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We have investigated ligand-dependent negative regu-
lation of the thyroid-stimulating hormone B (TSHp)
gene. Thyroid hormone (T3) markedly repressed activ-
ity of the TSHPB promoter that had been stably integ-
rated into GH j pituitary cells, through the conserved
negative regulatory element (NRE) in the promoter.
By DNA affinity binding assay, we show that the
NRE constitutively binds to the histone deacetylase 1
(HDAC1) present in GHj cells. Significantly, upon
addition of T3, the NRE further recruited the thyroid
hormone receptor (TRB) and another deacetylase,
HDAC?2. This recruitment coincided with an alteration
of in vivo chromatin structure, as revealed by changes
in restriction site accessibility. Supporting the direct
interaction between TR and HDAC, in vitro assays
showed that TR, through its DNA binding domain,
strongly bound to HDAC2. Consistent with the role
for HDACs in negative regulation, an inhibitor of
the enzymes, trichostatin A, attenuated T3-dependent
promoter repression. We suggest that ligand-dependent
histone deacetylase recruitment is a mechanism of the
negative-feedback regulation, a critical function of the
pituitary—thyroid axis.

Keywords histone deacetylases/negative feedback/
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Introduction

Thyrotropin (thyroid-stimulating hormone; TSH) is a
28 kDa glycoprotein hormone composed of theand 3
chains. While thex chain is shared with other hormones,
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the B chain is unique to TSH. TSH, produced in the
anterior lobe of the pituitary, directs the production of
thyroid hormones (T3 and T4) in the thyroid gland. Both
TSHa and TSHB are negatively regulated by T3 at the
transcriptional level (Chiret al.,, 1993). The T3-mediated
negative regulation is an integral part of the function of
the hypothalamic—pituitary—thyroid axis, for which ligand-
bound thyroid hormone receptor (TR) is required. Patients
with a mutation in the TR manifest the thyroid hormone
resistance syndrome. In these patients, both negative-
feedback regulation and positive regulation by T3 are
disrupted (Refetofet al., 1993).

In terms of its strict ligand dependence, the negative
regulation of TSHb differs from the transcriptional repres-
sion by unliganded TR noted for T# and other pro-
moters (Baniahmacet al, 1992; Fondellet al, 1993;
Wong et al, 1995), which may be caused by nuclear
receptor co-repressors (Chen and Evans, 1995; Horlein
et al, 1995). The ligand-dependent negative regulation
also differs fundamentally from receptor-mediated repres-
sion of transcription activation by CREB/AP-1, caused by
various ligands, and can be seen by multiple receptors
(Saatcioglet al., 1994). This type of repression is thought
to occur as a result of competition between receptors and
other activators for CBP/p300 (Chakraveeti al., 1996;
Kameiet al, 1996), or of interference of the JNK kinase
pathway (Caellegt al., 1997).

Because of the physiological importance of this negative
regulation for T3 endocrine function, a number of previous
studies sought to identify the element responsible for the
negative regulation using T§Hand other promoters
(Chin et al, 1993). These studies identified the region
downstream from the transcription start site of the BSH
gene as being involved in T3-mediated repression
(Wondisfordet al., 1989; Carret al., 1992; Chinet al,
1993; Carr and Wong, 1994; Cohex al, 1995). This
region does not contain a known positive T3-responsive
element (TRE), such as identified in the promoters activ-
ated by T3. Nevertheless, the involvement of TR has been
implicated based on the observed binding of TR to the
element (Darlinget al, 1989; Carr and Wong, 1994).
Wondisfordet al. (1993) suggested that this region might
function as a composite site involving receptor and other
factors, similar to that originally described for the gluco-
corticoid receptor (Diamondkt al, 1990). Despite the
delineation of the negative element in the TBptomoter
of several species, the mechanism by which TR represses
transcription in a strictly ligand-dependent manner has
been elusive. This is in contrast to the rapid progress made
in the area of ligand-dependent activation. Transcription
activation by T3 involves binding of retinoid X receptor
(RXR)-TR heterodimers to the hormone-responsive ele-
ment, often composed of a direct repeat spaced by four
nucleotides (DR4) (Umesonet al, 1991). Similar to
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other receptor systems, ligand binding changes the con- hTSHE promoter .

formation of the receptors, which leads to the recruitment
of SRC-1 and related factors (Glassal.,, 1997) as well

as CBP/p300 (Chakravartt al, 1996; Kameiet al,
1996). These co-activators carry histone acetylase activity
(Ogryzkoet al, 1996; Spenceet al, 1997). Coincident-
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ally, an additional histone acetylase, PCAF, is recruited to X Y 4

a ligand-inducible promoter (Blancet al, 1998). The hTSHP MGAGCTTTTAGTT IGGGTCA CCACAGCATCTOCICACCAA TGCAMGT MMGCH
recruitment of multiple histone acetylases is thought t0 Zemp ada-——-——- TO0OTCA TCACAGOAGTAACTCACTCR TOCARAGE AAGOT
relax histone—DNA interactions in the chromatin to allow rreie TACAANGE 311 TRCTTER
enhanced binding of transcription factors to the promoter her | DSMIGTOA-2hpTIAMGC o eaorea
and stimulation of transcription (Wadet al., 1997). backa TICAAAGG-28bp-JGACOCA

