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The nuclear receptor TR4 is a key regulator for many physio-
logical processes, including growth, development, and metabo-
lism. However, how the transcriptional activity of TR4 is regu-
lated in the absence of ligand(s) remains largely unknown. Here
we found that an androgen receptor (AR) coactivator, ARA55,
might function as a corepressor to suppress TR4 transactiva-
tion. Molecular mechanistic dissection with mutation analysis
found that ARA55 could enhance TR4 acetylation at the con-
served acetylation sites of lysine 175 and lysine 176 in the DNA-
binding domain via recruiting proteins with histone acetyl
transferase activity, which might then reduce significantly the
TR4 DNA binding activity that resulted in the suppression of
TR4 transactivation. These results are in contrast to the classic
ARADS55 coactivator function to enhance AR transactivation par-
tially via increased AR acetylation in the hinge/ligand-binding
domain. Together, these results not only provide a novel func-
tional mechanism showing that acetylation of different nuclear
receptors at different domains by coregulator may lead to differ-
ential receptor transactivation activity but also provide a new
way for small molecules to control TR4 transactivation via alter-
ing TR4 acetylation levels, and such small molecules may have
potential therapeutic applications in the future.

The androgen receptor (AR)*-associated protein ARA55 is a
nuclear receptor coactivator (1, 2) that belongs to the group III
LIM domain-containing protein family (3), which can function
as molecular adaptors to stabilize protein complexes (4, 5). First
identified as an AR coactivator (1, 2), ARA55 could also
enhance the transactivation of other nuclear receptors, such as
glucocorticoid receptor (6) and peroxisome proliferator-acti-
vated receptor y (7). ARA55 lacks histone acetyltransferase
(HAT) or methyltransferase activity (5). However, ARA55, with
four LIM domains within its amino terminus, could still be able

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK06312. This work was also supported by a George Whipple Pro-
fessorship Endowment and Taiwan Department of Health Clinical Trial and
Research Center of Excellence Grant DOH99-TD-B-111-004 (to China Med-
ical University, Taiwan).

"To whom correspondence should be addressed. E-mail: chang@urmc.
rochester.edu.

2The abbreviations used are: AR, androgen receptor; HAT, histone acetyl-
transferase; CBP, cAMP-responsive element-binding protein-binding pro-
tein; LBD, ligand-binding domain; DBD, DNA-binding domain; TSA, tricho-
statin A; HDAG, histone deacetylase.

JUNE 17,2011 +VOLUME 286-NUMBER 24

to influence acetylation on nuclear receptors via recruitment of
histone acetyltransferase-containing coactivators, such as CBP
and p300 (5). ARA55 also recruits corepressor complexes to
glucocorticoid-responsive promoters in the absence of ligands
(7), suggesting that ARA55 may be able to coordinate corepres-
sor release, as well as coactivator recruitment upon glucocorti-
coid ligand stimulation.

An important mechanism by which ARA55 enhances AR
transactivation is that ARA55 serves as a bridge protein to
recruit HATs, such as CBP/p300 (8). Acetylation of the histones
by HATs promotes chromatin structural changes that result in
the promotion of gene transactivation (9). CBP/p300 can also
acetylate AR on conserved lysines located in the hinge/ligand-
binding domain (LBD). A recent genomic study identified 3600
lysine acetylation sites on 1750 proteins (10), suggesting that
protein acetylation could be as common as protein phosphory-
lation to alter or influence protein function (11). Indeed, almost
all of the enzymes involved in human or yeast metabolic pro-
cesses are acetylated (12, 13). The consequence of non-histone
protein acetylation is subtle and variable. It can result in either
increasing (14—16) or decreasing (17—20) DNA binding affinity
and transcriptional activation (21). Such diverse effects on tran-
scription activities could be dependent on the acetylation sites
in different functional domains of nuclear receptors that affect
DNA binding affinity, protein stability, and receptor-coregula-
tor interaction (19, 21-24). For example, ARA55 can increase
the acetylation of AR in the hinge/LBD that results in the
increased AR transactivation (22, 25). In contrast, acetylation of
FOXOL1 in the DNA-binding domain (DBD) results in reduced
DNA binding ability (19).

