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Regulation of Nur77 protein turnover through acetylation and deacetylation
induced by p300 and HDAC1
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A B S T R A C T

Although the roles of Nur77, an orphan member of the nuclear hormone receptor superfamily, in the

control of cellular proliferation, apoptosis, inflammation, and glucose metabolism, are well recognized,

the molecular mechanism regulating the activity and expression of Nur77 is not fully understood.

Acetylation of transcription factors has emerged recently as a major post-translational modification that

regulates protein stability and transcriptional activity. Here, we examined whether Nur77 is acetylated,

and we characterized potential associated factors. First, Nur77 was found to be an acetylated protein

when examined by immunoprecipitation and western blotting using acetyl protein-specific antibodies.

Second, expression of p300, which possesses histone acetyltransferase activity, enhanced the acetylation

and protein stability of Nur77. Treatment with a histone deacetylase (HDAC) inhibitor, trichostatin A,

also increased Nur77 acetylation. Among the several types of HDACs, HDAC1 was found as the major

enzyme affecting protein level of Nur77. HDAC1 decreased the acetylation level, protein level, and

transcriptional activity of Nur77. Interestingly, overexpression of Nur77 induced expression of both

p300 and HDAC1. Finally, the expression of Nur77 increased along with that of p300, but decreased with

induction of HDAC1 after treatment with epithelial growth factor, nerve growth factor, or 6-

mercaptopurine, suggesting that the self-control of the acetylation status contributes to the transient

induction of Nur77 protein. Taken together, these results demonstrate that acetylation of Nur77 is

modulated by p300 and HDAC1, and suggest that acetylation is an important post-translational

modification for the rapid turnover of Nur77 protein.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Nur77 (also called NR4A1, TR3, NAK-1, and NGFI-B) plays
important roles in the regulation of cellular proliferation,
apoptosis, and energy metabolism. It belongs to the NR4A (nuclear
receptor group 4A) subfamily of nuclear hormone receptors and its
DNA-binding domain (DBD) shows 90% homology with other
subfamily members, Nurr1 and Nor-1 [1,2]. All of NR4A
subfamilies are encoded by immediate early genes whose
expression is induced in response to a variety of signals including
mitogens and cellular stress [3–5]. Interestingly, Nur77 is activated
by ligand independently, which may be explained by conserved,
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tightly packed, and bulky hydrophobic residues occupying the
ligand-binding domain (LBD) of NR4A groups [6,7]. Both Nur77
mRNA and protein appear to be unstable in vivo, and thereby their
expression is transiently induced by stimulation [3,5,8]. Because
Nur77 acts independently to a ligand and is unstable in vivo, the
regulation of its expression and post-translational modification are
thought to be important to its function.

Post-translational modification is an important process in the
regulation of nuclear hormone receptors. Phosphorylation, meth-
ylation, acetylation, ADP ribosylation, glycosylation, ubiquitina-
tion, sumoylation, and neddylation affect a broad spectrum of
protein structures and functions [9]. Acetylation has emerged
recently as a central step in the regulatory modification processes,
and more than 100 proteins have been found to be acetylated.
Acetylation commonly occurs at a lysine residue, and the
functional consequences of acetylation are diverse. Acetylation
affects the nuclear localization, stability, transcriptional activity,
DNA binding, and interactions with other cofactors and proteins
[10,11]. Protein acetylation is regulated by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs), which have
opposite roles [12–14]. p300/CBP possess strong acetylase function
on both histone and non-histone proteins. HDACs are classified
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Fig. 1. Nur77 is acetylated in the presence of p300. (A) 2 mg of HepG2 cell lysates was immunoprecipitated (IP) using anti-Ac-lysine (Lys) or anti-Nur77 antibody, and probed

by western blotting (WB) using anti-Nur77 or anti-Ac-lysine antibody, respectively. Immunoprecipitation with normal IgG was used as control. The expression of Nur77 in

cell lysates was analyzed by western blotting as input. (B) NIH3T3 cells were transfected with FLAG-Nur77. 700 mg of whole-cell lysates were immunoprecipitated using anti-

pan-Ac, anti-Ac-lysine, or anti-FLAG antibody and then probed by the indicated antibodies. (C) HEK293 cells were transfected with FLAG-Nur77 together with Myc-p300 or

empty vector (EV). 500 mg of whole-cell lysates were immunoprecipitated using anti-Ac-lysine or normal IgG antibodies, and then probed by anti-FLAG antibody. (D) In vitro

acetylation assay was performed as described in Section 2. Purified FLAG-Nur77 and Myc-p300 were incubated in the presence of acetyl-CoA for 1 h at 37 8C. The levels of

acetylated and total recombinant Nur77 proteins and p300 were shown by western blot analysis. (E) HEK293 cells were transfected with pCMX-Nurr1 (upper) or FLAG-Nor-1