Conversely, unliganded heterodimers have been shown to
complex with co-repressors such as SMRT and NcoR Fig. 1. Structure of the TSR promoter: comparison with other _
which are refeased from the heterodimer by igand binding <98 SSLIBer Mmors, e J00 0 boves e e P,
(Che,n and Evans, 1995; Horleiet al, 1995)' Recent . solid line indicatgs the regioﬁs reportedgm{)e involved in negative.
studies show that the co-repressors are complexed withregulation (see the text). A broken line indicates the region reported to
Sin3 and histone deacetylases (HDACs), which may be a cAMP-responsive element.
be involved in transcriptional repression by unliganded
receptors (Allancet al., 1997; Heinzekt al., 1997; Nagy HDAC?2, through the DNA binding domain. These results
et al, 1997). are consistent with previous evidence linking HDACs and
While a number of reports link histone acetylases with transcriptional repression, and indicate their critical role
transcriptional activation (Turner, 1991; Brownell and in negative-feedback regulation of the thyroid hormone
Allis, 1996; Grunstein, 1997; Struhl, 1998), there is strong system.
evidence that HDACs are associated with transcriptional
repression found in yeast as well as in mammalian SyStemSResults
(Taunton et al, 1996; Kasset al, 1997; Pazin and
Kadonaga, 1997; Struhl, 1998). The involvement of HDAC The human TSHp reporter stably integrated in GHz
has been documented for repression by specific transcrip-pituitary cells is activated by cAMP and repressed
tion factors YY1, Mad/Max, as well as by unliganded by T3
nuclear receptors (Yangt al., 1996; Allandet al., 1997, With the aim of studying a promoter that is negatively
Hassiget al, 1997; Heinzelet al., 1997; Lahertyet al., regulated by T3 in a native chromatin context, we first
1997; Nagyet al, 1997). Furthermore, transcriptional established stable GHlones harboring a human T8H
repression by retinoblastoma protein involves interaction promoter connected to the CAT reporter gene (see Figure 1
with HDACs (Brehmet al., 1998; Magnaghét al., 1998). for a map). The use of transfectants was necessary as
More recent studies indicate that repressed transcriptiontissue culture cells of thyrotroph origin which express the
in methylated promoters is partly due to recruitment of endogenous TSBigene have not been available to date.
HDACs by MePC2 (Jonewt al, 1998; Nanet al, The activity of the TS promoter (from —128 to+37;
1998). In these cases, it is thought that HDACs tighten Figure 1) was tested in 12 clones after treatment with T3
nucleosome—DNA interactions and thereby reduce tran- (1 uM) followed by treatment with dibutyryl cyclic AMP
scription factor access to the chromatinated promoter (CAMP, 1 mM) for 8 h (see Figure 2A for the time course).
(Kasset al., 1997). Results in Figure 2B show CAT activity observed with
In the present study, we wished (i) to identify a clone LO17, chosen for further study. Addition of CAMP
negative regulatory element (NRE) that is functional in enhanced CAT activity by ~8-fold over background, which
the chromatinated promoter, (ii) to detect nuclear factors is probably due to Pitl activated by protein kinase A
that associate with the NRE and (iii) to assess the role of (Steinfelderet al., 1991, 1992a,b). Pre-incubation of cells
HDACSs in negative regulation and in an alteration of with T3 (1 uM) repressed reporter activity when cells
chromatin structure in the promoter. We first established were treated with or without CAMP. Repression was much
a TSH3 reporter stably integrated into Ghpituitary cells more prominent when cells were treated with cAMP (3-
that can be activated by cyclic AMP and repressed by T3. to 4-fold repression). T3-mediated repression was maximal
The chromatin structure of the integrated TBptomoter at 0.1-1uM T3, although partial repression was observed
was found to undergo a dynamic alteration by cAMP and even at 1 nM ligand (Figure 2C). Results in Figure 2D
T3, consistent with opening and closing of the promoter show that TSH reporter activity was repressed not only
by these stimuli. Constitutive and T3-mediated repression when cells were pre-treated with T3 followed by cAMP,
of the reporter transcription was mapped to the NRE, a but also when they were treated simultaneously with
sequence downstream from the start site that sharescAMP and T3. However, repression was not seen when
homology with other promoters negatively regulated by T3 was added after CAMP treatment. This reporter was
ligands. A major thrust of this paper is the observation also stimulated by treatment with forskolin (36M),
that HDACs are recruited to the NRE by both ligand- another protein kinase A activator (Steinfelder al.,
independent and -dependent mechanisms, and that thel992a). The forskolin stimulation of reporter activity was
latter is associated with the recruitment of fRto the also repressed by T3 (not shown). These results establish
NRE. Providing a mechanism for ligand-induced HDAC that the stably integrated T$Hpromoter is negatively
recruitment, we show that TRs interact directly with regulated by T3 in the GHpituitary cells, mimicking
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Fig. 2. Characterization of the hTSHreporter stably integrated into Gldells: activation by cAMP and repression by T3.)(Timing of T3 and

CcAMP treatment. LO17 cells, a clone stably transfected with the BTSHT reporter, were treated with T3 {@M) for 36 h and with dibutyryl

cAMP (1 mM) for 8 h before harvestingB| T3-mediated repression of CAT activity. LO17 cells were then treated with T3 and cAMP as in (A).
Relative reporter activity was estimated by normalization with protein concentrations. Values represent the average of threeS&ss@)sT3

dose dependence. LO17 cells were treated with the concentrations indicated of T3 with the time course shown in (A), and reporter activity was
measured as in (B)DY) Timing of T3 addition. T3 (1uM) was added to L017 cells at the times indicated before (—) or after addition of cAMP

(2 mM), and reporter activity was measured as in (B). Black bars indicate cAMP (1 mM) alone and gray bars indicafgMj&at cAMP

(2 mM).