TR4 is a member of the nuclear receptor superfamily (26—
28). TR4 null (TR4 ') mice have significant growth retarda-
tion (29), defects in early embryonic development and stem cell
self-renewal and differentiation (30), defects in female repro-
ductive function and maternal behavior (29), impaired cere-
bella function (31-33), reduced sperm production (34),
reduced myelination (35), and defects in foam cell formation
(36). TR4 has a strong circadian expression in key metabolic
tissues, including adipocytes, liver, and muscle (37, 38) and
might function as a master regulator to control glucose and
lipid metabolism (39, 40). Identified originally as an orphan
nuclear receptor without known ligand(s) in 1994, TR4
emerged as a fatty acid sensor with the finding that its transac-
tivation can be activated by polyunsaturated fatty acids metab-
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olites and thiazolidinediones (36, 41). However, how TR4 tran-
scriptional activity is regulated in the absence of ligands still
remains largely unclear.

Here we identified ARA55 as a corepressor of TR4 via
increasing acetylation levels of TR4 in the DBD, suggesting that
the distinct coregulator effects of ARA55 on AR and TR4 could
be partly due to diverse effects of non-histone protein acetyla-
tion in the different functional domains.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Trichostatin A (TSA) was pur-
chased from Calbiochem. Dihydrotestosterone was from
Sigma. Anti-FLAG and anti-His antibodies were purchased
from Sigma (Sigma). Anti-acetylated lysine antibody was from
Cell Signaling Technology. Anti-CD36 and anti-GAPDH anti-
bodies were from Santa Cruz. Anti-ARA55 antibody was pur-
chased from Santa Cruz. Anti-TR4 antibody (antibody 15) was
produced as previously reported (29).

Cell Cultures and Transfections—293T cells, H1299 cells,
and mouse hepatoma Hep1-6 cells were purchased from ATCC
and maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 8% FBS. Transient transfection in cells was per-
formed using Superfect (Qiagen) according to the manufactur-
er’s instructions.

Plasmids—pSG5-AR, pSG5-ARA55, pCMX-TR4, Gal4-
TR4LBD, and VP16-ARA55 plasmids were constructed as
described previously (48). Full-length TR4 and ARA55 cDNAs
were subcloned into pCDNA3-flag expression vector to gener-
ate flagTR4 and flagARA55, respectively. Full-length TR4 and
ARA55 cDNAs were subcloned into pPCDNA4HisMax (Invitro-
gen) at Kpnl and Xbal sites to generate HisTR4 and HisARA55,
respectively.

Site-directed Mutagenesis—Site-directed mutagenesis on
acetylated lysine residues of pCDNA3-flagTR4 or pCMX-TR4
was performed using the QuikChange XL site-directed
mutagenesis kit (Stratagene) following the manufacturer’s pro-
tocol. Replacements of acetylated lysine residues with alanine,
glutamic acid, or arginine were made by using mutagenic
primers.

RT-PCR—Total RNA was isolated from Hep1-6 cells using a
TRIzol (Invitrogen), and RT reaction was conducted using
Superscript III reverse transcriptase enzyme (Invitrogen) fol-
lowing the manufacturer’s protocol. Real time PCR was applied
using SYBR green PCR mix (Qiagen). The specific primers for
CD36 were 5'-CTA TGG GGC TGT CAG TTG TG-3' (sense)
and 5'-CTC CTC CAC TGC TAT CTA TC-3’ (antisense), and
those for 18 S rRNA were 5'-TGC CTT CCT TGG ATG TGG
TAG-3' (forward) and 5'-CGT CTG CCC TAT CAA CTT
TCG-3' (reverse).

Coimmunoprecipitation—Coimmunoprecipitation-West-
ern blotting analyses were performed as described previously
(54). Briefly, the cells were lysed by radioimmune precipitation
assay buffer (1X PBS, 0.5% Nonidet P-40, 0.5% sodium desoxy-
cholate, 0.1% SDS, and 1 mm phenylmethylsulfonyl fluoride).
The cell lysates were incubated with antibody overnight at 4 °C
with constant rocking; 30 ul of protein A/G beads were then
added into each tube and incubated for another 1 h with con-
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stant rocking. The samples were eluted from the beads and then
subjected to Western blotting.