(lower) together with Myc-p300 or empty vector (EV) as indicated. 500 mg of whole-cell lysates were immunoprecipitated using anti-Ac-lysine or normal IgG antibodies, and

then probed by anti-Nurr1 or anti-FLAG antibody.

Fig. 2. Identification of acetylated domains of Nur77. (A) Schematic representation

of the truncated mutants of Nur77. (B) Plasmids encoding the FLAG-tagged Nur77

truncates were transfected into NIH3T3 cells. 24 h after transfection, cell lysates

were obtained, immunoprecipitated by anti-pan-Ac antibody and analyzed by

western blotting with anti-FLAG antibody. The expression of FLAG-tagged Nur77

truncates was analyzed by western blotting as input.
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into four classes and two families: classical (classes I, II, and IV) and
silent information regulator 2 (Sir2)-related protein (sirtuin)
families (class III) [14]. Because HATs and HDACs have been
linked to diverse cellular factors of biological importance, many
strategies have been used in therapeutic intervention.

Nur77 is also a target of post-translational modification [15].
Phosphorylation of Nur77 is induced by natural growth factors
such as nerve growth factor (NGF) and epithelial growth factor
(EGF), and chemicals such as phorbol myristate acetate (PMA) [16–
19]. Several kinases, such as Jun N-terminal kinase, p90 ribosomal
S6 kinase, and protein kinase B are known to phosphorylate Nur77
[18–20]. The fact that Nur77 interacts directly with coactivators
that have HAT activity [21–23], suggests that Nur77 is acetylated
by these cofactors. Here we examined whether Nur77 is an
acetylated protein and we characterized potential associated
coregulators. We also aimed to identify the role of acetylation in
the regulation of Nur77 function.

2. Materials and methods

2.1. Cell and cell culture

Human hepatocellular carcinoma cell line, HepG2 (ATCC HB-
8065), human cervical carcinoma cell line, HeLa (ATCC CCL-2) and
mouse fibroblast cell line, NIH3T3 (ATCC CRL-1658) were
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum (FBS). Human embryonic kidney cell line,
HEK293 (ATCC CRL-1573) was maintained in Iscove’s Modified
Dulbecco’s Medium containing 10% FBS. Rat pheochromocytoma
cell line PC12 (ATCC CRL-1721) was maintained in Dulbecco’s
modified Eagle’s medium containing 10% horse serum and 5% FBS.
Cells were incubated at 37 8C in 5% CO2/95% air. HeLa cells were
subjected to serum deprivation for 20 h and PC12 cells had serum
starvation for 4 h before treating growth factors. EGF and NGF were
purchased from Sigma (St. Louis, MO, USA) and Invitrogen
Corporation (Carlsbad, CA, USA), respectively. Cycloheximide
(CHX), MG132, and 6-mercaptopurin (6-MP) were purchased
from Sigma, Calbiochem (Darmstadt, Germany), and Fluka Ltd.
(Buchs, Switzerland), respectively.
2.2. Plasmids, siRNA and transient transfection

The reporter NurRE-pomc-Luc and eukaryotic expression
vectors encoding FLAG-Nur77, pCMX-Nurr1, FLAG-HDAC1, -2, -
4, and -7, and Myc-p300 were described previously [23–26]. FLAG-
Nor-1 was constructed by inserting a PCR-amplified full-length
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mouse Nor-1 fragment into the EcoRI/BamHI site of the 3XFLAG-
CMV-10 vector (Sigma). Transient expression of proteins and
reporter gene analysis were as previously described [27]. The
siRNA duplexes targeting p300, HDAC1, and nonspecific siRNA (si-
GFP) were transfected into cells as previously described [26,28].