the ligand-dependent negative-feedback regulation of theare shown in Figure 3C. We found that constitutive CAT
TSHpB genein vivo. T3-dependent repression of the TBH  activities of these deletion constructs were significantly
reporter activity was observed following transient transfec- higher than that of the wild-type reporter both in transient

tion of the reporter as well (Figure 3). and stable assays. These deletions nevertheless responded
to cAMP to increase CAT activity further. However,

Deletion analysis: role for the NRE in negative importantly, these deletion constructs exhibited less repres-

regulation of TSHfS promoter activity sion when cells were treated with T3 and cAMP, as

Previous reporter analyses performed in transient assaysompared with repression seen by the wild-type reporter,
indicated that the sequence downstream from the transcrip-both in stable and transient assays (see fold repression in
tion start site is involved in T3-dependent repression of Figure 3D). These results indicate that TBidromoter

the rat and human T9Hpromoters (Wondisforat al., activity is repressed constitutively as well as following
1989; Carret al., 1992; Chiret al., 1993; Carr and Wong, T3 addition, and that repression is mediated by the Z
1994; Coheret al., 1995). As depicted in Figure 1, this region in both cases. It is of note that these deletions
element, the NRE, includes the sequence designated Zdid not completely relieve the T3-dependent effect. The
which is conserved in the human, rat and mouse FSH residual T3-dependent repression is likely to be attributable
gene as well as in the Pitl and T8Kjenes (McCormick  to competition between liganded TR and activators for
et al, 1990; Pennathuet al, 1993). These genes are CBP/p300 (Chakravargt al, 1996; Kameiet al., 1996),
known to be negatively regulated by T3 (Chat al., and/or to ligand-induced inhibition of the Jun N-terminal
1993; Sancheet al, 1995). A sequence similar to Z is  kinase (JNK) cascade (Caellesal., 1997).

also present within the negative regulatory element of

granulocyte-macrophage colony-stimulating factor (GM- Binding of HDACs to the NRE: ligand-dependent

CSF) and parathyroid hormone (PTH) gene is negatively recruitment of HDAC2 and TRj1

regulated by vitamin B(Demayet al, 1992; Towers and  Although T3-mediated repression is localized to the NRE,
Freedman, 1998). Immediately upstream from Z, there is the mechanism by which this element exerts transcriptional
the sequence XY (Figure 1) that resembles a cAMP- repression in aligand-dependent manner has been obscure.
responsive element, which is also conserved amongBTSH This problem is partly attributed to the lack of information
genes. To study the role of the NRE, particularly of Z, in on factors that are assembled on the NRE during repres-
detail, deletion constructs lacking the Z region or the Z sion. To address this issue, we employed a DNA affinity
plus XY regions were tested by both stable and transient binding assay in which factors that bind to the NRE were
transfection assays (Figure 3A). Stable promoters weredetected on a solid bead matrix (see Figure 4A for a
analyzed with pooled GfHicells after cells were co- diagram). Four copies of the NRE (containing XYZ) were
transfected with the reporters and the neomycin resistanceconjugated to the beads and incubated with nuclear extracts
gene and selected under G418 (Materials and methods)from GH; cells in the presence or absence of T3. Bound
Results are shown in Figure 3B. Results of transient assaysmaterials were eluted and tested by immunoblot analysis.
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Fig. 3. NRE deletion analysisA) Deleted nucleotides in constructs D1 and D2 are shown by BY .GAT activity by stable transfection. Gitells
were stably transfected with the wild-type or deletion CAT reporters. G418-resistant cells were pooled and treatqoMviB fior 36 h and 1 mM
cAMP for 8 h, and reporter activity was normalized by protein concentratonGH; cells were transiently transfected with the same reporters and
treated with T3 and cAMP as in (B). Relative CAT activity was normalized \Bifjalactosidase activityD)) Attenuated negative regulation as fold
repression. Black bars indicate values obtained from stable transfectants and gray bars indicate values from transient transfection.

As a control for TR binding, the positive T3-responsive occurred in a nuclear extract dose-dependent manner. It
element DR4 DNA (three copies) (Umesoebal., 1991) is interesting that while the level of TR recruited to the
was conjugated to the beads and tested in parallel. ASNRE-beads was comparable to or slightly less than that
shown in Figure 4B, the NRE-beads recruited the histone to the DR4—beads, HDAC2 recruitment was detected only
deacetylase, HDAC1, both in the presence and absence ofvith the NRE—beads.
ligand. Significantly, another histone deacetylase, HDAC2, In order to assess whether binding of @Rto the NRE
was recruited to the NRE—-beads only upon T3 addition. is dependent on the formation of a heterodimer with
These HDACs were not detected on the DR4—beads undeRXR, electrophoretic mobility shift assay (EMSA) was
these conditions, indicating that the NRE, but not DR4, performed with rTB1 and rRXH3. As presented in
associates with HDACs with high affinity. It should Figure 4E, rTEB1 alone could bind to the NRE probe in
be noted here that using extracts from other cells and a ligand-independent manner. In contrast, riXRiled
recombinant (r) TR, binding of HDACs to DR4 was to bind to this sequence. Co-addition of ffRand rRXH3
observed, indicating that recruitment of HDACs to the did not enhance binding activity for the NRE, but rather
positive element can be seen depending on the cell typeappeared to decrease it. Binding of ffRwas competed
and sensitivity (S.Sasaki and K.Ozato, unpublished) (seeby excess NRE as well as DR4 oligomers, but not by
below; Figure 5). control unrelated oligomers (NS in Figure 4E). In contrast,
Results in Figure 4B also show that fRwas recruited rTRB1 and rRXR bound to DR4 as a heterodimer, as
to the NRE-beads in a ligand-dependent manner. On theexpected (not shown). Thus, BR is capable of binding
other hand, the DR4-beads recruitedfIRn a ligand- to the NRE without RXR, indicating that this binding
independent manner, as would have been expected (Blancaloes not involve the formation of heterodimer with RXR.
et al, 1998). Also expected and observed was the binding Taken together, these results show that T3 induces recruit-
of co-activator, CBP, to the DR4-beads in a T3-dependent ment of HDAC?2 as well as TRL to the NRE. Combined
manner (Chakravartet al., 1996; Kameiet al, 1996; with constitutive binding of HDAC1, multiple HDACs
Blancoet al, 1998) (Figure 4B). Contrary to the results are assembled on the NRE, a feature not found with the
with DR4, CBP binding to the NRE—beads was weak and positive DR4 element.
almost undetectable. Thus, T3 stimulates recruitment of a
complex that contains TR and HDAC2 to the NRE.  Direct interaction of TRS1 with HDAC2
Confirming the specificity of recruitment, TR binding Data in Figure 4 raised the possibility that fRrecruits
to the NRE was competed by free NRE (Figure 4C). As HDAC?2 to the NRE by protein—protein interaction. Here
shown in Figure 4D, binding of HDAC2 and TR we tested whether TR is capable of interacting directly
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Fig. 4. Recruitment of HDACs to the NREA( Diagram of the DNA
affinity binding assay. Four copies of the NRE (XYZ) or three copies
of the positive T3-responsive elements (DR4) were conjugated to the
beads and incubated with nuclear extracts fromgGélls in the
presence or absence of T3{M). (B) Immunoblot analysis of
materials eluted from the NRE— or DR4-beads. Input represents
unfractionated nuclear extracts from Geells. (C) Competition by