EMSAs—Nuclear extract preparations and EMSAs were car-
ried out as described previously (55). Briefly, 8 ug of nuclear
extract protein was incubated in a reaction solution containing
20 mm Tris-HCI, pH 7.9, 2 mm MgCl,, 1 mm EDTA, 50 mm KCl,
0.5 mm dithiothreitol, 10% glycerol, 0.1% Nonidet P-40, and 2
g of poly(dI-dC) for 20 min. Then the **P-end-labeled duplex
oligonucleotide (2 X 10* cpm) was added, and the reaction was
incubated for another 20 min.

ChIP Assay—The ChIP assays were performed as described
previously (55). Anti-FLAG antibody (2.0 ug) was added to the
lysate and incubated at 4 °C overnight. The primer pairs for the
region of the CD36 promoter were 5'-ACC AGA AAT AGA
CCC TTG TGA G-3' (sense) and 5'-GCT CAC AAG GGT
CTA TTT CTG G-3' (antisense), and the nonspecific primer
pairs for the region away from CD36 promoter were 5'-GAC
CAT ACC TAC CTC TAC CTA C-3" and 5'-CAG CAT CTA
CTG AAG CAT CC-3’ (antisense).

In Vitro Acetylation Assay—The cell lysates were harvested
and immunoprecipitated with anti-FLAG antibody. The
immunoprecipitate was separated by SDS-PAGE and blotted
with anti-acetylated lysine antibody.

RESULTS

ARASS5 Enhances AR Transactivation yet Suppresses TR4
Transactivation—Early studies using TR4 '~ revealed a variety
of physiological functions of TR4 in growth, development, and
metabolism (29, 33-35, 40, 42, 43). In the search for coregula-
tors that can alter TR4 transactivation for the potential thera-
peutic agents to modulate TR4-mediated physiological func-
tions, we identified ARA55, an AR coactivator, which could also
interact with TR4 protein. Interestingly, we found that
although ARA55 enhanced AR transactivation in 293T cells
(Fig. 14, left panel) in aligand-dependent manner (1, 2), ARA55
suppressed TR4 transactivation in the same cell line (Fig. 14,
right panel). We further confirmed these contrasting findings
by assaying the effect of ARA55 on the TR4 direct target gene
CD36 expression in mouse liver Hep1-6 cell line and found TR4
enhanced CD36 mRNA expression. The addition of ARA55
resulted in the suppression of TR4-mediated CD36 mRNA
expression (Fig. 1B). Western blot analysis also confirmed the
suppression of TR4-induced CD36 expression by ARA55 at
protein levels (Fig. 1C). Together, results from Fig. 1 (A-C)
demonstrated that ARA55 coregulator could modulate AR and
TR4 nuclear receptors in opposite ways.

ARASS Suppresses TR4 Transactivation via Acetylation on
the TR4 DBD—Early studies documented well that the acetyla-
tion of AR at the hinge/LBD is required for the ARAR55-en-
hanced AR transactivation (22, 25). ARA55 could recruit HATs
to enhance AR transactivation, and ARA55 showed little influ-
ence on the transactivation of mutant AR that failed to be acety-
lated (22, 25).

