoResearch Laboratory),
1:4000; anti-rabbit or anti-mouse FITC (Jackson ImmunoRe-
search Laboratory), 1:400.
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