free NRE. Nuclear extracts were incubated with unconjugated beads
(=) or NRE-conjugated beads in the presence of 100-fold molar excess
of NRE (+) or sermon sperm DNA () with T3 (iM). (D) Nuclear
extract dose dependence. NRE— or DR4—beads were incubated with
increasing amounts of Gfextracts (from 300 to 180Qg) in the
presence of T3. The amounts of bound materials were detected by
immunoblot assaysE) Binding of rTR31 and rRXH3 to the X + Y:
EMSA analysis3?P-labeled X+ Y probe (3-TTTGGGTCACCA-
CAGCAT-3") was mixed with recombinant receptors in the presence
of the oligonucleotide competitors indicated at 100-fold molar excess.

with HDAC2. Results in Figure 5 show binding of
35S-labeled TRs to baculovirus rHDAC2 immobilized on
Ni—agarose beads. In addition to BR 3°S-labeled TR2,
TRa and a mutant TR1 from a thyroid hormone resistance
syndrome patient (F451X) (Miyoshét al, 1998), as
well as RXR3 and RARx, were tested in these assays
(Figure 5A). All TRs, including the mutant F451X that
lacks the AF-2 domain (Miyoshet al, 1998), bound
avidly to HDAC?2. In contrast, RXR and RARx failed

to bind to HDAC2 (Figure 5B). None of these receptors
bound to the control beads without HDAC2, as expected.
Binding of TRs was not affected by addition of T3.
Similarly, binding of RXR and RAR was not induced by
9cis-RA, a ligand for the receptors (not shown). These

Ligand-dependent negative regulation of TSHP gene
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Fig. 5. Interaction between TRs and HDAC2) Input 3°S-labeled

TRs, RXR3 and RARx were prepared bin vitro translation of
appropriate receptor plasmid8)(Ni-NTA beads bound to rHDAC?2

(+) or control extracts from uninfected cells (=) were incubated with
35S-labeled receptors in (A). Bound materials were fractionated in 10%
SDS-PAGE and visualized by autoradiograpl@) Diagram of TH3
deletions. D) 3°S-labeled TR deletions (input shown in the left

panel) were tested for binding to Ni-NTA beads with or without
HDAC2. (E) GST-TR3 DBD or control GST peptide (input in the left
panel) was tested for binding to Ni-NTA beads conjugated to HDAC2.
GST peptides were detected by immunoblot assay using anti-GST
antibody.

domain in TH31 binds to HDAC2. Two deletion constructs
C1l and C2, lacking the N-terminal domain and DNA
binding domain (DBD), were tested for their ability to
bind to immobilized HDAC?2 (diagram in Figure 5C). As
shown in Figure 5D, the wild-type TR and C1 lacking
the N-terminal domain only bound to HDAC2. In contrast,
C2, lacking both the N-terminal domain and DBD, failed
to bind to HDAC2, indicating involvement of the DBD
in HDAC binding. To assess the role of DBD further, we
tested binding of the glutathion&transferase (GST)
fusion protein containing the DBD of TH. As seen in
Figure 5E, this GST-DBD fusion, but not a control GST
peptide, strongly bound to HDAC2. These results indicate
that TR31 interacts with HDAC?2 primarily through the
DBD.

Histone deacetylase enzymatic activity on the NRE
and its effect on T3-mediated transcriptional
repression

To ascertain whether protein complexes formed on the

results show that thyroid hormone receptors can interact NRE in Figure 4 possess HDAC enzymatic activity, 5H

directly with HDAC2, and this ability is not shared with
other receptors tested here.