We were interested to see whether the contrasting effects of
ARAS55 on suppression, instead of promotion of TR4 transacti-
vation could be due to ARA55-mediated acetylation on TR4 at
different functional domains. We first examined whether TR4
is an acetylated protein. Sequence analysis found the conserved
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FIGURE 1. ARA55 enhances AR transcriptional activity but inhibits TR4 activity. A, ARA55 enhances AR transcriptional activity but inhibits TR4 transcrip-
tional activity. Left panel, 293T cells were cotransfected with pSG5-AR, MMTV-luc, and pCDNA3-flagARAS55 as indicated (the ratio of AR to ARA55 was 1:3) using
Superfect according to the manual instructions. After 16 h, the cells were treated with vehicle or dihydrotestosterone for an additional day and then harvested
for AR luciferase assay. Right panel, 293T cells were cotransfected with pCMX-TR4, HCR-luc, and pcDNA3-flagARA55 as indicated (the ratio of TR4 to ARA55 was
1:3). After 24 h, the cells were harvested, and TR4 luciferase activity was examined. B, ARA55 reduces the mRNA expression level of CD36, a target gene of TR4.
Hep1-6 cells were cotransfected with pCDNA3-flagTR4 and pCDNA4-HisARAS55 as indicated. After 24 h, the cells were harvested, and CD36 mRNA levels were
examined by real time RT-PCR. 18 S rRNA level was used as the internal control, and the CD36 mRNA expression in control cells (with empty vector) was set as
1.The data represent the means = S.D. of triplicate samples. C, ARA55 reduces the protein level of CD36. Hep1-6 cells were cotransfected with pCDNA3flagTR4
and pCDNA4HisARA55 as indicated. After 24 h, the cells were harvested, and the protein levels of CD36 as well as TR4 and ARA55 were examined by Western
blot analysis. GAPDH served as the loading control. DHT, dihydrotestosterone; /B, immunoblot.

acetylation motif (RLKK) in many nuclear receptors, including
AR, estrogen receptor, and TR4 (Fig. 2A). Interestingly, both
AR and estrogen receptor « have their conserved acetylation
motif (R/K)XKK) located in the hinge/LBD, whereas TR4 con-
served acetylation motif (RLKK) was found in the DBD. Early
studies suggested that acetylation on the DBD of several tran-
scriptional factors, such as FOXO1 (19) and YY1 (20), resulted
in the suppression of DNA binding affinity to their target genes.
It is therefore possible that acetylation of TR4 on the DBD may
also result in the suppression of its transactivation via reduction
of DNA binding to its target genes. Here an extremely simpli-
fied model to explain this hypothesis is presented in Fig. 2B.
To prove this interesting hypothesis, we assayed the influ-
ence of ARA55 on TR4 acetylation and transactivation. We
found that the addition of ARAS55 resulted in the increase of
acetylation of wild type TR4 (TR4-WT) (Fig. 2C). We then con-
structed a TR4 mutant that is resistant to acetylation in DBD
yet still maintains positive charges by converting the two lysine
residues at 175 and 176 in the conserved acetylated motif sites
of TR4 DBD into arginine (TR4-RR). Interestingly, this TR4
DBD mutant TR4-RR significantly impaired the enhanced TR4
acetylation level by ARAS55 (Fig. 2E; the ratio of ARA55 to
TR4-WT or TR4RR is higher than in Fig. 2C), supporting the
hypothesis that ARA55 will modulate TR4 acetylation of the
putative acetylation sites in its DBD. Our data also suggested
that TR4 might be acetylated in other regions. Consistently,
luciferase reporter assay found that adding ARA55 could sup-
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press TR4-WT transactivation but enhance TR4-RR transacti-
vation (Fig. 2D). These results from Fig. 2 (A-E) suggest that
ARA55 may suppress TR4 transactivation via reduction of
DNA binding by recruiting HAT's to acetylate TR4 on the DBD.
Failure to acetylate TR4-RR may instead enable ARA55 to
induce TR4-RR transactivation via recruitment of HATSs to
enhance only histone acetylation.

We applied two more approaches to strengthen the above
conclusion that TR4 could be acetylated at the TR4 DBD. First,
via anti-acetyl lysine antibody assay, we found that the addition
of TSA, a HDAC inhibitor, could increase the TR4-WT acety-
lation. In contrast, TSA showed much less effect on the TR4-RR
acetylation (Fig. 2F), suggesting that TR4 could be acetylated at
residues 175 and 176 sites of conserved acetylated motif in the
TR4 DBD.

We then used another TR4 coregulator CBP to confirm our
above finding. Unlike ARA55, which needs to recruit other
coregulators with HAT activity, CBP has intrinsic HAT activity
(44). Our results showed that TR4 acetylation levels could be
enhanced by CBP, but not mutant CBP (CBPAHAT) that loses
HAT activity (Fig. 2C), suggesting that TR4 could be acetylated
directly by HATSs, such as CBP.