2.3. Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were performed as
previously described using specific antibodies against Nur77 (BD
Bioscience Pharmingen, San Diego, CA, USA), FLAG (Sigma), Nurr1,
p300, HDAC1, Myc, normal IgG (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), and a-tubulin (Calbiochem) [26,27]. To
detect acetylated proteins, 500 mg whole-cell lysates were
Fig. 3. p300 increases stability of Nur77 protein. (A) HeLa cells were transfected with FLAG

using anti-FLAG or anti-Myc antibody. (B) HeLa cells were transfected with FLAG-Nur77

western blotting. (C) HeLa cells were transfected with FLAG-Nur77 together with Myc-p

cycloheximide (CHX) for the indicated time periods. The expression of protein was an

determined using image analysis system. The values were normalized to that of a-tubulin

transfected with FLAG-Nur77 together with Myc-p300 or empty vector. 24 h after trans

were immunoprecipitated (IP) using anti-FLAG antibody, and probed by anti-ubiquitin

together with or without p300. 24 h after transfection, the nucleus and the cytoplasmi

probed by western blotting (WB) using anti-Ac-lysine antibody. The expression of Nur
incubated with 1 mg anti-pan-acetyl (Ac) antibody (Santa Cruz
Biotechnology), or anti-Ac-lysine antibody (Cell Signaling Tech-
nology, Inc., Danvers, MA, USA), precipitated by adding 30 ml
protein-A or G agarose slurry (Upstate, Billerica, MA, USA), and
then probed with anti-FLAG, anti-Nur77 antibody, or normal IgG.
To detect ubiquitinated proteins, whole-cell lysates were immu-
noprecipitated by 1 mg anti-FLAG antibody, and probed using anti-
ubiquitin antibody (Santa Cruz Biotechnology).

2.4. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was prepared using the Easy-BlueTM total RNA
extraction kit (iNtRON Biotechnology, Korea) according to the
manufacturer’s instructions. RT-PCR was performed as described
-Nur77 and Myc-p300. The expression of proteins was analyzed by western blotting

, si-p300 or nonspecific siRNA (si-GFP). The expression of proteins was analyzed by

300 (*) or empty vector (~). 24 h after transfection, cells were treated with 10 mM

alyzed by western blotting (upper). The density of FLAG-Nur77 protein band was

and expressed as percent of the CHX-untreated control (lower). (D) HeLa cells were

fection, cells were treated with 10 mM MG132 for 2 h. 500 mg of whole-cell lysates

antibody. (E) Plasmid encoding the FLAG-Nur77 was transfected into HEK293 cells

c fractions were prepared, immunoprecipitated (IP) using anti-FLAG antibody and

77 in the fractions was analyzed by western blotting as input.
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previously using specific primers for p300 and HDAC1 [27,28]. The
expression of b-actin was monitored as a control.

2.5. In vitro acetylation assay

Briefly, HEK293 cells were transfected with expression vector
for FLAG-Nur77 or Myc-p300 [29]. FLAG-Nur77 and Myc-p300
proteins in the transfected HEK293 cells were immunoprecipitated
using anti-FLAG or anti-Myc antibody. 1 mg each purified
immunoprecipitated proteins were incubated in 20 ml reaction
buffer (500 mM Tris pH 7.9, 10% glycerol, 1 mM DTT, 10 mM
sodium butyrate, and 20 mM acetyl-CoA) for 1 h at 37 8C.
Acetylation of Nur77 was analyzed by SDS-PAGE followed by
western blotting with anti-Ac-lysine antibody.

3. Results

3.1. Nur77 is acetylated by p300

Acetylation has emerged as a major post-translational modifi-
cation of various transcription factors, which changes biochemical
Fig. 4. Nur77 is deacetylated in the presence of HDAC1. (A) HeLa cells were transfected w

16 h. The expression of proteins was analyzed by western blotting. (B) HeLa cells were tra

whole-cell lysates were immunoprecipitated (IP) using anti-Ac-lysine antibody, and then

blotting as input. (C) HeLa cells were transfected with FLAG-Nur77 and the indicated am

anti-Ac-lysine antibody, and then probed by anti-FLAG antibody. The expression of prote

FLAG-Nur77 together with Myc-HDAC1. 24 h after transfection, cells were treated with

using anti-FLAG antibody, and probed by anti-ubiquitin antibody. (E) HEK293 cells we