In the light of strong HDAC?2 binding observed by the
F451X mutant, it was of interest to investigate which

extract proteins bound to the NRE—beads were eluted and
tested for HDAC activity. As a comparison, enzymatic
activity was also measured for samples eluted from the
DR4 beads.
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(A) HDAC activity. Beads without DNA (=), DR4- or NRE-conjugated - -
beads were incubated with Gléxtracts in the presence or absence of 02
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activity. LO17 cells were treated with T3 and cAMP as in Figure 2A. R Ty
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Fig. 7. Restriction site accessibility assap)(Diagram of restriction
. . . sites. Arrowheads indicate the sites for restriction enzymes used for
As shown in Figure 6A, while samples from the control gigestionin vivo. Thin arrows indicate sites for digestiém vitro (used

beads (which had no DNA) contained a background level as controls, in italics). Digested materials are detected by linear PCR
of enzymatic activity, those recovered from the NRE beads ?SingL%qn;efsllcifrestpgnd!:\hthg thedinf&aéed Positi0?$ir{ug_lei ed
H i rom cells treatea wi and C. were partial Igeste:

shc_)wed high Ievells of HDAC activity. On the. NRE._t.)eac:]S’ With_ 'the indicated enzym_eE(:d?l, Mfel, AIuI,_ BSE!FI), Ddd))/ ingvivo.
T3-treated samples gave _greater gnzymatlp aCt'\{'ty than Purified DNA was then digested to completion with the second
untreated samples, consistent with the ligand-induced enzymesBsiNI (or EcaRl) andHinfl. Digestion products were
recruitment of HDAC2 seen in Figure 4. The enzymatic detected by linear PCR. Undigested nuclei were tested as a control for
activity recovered from DR4 was substantially lower than endogenous nuclease activity. The restriction site for each enzyme is
that from the NRE, and the former was not affected by Shov" & ' °. PCR prochcts seneratedtyuo igston were
addition of T3. Nevertheless, samples recovered from (c) pcRr products were quantified using the NIH Image Program
DR4 did exhibit enzymatic activity significantly higher (version 1.61). Products 6f vivo digestion were normalized by those
than background, suggesting that, albeit to a lesser degree?f in vitro digestion.
HDACSs in GH; cells were recruited to the DR4 element
as well. G-residues (Dey and Ozato, 1997). However, with this

To assess whether HDAC activity accounts for T3- technique, no discernible footprint could be observed on
mediated repression of TgHranscription, we tested the this promoter (not shown). On the other hand, restriction
effect of a HDAC inhibitor, trichostatin A (TSA) (Yoshida site accessibility assay has allowed us to delineate chro-
et al, 1995; Minucciet al, 1997), on TSI promoter matin changes in the T3Hpromoter in response to T3.
activity in LO17 cells (Figure 2). LO17cells were treated This assay utilizes endonuclease sensitivity as a measure
with T3 and TSA, followed by cAMP. As shown in  of chromatin structure alterations, and has been used for
Figure 6B, in the absence of TSA treatment, T3 addition analysis of ligand-responsive promoters (Arcteral.,
repressed transcription by ~3 fold. However, T3-dependent 1991; Bhattacharyyat al., 1997). Nuclei from clone L0O17
repression was markedly reduced in the presence of TSA.treated with cMP and/or T3 were digestadvivo with
The repression was reduced at both doses of TSA testedEcoRl, Mfel, Alul or BstEll, which cut within the promoter
even though TSA treatment increased CAT activity in the (see the diagram in Figure 7A, arrowhead3jld, which
absence of T3 as well, as would have been expectedcuts outside the promoter, was also used iforvivo
(Minucci and Ozato, 1996). These results further support digestion as an internal control. DNA was then purified
the involvement of HDACs in T3-mediated repression.  and digestedn vitro with the second enzyme3siNI (or

EcaRl) or Hinfl (italics in Figure 7A). Digestion products

Chromatin structure analysis: T3-dependent were detected by linear PCR using primers shown in
changes in restriction site accessibility Figure 7A and quantified by densitometry scanning
In the hope of studying a possible chromatin structure (Figure 7B and C). Samples treated with cAMP gave
alteration that would correlate with T3-induced repression increased sensitivity to all four enzymes that cut in the
of TSHB promoter activity, several methodologies were promoter EcoRl, Mfel, Alul, BsEll), albeit to a variable
investigated. One of them was DMS-based genomic foot- degree. Furthermore, samples treated with T3 (alone or
printing, a widely used approach to detect factor-occupied with cAMP) showed markedly reduced sensitivity to these
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enzymes. Sensitivity t®de remained unchanged by the ¢cAMP Activation
treatments, indicating that changes occurred within, but :

not outside, the promoter. Verifying comparable PCR
reactions and equal sample loading, PCR products gener-
ated byin vitro digested DNA B«NI, EcdRl, Hinfl; see

the top in Figure 7B) were comparable among samples of
different treatments. In addition, undigested DNA gave
no PCR products, confirming that the PCR products are
a result of digestion by these enzymes, rather than spurious
in vivo DNA cleavage by endogenous nucleases. Similar Open chromatin
results were observed with six separate preparations of
nuclei. Thus, restriction site accessibility in the TBH
promoter is increased by cAMP and decreased by T3,
coinciding with promoter activation and repression. These
changes probably reflect alterations of chromatin structure T3
in the promoter.

ReEressinn

Discussion

The present paper shows that T3 induces recruitment of
HDAC2 and TH31 to the NRE of the TSH promoter.
Combined with the constitutive association of another
enzyme, HDACL1, the NRE is thus a site at which high
levels of HDAC activity can accumulate. Importantly, the
ligand-induced recruitment of these proteins to the NRE Closed Chromatin
COinCiqed-With redt_Jced nuuease accessibility in-the pro- Fig. 8. A model for T3-mediated recruitment of HDAC to the NRE in
r.nOter.m vivo and with repression qf promo_ter aCtIVIty_' In the'TS.I—B promoter. CAMP activates transcription of the TEH

line with the involvement of HDAC in negative regulation,  promoter (even though HDAC1 is bound to the NRE), coinciding with

TSA alleviated T3-dependent repression of TSprro- the opening of chromatin as demonstrated by increased restriction site
moter activity. accessibility. T3 addition recruits TR and HDAC?2 to the NRE,
resulting in the closing of chromatin and transcriptional repression.