Acetylation of TR4 Suppresses TR4 Transactivation via
Reduction of Its DNA Binding Affinity to Its Target Gene—To
dissect the molecular mechanism by which acetylation of TR4
in DBD results in the suppression of TR4 transactivation, we
examined whether ARA55 could suppress TR4 transcriptional

JOURNAL OF BIOLOGICAL CHEMISTRY 21131

TT0Z ‘S AINC uo ‘131s8Yy20yY Jo Alsianiun 1e Bloagl mmm woly papeojumoq


http://www.jbc.org/

Acetylation in TR4 Leads to Transactivation Suppression

A * * *
hAR AF1-C_DBD. Dhinge... . TLGARKLKKLGNLK...]-LBD
hERa PLMIK RSKKNSLAL
p53 HSSHLKSKKGQSTS
TR4 AF1-(DBD...  RCQFCRLKKCLEMG Y hinge...]-LBD
TR2

C D TR4 transcriptional activity
2z 30
flagTR4 - + o+ o+ o+ Z _|HCR-luc
ARASS CBP  CBPAHAT 3
- 2 20
L‘_‘_-_._n_l IB: anti-Ac-lysine 3 s
| - o o | IB: anti-flag 2
=
IP: anti-flag é :
0= L
E . flagTR4 - + + - -
IP: anq-ﬂag ) flagTR4RR - - - + o+
IB: anti-Ac-lysine flagARAS5 - R + R +
5 ..‘. IB: anti-flag
flagTR4 - + + - -
flagTR4RR - - - *
ARASS - -+ -+
F flag-TR4  flag-TR4RR
TSA  + - + - +

I e b s e IIB: anti-flag

\Q? P 1
. : anti-fla
NS =

FIGURE 2. ARA55 suppresses TR4 transactivation via acetylation on the TR4 DBD. A, a sequence comparison of the putative acetylation sites of AR,
estrogen receptor «, p53, TR4, and TR2 is shown. TR4 contains potential acetylation motifs in DBD, whereas the AR acetylation motif is in hinge/LBD. TR4
contains the sequence of RLKK, which is consistent with the conserved acetylation motif (R/K)XKK (22). B, the working hypotheses, shown in this extremely
simplified model, to explain why ARA55 suppresses activity of TR4 but enhances AR activity. The recruitment of ARA55 brings in HAT activity to acetylate both
AR and TR4 but in different domains. TR4 acetylation results in reduced TR4 DNA binding and thus inhibits TR4 activity. C, ARA55 and CBP enhance TR4
acetylation levels. 293T cells were transiently transfected with pCDNA3-flagTR4, and CBP or mutant CBP without HAT activity (CBPAHAT), and
pPCDNA4-HisARA55. The cells were harvested, and the cell lysates (500 ng) were immunoprecipitated with anti-FLAG antibody followed by Western blot assay
using anti-acetyl-lysine antibody or anti-FLAG antibody. D, TR4 acetylation mutant modulates ARA55 effect on TR4 transcriptional activity. 293T cells were
cotransfected with HCR-luc, pcDNA3-flagARA55, and pCDNA3-flagTR4 or pCDNA3-flagTR4RR as indicated (the ratio of TR4 to ARA55 was 1:3). After 24 h,
the cells were harvested, and luciferase activities were examined. E, TR4 acetylation mutant impairs ARA55 effect on TR4 acetylation level. 293T cells were
cotransfected with pcDNA3-hisARA55, and pCDNA3-flagTR4 or pCDNA3-flagTR4RR as indicated (the ratio of TR4 to ARA55 was 1:9). After 24 h, the cells were
harvested, and coimmunoprecipitation assays were performed. F, the HDAC inhibitor TSA enhances TR4 acetylation levels. 293T cells were transiently trans-
fected with pcDNA3-flagTR4 or pCDNA3-flagTR4RR. The cells were then treated with or without 1 nm deacetylase inhibitor TSA for 16 h. The cells were
harvested, and the cell lysates (500 ug) were immunoprecipitated with anti-FLAG antibody followed by Western blot assay using anti-acetyl-lysine antibody or
anti-FLAG antibody. /P, immunoprecipitation; /B, immunoblot.