HDAC1 as indicated. Luciferase activity was normalized for transfection efficiency by c

independent experiments. (F) HeLa cells were transfected with Myc-Nur77 and the indica
functions such as transcriptional activity and subcellular localiza-
tion [9]. Because acetylation modification of Nur77 has not been
studied for Nur77, we first examined whether Nur77 protein is
acetylated by immunoprecipitation and subsequent western
blotting using specific antibodies against acetylated proteins such
as anti-pan acetyl and anti-Ac-lysine antibodies. Endogenously
present Nur77 in HepG2 immunoprecipitated by anti-Nur77
antibody and probed by anti-Ac-lysine antibody, showed clear
evidence of the acetylation of Nur77 protein. The acetylation of
Nur77 was confirmed by reciprocal immunoprecipitation and
western blotting (Fig. 1A). Acetylation of exogenously introduced
FLAG-tagged Nur77 was also detected by anti-FLAG and anti-acetyl
protein antibodies (Fig. 1B). Next, we explored the possibility that
Nur77 is acetylated by p300, which interacts with Nur77 in vivo

[21–23]. As shown in Fig. 1C, overexpression of p300 in HeLa cells
induced the acetylation of Nur77 in vivo. An in vitro acetylation
assay employing Nur77 and p300 purified by immunoprecipitation
with corresponding antibodies showed that the amount of
acetylated Nur77 increased in the presence of p300 protein
(Fig. 1D). Taken together, these results indicate that Nur77 is
present in the acetylated form in vivo and the acetylation is
ith FLAG-Nur77 and then treated with 500 nM TSA or 10 nM nicotinamide (NIC) for

nsfected with FLAG-Nur77 and then treated with or without TSA for 24 h. 500 mg of

probed by anti-FLAG antibody. The expression of proteins was analyzed by western

ount of FLAG-HDAC1. 500 mg of whole-cell lysates were immunoprecipitated using

ins was analyzed by western blotting as input. (D) HeLa cells were transfected with

10 mM MG132 for 2 h. 1000 mg of whole-cell lysates were immunoprecipitated (IP)

re transfected with NurRE-Luc reporter and expression vector for Nur77, p300 or

orresponding b-galactosidase activity. The bars represent the mean � S.D. of three

ted HDACs. The expression of proteins was analyzed by western blotting.



Fig. 5. Nur77 increases expression of Nur77 and HDAC1 at transcription-level. (A)

HeLa cells were transfected with the indicated amount of FLAG-Nur77. The protein

and mRNA expression of FLAG-Nur77 and p300 were analyzed by western blotting

(WB) and RT-PCR, respectively. (B) HeLa cells were transfected with the indicated

amount of FLAG-Nur77. The protein and mRNA expressions of FLAG-Nur77 and

HDAC1 were analyzed by western blotting and RT-PCR, respectively.
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catalyzed by p300. Similarly, we observed that Nurr1 and Nor-1
were also acetylated in the presence of p300 (Fig. 1E). Immuno-
precipitation of the FLAG-tagged Nur77 domains using anti-acetyl
protein antibodies revealed that Nur77 was acetylated mainly in
the LBD (23) (Fig. 2).

3.2. p300 increases the protein stability of Nur77

p300 induces acetylation of non-histone proteins such as c-Myc
and ATF-4, and thereby enhances the stability of these proteins
[30,31]. Therefore, we tested whether p300 alters the protein level
of Nur77. Exogenously introduced p300 increased the protein level
of Nur77 in a dose-dependent manner (Fig. 3A). Knock down of
p300 by transfection with siRNA markedly decreased in the
expression of Nur77. These results indicate that p300 plays an
important role in the control of Nur77 protein level (Fig. 3B). The
kinetics of Nur77 degradation after cycloheximide treatment
showed that about 60% of Nur77 protein remained in the presence
of p300, whereas Nur77 protein degraded completely in the
absence of p300 after 4 h of cycloheximide treatment (Fig. 3C).
Although Nur77 was ubiquitinated in the presence of MG132,
ubiquitination was barely detected in the presence of p300
(Fig. 3D). To examine whether subcellular localization of Nur77 is
altered after acetylation, the amount of acetylated Nur77 was
measured in the subcellular fractions. As shown in Fig. 3E, most of
the acetylated Nur77 was present in the nucleus in the presence or
absence of p300, indicating that acetylation does not affect the
subcellular localization of Nur77. Together, these data indicate that
p300 enhances the protein stability of Nur77, by inhibiting
ubiquitin/proteasome-mediated degradation of Nur77.