Ligand-dependent HDAC recruitment
These observations lend credence to a model (Figure 8)co-repressors SMRT and NCoR) (Heinzdl al., 1997;
in which HDAC recruitment at least partly accounts for Nagy et al., 1997). Upon ligand addition, HDACs are
ligand-mediated negative-feedback regulation of the FSH thought to be dissociated, along with the release of co-
gene. This model, unlike other models put forward previ- repressors from the heterodimer. The present work shows
ously, offers a basis for ligand specificity, a key feature that, contrary to the expectation based on DR4-derived
of negative-feedback regulation. However, additional data, liganded TR can interact with and recruit HDAC2
mechanisms, proposed earlier, are also likely to have ato the NRE. These results raise the possibility that co-
role in this negative regulation, i.e. competition for co- repressors are not involved in HDAC recruitment to the
activators p300/CBP (Kameit al., 1996) and inhibition NRE. Several studies (Olson and Koenig, 1997; Zamir
of the JNK kinase pathway by nuclear hormone receptors et al., 1997; Olsoret al., 1998) indicate that interactions
(Caelleset al., 1997). with co-repressors require heterodimer formation. Our
There is strong evidence indicating that HDACs are data in Figure 4E, along with the previous work, suggest
involved in transcriptional repression at a number of that RXR is notinvolved in NRE binding (Carr and Wong,
eukaryotic genes (Grunstein, 1997; Kask al., 1997, 1994; Cohenet al, 1995; Hallenbecket al, 1996).
Pazin and Kadonaga, 1997; Breheh al., 1998; Jones  Supporting this view, excess co-repressors appear to inter-
et al, 1998; Magnaghkiet al, 1998; Nanet al, 1998). fere with T3-dependent negative regulation by squelching
Deacetylases are often complexed with Sin3, and nuclearTR (Tagamiet al., 1997).
receptor co-repressors, which themselves possess repress- In our domain analysis (Figure 5), binding of BRto
ive activity, as well as RbAp48 (Tauntoet al., 1996; HDAC2 did not require the AF-2 domain, but occurred
Caelleset al, 1997; Hassiget al, 1997; Heinzelet al, through the DBD. This result poses an interesting implica-
1997; Lahertyet al, 1997; Nagyet al, 1997). In this tion for the mechanism of HDAC action, in that this
study, HDAC2 and TIR1 were co-recruited to the NRE interaction may facilitate HDAC access to chromatinated
after T3 addition (Figure 4). The observations thafSIR ~ promoter. The role of DBD in recruiting HDAC is also
and other TRs bind directly to HDAC2 (Figure 5), and intriguing in view of the fact that the histone acetylases
that TR31 binds to the NREn vitro (Figure 4), strongly PCAF and GCN5 are also recruited to nuclear receptors
indicate that the liganded TR complexes with HDAC2 on through the DBD (Blancet al., 1998). The fact that both
the NRE. acetylases and deacetylases interact with the DBD of a
The ligand-dependent HDAC recruitment observed in nuclear receptor strengthens the idea that these interactions
the present work would not have been anticipated basedrepresent a shared mechanism by which the two enzymes
on previous studies with TR bound to DR4, where only gain access to a ligand-responsive promoter and affect
unliganded RXR/TR complexes with HDACs (through chromatin environment.
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Despite the fact that the endogenousfiTahd HDAC?2

were recruited to the NRE in a ligand-dependent manner,
interactions by the recombinant counterparts were found

Materials and methods

Plasmids
The CAT reporter gene connected to the human [ ®kbmoter (—128/

to be ligand independent (Figures 4 and 5). This seeming 137) has been reported (Wondisford al, 1989). In this study, a

discrepancy may be attributable to another factor postu-
lated to be present in the extracts that can confer ligand-

dependent binding of TRto the NRE. Although this
hypothetical factor has yet to be identified, involvement

modified CAT construct, hTSBCAT, was used from which the AP-1
site present in the original vector was deleted. NRE deletion reporters
D1 and D2 were constructed by PCR using the following primers:
5 primer for D1 (B-GTTTGGGTCACCACAGCATAAGAGCTTGG-
CGAGATTTTCAG-3) or D2 (5-GTTTGGGTCACCAAGAGCTTG-

of an additional factor in conferring ligand dependence has GCGAGATTTTCAG-3) and a single 3 primer, (3-GAGCGATGA-
been demonstrated for nuclear receptor-PCAF interactionAAACGTTTCAGTTTG-3). PCR fragments were digested wHSsEll

(Blancoet al., 1998). It is possible that this hypothetical
factor, together with the NRE itself, dictates ligand-
dependent binding of TRL and recruitment of HDAC?2.

Role for HADCs in chromatin alterations

HDACSs are thought to repress transcription by increasing
the affinity of nucleosomal histones for DNA, this in turn
decreasing the accessibility of transcription factors to a
promoter (Grunstein, 1997; Kasst al, 1997; Pazin
and Kadonaga, 1997). Thus, HDACs are implicated in

alterations of chromatin structure that are associated with

repression. We found that endonuclease sensitivity within
the TSH3 promoter is markedly decreased by T3, which
would suggest closing of chromatin that is associated with

transcriptional repression (Figure 8). These results are in

accordance with other studies in which alterations in
restriction site accessibility correlate with ligand-mediated
changes in transcription (Archat al, 1991; Bhattach-
aryyaet al,, 1997). Given that ligand-dependent repression
is mediated through the NRE, the site of repression, T3-
dependent chromatin alterations may well be a direct
consequence of HDAC recruitment.