activity via suppression of TR4 DNA binding affinity. Using whether ARA55 could influence TR4 binding to the target gene
mammalian two-hybrid (Fig. 34) and coimmunoprecipitation ~CD36 promoter in vivo. As shown in Fig. 44, TR4 bound to
assays (Fig. 3B), we first proved that ARA55 could directly CD36 promoter in vivo, and the addition of ARA55 resulted in
interact with TR4. We then preformed ChIP assay to determine  the suppression of this in vivo binding. In contrast, the addition
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FIGURE 3. ARAS5S5 interacts with TR4 directly. A, ARA55 interacts with TR4 as
examined by mammalian two-hybrid assay. 293T cells were cotransfected
with pCMX-VP16-TR4 and/or pCMX-Gal4-ARA55 as indicated. The reporter
was pG5-luciferase, and the internal control was pRL-TK. The activity of Gal4-
ARA55 was set as 1. B, ARA5S5 interacts with TR4 as examined by coimmuno-
precipitation assay. 293T cells were cotransfected with pCDNA4-HisARAS55,
pCDNA3flagTR4, and pCDNA3flagCD36, as indicated for 1 day. The cells were
then harvested, and the cell lysates were immunoprecipitated with anti-His

antibody followed by Western blot assay using anti-FLAG antibody. IP, immu-
noprecipitation; IB,immunoblot.

of ARA55 did not affect TR4-RR binding to CD36 promoter.
We then applied EMSA to test whether acetylation influenced
TR4 binding to its target genes. As shown in Fig. 4B, both
TR4-WT and TR4-RR could bind to TR4 response elements
(either DR1 or PPRE). In contrast, the other two TR4 mutants
TR4-AA and TR4-QQ, in which we replaced lysine with either
alanine or glutamine to mimic the constitutive acetylation form
by neutralizing the positive charges within the DBD, bound
only weakly to the TR4 response elements. These contrasting
results suggested that the neutralization of the lysines basic
residues of acetylation motif in the DBD via acetylation may
result in the suppression of TR4 DNA binding affinity to its
target gene promoters. As expected, the consequence of
reduced DNA binding affinity in TR4-AA or TR4-QQ might
then result in the suppression of TR4 transactivation (Fig. 4C).

To further confirm that acetylation of TR4-DBD might con-
tribute to ARA55-mediated suppression of TR4 physiological
functions, we assayed the changes of mRNA and protein
expression of TR4 target gene CD36 in the TR4 and TR4
mutants. The addition of ARA55 resulted in the suppression of
CD36 mRNA and protein expression. In contrast, the addition
of ARA55 resulted in TR4-RR-mediated CD36 induction at
both mRNA (Fig. 54) and protein (Fig. 5B) expressions in
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Hep1-6 cells. Together, results from Figs. 4 and 5 clearly dem-
onstrate that the addition of ARA55 to interact with TR4 might
lead to increased TR4 acetylation in the DBD, which might then
result in the suppression of TR4-mediated physiological
function.

DISCUSSION

Here we revealed that TR4 transactivation could be modu-
lated by acetylation and deacetylation without adding its
ligands. Our results are in contrast to the classic coactivator role
of ARAS55 that promoted AR transactivation via increased
acetylation levels. The diverse yet opposite effects of acetylation
on the transactivation of different nuclear receptors is believed
to be largely dependent on the acetylation sites on the different
domains (21). AR is acetylated on lysines located in the hinge/
LBD. It was reported that AR acetylation might lead to modu-
lated AR ubiquitination and recruitment of coactivators and
corepressors (22, 25). In contrast, TR4 can be acetylated at two
conserved lysines that are located within the DBD. Early studies
found that acetylation of several transcription factors on the
DBD all resulted in a decrease of their DNA binding activity,
such as FOXO1 and YY1 (19, 20). Here we showed that these
two basic lysine residues in the TR4 DBD might also contribute
to the interaction of TR4 with negatively charged phosphate
residues in the minor groove of the DNA. Acetylation of TR4
DBD thus reduces TR4 DNA binding affinity by neutralization
of the positive charges of these two lysine residues. To our
knowledge, TR4 is the first nuclear receptor found to be acety-
lated in the DBD.