Similarity of the NRE to other negative regulatory
elements

Similarly to the TSH8 gene, the TSH and Pitl genes
involved in thyroid hormone regulation in the pituitary
are also negatively regulated by T3 (McCormiekal.,
1990; Pennathuret al., 1993; Sanchezt al, 1995).
Significantly, the previously reported negative regulatory

and EcaRl, and inserted into the hTRECAT digested with the above
enzymes. The human TR expression vector, pCMX-humanBR, is
gift from R.Evans. We digested this plasmid wKlpnl and BarrHI, and
ligated it into the pAC-HLT-C baculovirus transfer vector (Pharmingen),
resulting in pAC-HLT-C-humanTRL. The plasmid for mouse RXR
has been described elsewhere (Blaatal.,, 1998). The mouse HDAC2
(formerly RPD3) cDNA was excised from pcDNA I/Amp-mouse HDAC2
(Yanget al, 1996) and inserted into pAC-HLT-A.

Stable and transient transfection of hTSHBCAT in GH; cells
GHgzcells, a rat pituitary-derived cell line, were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). A total of 5< 10° cells were transfected with hTREAT

(6.7 ng) and pSV2-neo (6.jg) using the lipofectamine reagent (Gibco-
BRL). Cells were cultured in the complete medium for 48 h prior to
selection by G418 (70@ug/ml) for 3-5 weeks. Of 12 clones tested for
T3-dependent repression in reporter activity, clone L017 was chosen for
further study. To prepare pooled stable transfectants (Figure 3}, GH
cells were transfected with 61§ of hnTSH3CAT, NRE deletion constructs

D1 or D2, along with 6.7ug of pSV2-neo. Three to four weeks after
selection, ~1000 colonies resistant to G418 were pooled and tested for
CAT activity within 3-6 weeks of harvest. For transient assay, 10°

cells were transfected with|2g of hTSH3CAT or NRE deletion reporter
and 1ug of pCH110 (Pharmacia Biotech) containing fhgalactosidase
gene using the lipofectamine reagent for 5 h and then cultured in phenol
red-free DMEM supplemented with 10% resin triple-split calf serum
with or without T3 for 36 h. Cells were then treated with dibutyryl
CcAMP or forskolin (both from Sigma) for an additional 8 h before
harvesting. CAT activity in stable transfection was normalized according
to protein concentrations. CAT activity in transient assays was normalized
by B-galactosidase activity or protein concentrations, which gave sim-
ilar outcome.

DNA affinity binding assay

Nuclear extracts from Gklicells were prepared as follows. Cells were
suspended in one packed cell volume of buffer A (10 mM HEPES
pH 7.9, 1.5 mM MgC}, 10 mM KCI) and sheared by a 26 G needle

regions of these two genes share a high level of Sequencéive times on ice. They were centrifuged at 14 000 r.p.m. for 10 min

homology with the Z region of the T9HNRE (Figure 1).

and resuspended in elution buffer (20 mM HEPES pH 7.9, 25% glycerol,
420 mM NacCl, 1.5 mM MgCJ, 0.2 mM EDTA) for 30 min at 4°C. The

As in the TSHB gene, thQ negative regulatory reQ'ionS .O_f samples were dialyzed against buffer D [20 mM HEPES pH 7.9, 20%
these genes do not contain a known TRE such as identifiedglycerol, 0.2 EDTA, 0.5 mM dithiothreitol (DTT), 42 mM (NB,SOy]

in promoters positively regulated by T3. In addition to

the similarity with Z, both genes carry a sequence resem-

bling X in close proximity with the Z-like motif. Further-
more, the GM-CSF and PTH genes, both negatively
regulated by vitamin p(Demayet al., 1992; Towers and

at 4°C for 2 h, and stored in liquid nitrogen.

Four copies of the NRE DNA were cloned into pUC19 and biotinylated
by PCR using a biotin-labeled M13 universal primer and a unique primer
corresponding to the’3end of the NRE, and purified on a QIAquick
column (Qiagen). Three copies of DR4, a positive thyroid-responsive
element (Umesonat al, 1991), were also cloned in pUC19, and

Freedman 1998) have a sequence homologous to zbiotinylated in the same manner. Forty micrograms of biotinylated NRE

Considering that the Z sequence plays a key role in

and 42ug of DR4 DNA were conjugated to 10 mg of M280 magnetic
beads (Dynal) in 4 ml of TEN buffer (10 mM Tris—HCI pH 7.5, 1 mM

r_eprESSion (Figure 3), ligand-dependent negative reQ'Ula' EDTA, 100 mM NaCl) for 1 h at room temperature. Beads were washed
tion of these genes may share a common mechanism,n TEN buffer and blocked with 0.5% non-fat milk in binding buffer

involving HDAC recruitment. The Z sequence has homo-
logy with a high-mobility-group-protein binding site of
the T-cell receptora gene (Mayallet al, 1997) and
the negative regulatory element of tirosophila Zen
promoter (Lehminget al., 1994). In conclusion, the present
study demonstrates that liganded TR plays a role in
recruiting HDAC activity to the NRE to exert negative-
feedback regulation on the TgHjene. A similar mechan-

(20 mM Tris—HCI pH 7.4, 10% glycerol, 2 mM EDTA, 0.02 Triton X-
100, 100 mM KCI) for 1 h at room temperature. DNA-conjugated beads
(0.4 pg of DNA corresponding to 2 pmol of the NRE corresponding to
40 pl beads) were mixed with 30@ (~1800ug protein) of GH nuclear
extracts and incubated at 4°Crfd h with constant rotation. The
suspensions were precipitated with the magnetic plate, washed in binding
buffer and re-precipitated by centrifugation. The bound materials were
eluted with 7ul of BC500 buffer (500 mM KCI, 20 mM HEPES pH 7.9,
10% glycerol, 0.5 mM EDTA). Materials eluted from the beads were
analyzed by immunoblot assay as described (Blaiad.,, 1998). Rabbit

ism may be postulated for other genes repressed by ligandsanti-CBP antibody was a gift from H.Serizawa (Kansas University).
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Mouse anti-TR1 antibody was purchased from Santa Cruz (J52). Rabbit
anti-HDAC1 antibody was prepared by using purified recombinant
human HDACL1 produced in a baculovirus vector as an immunogen.
Rabbit anti-HDAC?2 antibody was prepared by using purified recombinant
mouse HDAC2 (Yanget al, 1996) as immunogen.

Recombinant protein preparation

We co-transfected Sf9 cells with pAC-HLT-C-humar@Ror pAC-HLT-
A-mouse HDAC2 plasmid together with Baculogold viral genomic DNA
(Pharmingen) using the manufacturer’s protocol. Sf9 cells<(1L.0°)
were incubated with 5 ml of recombinant viral supernatant and kept at
27°C for 2 days (humanTR) or 3 days (mouse HDAC?2). The infected
cells were washed with phosphate-buffered saline (PBS) twice and
suspended with hypotonic buffer (10 mM HEPES pH 7.9, 10 mM KClI,
0.1 mM EDTA, 0.1 mM EGTA) for 10 min on ice. The cells were
homogenized using a Teflon homogenizer for 30 strokes on ice. The
isolated nuclei were resuspended with extraction buffer (40 mM HEPES
pH 7.9, 0.2 mM EDTA, 10% glycerol, 400 mM KCI, 0.1% Triton
X-100, 10.08 mMB-mercaptoethanol) and sonicated. The homogenate
was centrifuged and supernatants were stored in liquid nitrogen. For
mouse RXM, we employed the same method except for the salt
condition (100 mM KCI) in extraction. We confirmed the expression of
these proteins by Western blotting. The purity of @R, rHDAC2 and
rRXRB was 10, 70 and 10%, respectively.

Electrophoretic mobility shift assay

Double-stranded DNA probes representing the-XY region (3-TTT-
GGGTCACCACAGCAT-3) were radiolabeled withyf32P]ATP (Amer-
sham) using T4 polynucleotide kinase (New England Biolabs) and
purified with a Sephadex G25 column. Fifteen micrograms of Sf9 cell
nuclear extract for rTRL and/or rRXM (10% purity for each) were
mixed with 1 ng of*?P-labeled double-stranded X Y oligonucleotide
probe and 2ug of poly(dl-dC) (Pharmacia Biotech) with or without
100-fold excess competitor DNA and incubated in the binding buffer
(20 mM HEPES pH 7.9, 50 mM KCI, 10% glycerol, 0.5 mM DTT,
0.1 mM EDTA) for 20 min at room temperature. Reaction mixtures
were analyzed in 5% non-denaturing polyacrylamide gel. Using
3%p_|labeled DR4, we confirmed the enhancement of DNA binding affinity
for both receptor proteins by heterodimerization (data not shown).

In vitro binding assay for recombinant HDAC2 and TRs

Ten microliters of Ni-NTA agarose (Qiagen) equilibrated in buffer
(20 mM Tris—HCI pH 8.0, 10% glycerol, 1 mM EDTA, 0.02% Triton
X-100, 10 mM imidazole, 0.5 mM phenylmethylsulfonyl fluoride, 10 mM
B-mercaptoethanol) were incubated with pdof rHDAC2 (70% purity)

in the presence of 2% bovine serum albumin at 4°C for 1 h with rotation
and unbound materials were removed by centrifugatior3IT&eletions

(C1 and C2) were generated by PCR and cloned into pCl vector
(Promega), and translated products were labeled wa8]iethionine.
TRB1 DBD (amino acids 98-218) was cloned into pGST-ag vector and
expressed as a GST fusion protein in the BL21 straires¢herichia
coli. Beads were incubated witfPS-labeled receptors or GST fusion
proteins at 4°C for 1 h and then washed five times. Bound materials
were eluted in the above buffer supplemented with 200 mM imidazole.

Ligand-dependent negative regulation of TSHP gene

buffer (10 mM Tris—HCI pH 7.4, 15 mM NacCl, 60 mM KCI, 0.15 mM
spermine, 0.5 mM spermidine). They were digested with 60—200 U of
the indicated restriction enzymes (all purchased from New England
Biolabs) in vivo for 30 min at 30°C with intermittent agitation. DNA
was purified by the phenol-chloroform extraction/ethanol precipitation
method and digesteid vitro with the indicated second enzymeas{\I

or EcaRl and Hinfl) to completion and DNA was repurified. Eight to
12 pg of DNA were subjected to a linear PCR using primer 2
(5'-gcaactgactgaaatgcctcaaaatyyf8r the promoter regiorBstll, Mfel,

Alul and EcaRl) or primer 3 (3-ggcagttattggtgccctta-Bfor the CAT
coding region Ddd and Hinfl). The PCR procedure was essentially the
same as above except for the annealing temperature (57°C for primer 2
and 55°C for primer 3). PCR products were quantified using the NIH
Image Program. PCR products a@fi vivo digested samples were
normalized by those ah vitro digested samples.
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