The finding that ARA55 suppressed wild type TR4 but
enhanced TR4 acetylation mutant activity suggested that TR4
acetylation plays a dominant role in ARA55-mediated TR4
transactivation. However, we do not rule out other mechanisms
by which ARAS55 suppresses TR4 transcriptional activities.
Coregulators may be able to modulate nuclear receptor trans-
activation in many ways, for example, via regulating nuclear
receptor dimerization, protein stability, and competing with
other limited cellular resources (45). Modulation of TR4 trans-
activation via acetylation could be vital for TR4 in vivo func-
tions. Although lipid ligand/activators can activate TR4 trans-
activation (36, 41), it remains important to understood how
TR4 transactivation is regulated in the absence of ligand(s).
FOXO3a (46) and C/EBP (39) could modulate TR4 activity via
directly binding to the TR4 promoter. Post-translational mod-
ifications, including phosphorylation (47) and acetylation,
could modulate TR4 activity in the receptor level.

Early studies using TR4 '~ mice revealed that TR4 is essen-
tial for a variety of pathological-physiological processes (29,
33-35,42,48). Our findings here showed that TR4 can be mod-
ulated via acetylation, which provides a platform to utilize the
small molecules that can modulate TR4 acetylation to control
the diverse biological functions. Currently, several clinical trials
using small molecule HDAC inhibitors are in the process of
being tested for their effects on cancer, brain disorders, heart
diseases, and aging (49 -53). HDAC inhibitors have been suc-
cessful in many clinical trials but also faced significant chal-
lenges, such as cardiac side effects (51). TR4 is essential in many
physiological processes and shows both beneficial and detri-
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region. B, TR4 acetylation mutants reduce the binding ability of TR4 to DNA. The 32P-labeled probes DR1 (first through fifth lanes) and PPRE (sixth through
ninth lanes) were incubated with or without in vitro translated TR4 protein or TR4 acetylation mutant protein. The complexes were resolved in 4.5%
polyacrylamide gels. The specific complex is indicated by an arrow. C, TR4 acetylation mutants reduce TR4 transcriptional activity. 293T cells were
cotransfected with CD36-luc, pCMX-TR4, or different pCMX-TR4 acetylation mutant plasmids. After 24 h, the cells were harvested, and luciferase
activities were examined. /P, immunoprecipitation.

mental effects in animal models. HDAC inhibitors increase tors affect TR4 activity in vivo in different tissues. HDAC inhib-
TR4 acetylation levels to suppress TR4 activity in vitro. How- itors have a broad range of targets, with both histones and non-
ever, it remains to be determined how different HDAC inhibi- histone proteins, and thus may affect TR4 transactivation in a
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FIGURE 5. Physiological consequences of TR4 acetylation. A, TR4 acetyla-
tion mutant blocks ARA55 effect on the mRNA expression levels of CD36, a
target gene of TR4. Hep1-6 cells were cotransfected with pCDNA3-flagTR4
and pCDNA4-flagARA55 as indicated. After 24 h, the cells were harvested, and
CD36 mRNA levels were examined by real time RT-PCR. The internal control
was 18 S rRNA, and the mRNA expression in control cells (with empty vector)
was setas 1. The data represent the means = S.D. of triplicate samples. B, TR4
acetylation mutant blocks ARA55 effect on the protein expression levels of
CD36, a target gene of TR4. Hepl1-6 cells were cotransfected with
pCDNA3flagTR4 and pCDNA4-flagARA55 as indicated. After 48 h, the cells
were harvested, and protein levels of CD36 as well as TR4 and ARA55 were
examined by Western blot analysis. GAPDH served as a loading control.

cell- or tissue-specific manner. TR4 acetylation may also
respond differentially to different stress or stimuli or different
HDAC inhibitors in different tissues. It is also possible that TR4
acetylation may affect TR4 phosphorylation, TR4-coregulator
interactions, or protein stability. Taken together, our results
may warrant further study of small molecules or HDAC inhib-
itors that can influence TR4 acetylation in a tissue-specific
manner to battle various TR4-mediated diseases.
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