3.3. HDAC1 induces the deacetylation of Nur77

Next, we examined whether HDACs are involved in the
deacetylation of Nur77. Trichostatin A (TSA), a classical HDAC
inhibitor, strongly increased the protein level of Nur77, whereas
nicotinamide, an inhibitor of SIRT, did not, suggesting that HDACs
are involved in the deacetylation of Nur77 (Fig. 4A). TSA treatment
increased the acetylation level of Nur77 (Fig. 4B). Further
overexpression of HDAC1 strongly decreased the acetylation level
of Nur77 (Fig. 4C). Ubiquitination of Nur77 was further enhanced
in the presence of HDAC1, indicating that deacetylation of Nur77 is
associated with ubiquitin-mediated degradation (Fig. 4D). HDAC1
decreased the p300-induced transcriptional activity of Nur77
when measured by a reporter encoding NurRE (Fig. 4E). Other
HDACs, such as HDAC2 and HDAC7, did not alter the Nur77 protein
level, and HDAC4 induced a mild decrease (Fig. 4F).

3.4. Turnover of Nur77 protein is regulated by p300 and HDAC1

Interestingly, we observed that overexpression of Nur77
increased both the transcript and protein levels of p300 (Fig. 5A).
This result suggests that a positive feedback mechanism exists for
the activation of Nur77. Similar to p300, HDAC1 expression was
elevated at both the transcript and protein levels in the presence of
Nur77, indicating that the deacetylation of Nur77 is also controlled
by Nur77 by inducing HDAC1 (Fig. 5B). Together these results
suggest that the induction of p300 and HDAC1 by Nur77 plays a role
in the turnover of Nur77 protein itself.

Nur77 protein is transiently induced by growth factors such as
EGF and NGF [5]. 6-Mercaptopurine (6-MP) increases the protein
level and the transactivation function of Nur77 [27,32]. We
hypothesized that autoregulation of Nur77 at the protein level by
acetylation and deacetylation induced by p300 and HDAC1
contributes to the transient induction of Nur77 protein. To
examine this possibility, we monitored the expression pattern of
p300 and HDAC1 along with Nur77 after treatment with various
activators. As expected EGF, NGF, and 6-MP induced the transient
expression of Nur77 protein, although the time course differed
between the stimuli. Interestingly, the induction profile of p300
was similar to that of Nur77, whereas expression of HDAC1
increased after the peak in Nur77 expression (Fig. 6A). The
expression profiles of Nur77, p300, and HDAC1 may provide
evidence for the autoregulated turnover of Nur77 after activation
by various activators (Fig. 6B).

4. Discussion

Increasing evidence indicates that protein is post-translation-
ally regulated by acetylation [10]. Our study is the first to show that
Nur77 is acetylated in vivo and in vitro by p300 using acetylated
specific antibodies, i.e., anti-Pan-acetyl and anti-Lys-Ac antibodies
(Fig. 1). Previously, Li et al. reported that Nur77 is not acetylated by
p300, although two regions of Nur77 protein, the DBD and aa 439–
521 in the LBD, are capable of binding to p300 [22]. Wang et al. also
showed that NR4A and NR2B lack the acetylation motif KXKK/
RXKK, which is conserved between species and the phylogeneti-
cally related nuclear receptors of estrogen receptor a [33]. In
contrast to these findings, our domain-mapping study showed that
Nur77 is acetylated mainly in the LBD (Fig. 2). The reason for this
contradictory result is not understood at present, and the
identification of the acetylation motif is required for further
investigation.



Fig. 6. Kinetics of Nur77 expression along with p300 and HDAC1 expression after treatment of Nur77 activator. (A) HeLa, PC12 or HepG2 cells were treated with 200 ng/ml

EGF, 100 ng/ml NGF, 50 mM 6-MP, respectively. The expression of Nur77, p300, HDAC1 and a-tubulin was analyzed by western blotting (upper). The intensity of Nur77 (*),

p300 (~) and HDAC1 (&) was determined using an image analysis system (lower). The values were normalized to that of a-tubulin. (B) Schematic model for regulation of

Nur77 protein turnover by p300 and HDAC1.

S.-A. Kang et al. / Biochemical Pharmacology 80 (2010) 867–873872
We found that the protein stability of Nur77 was enhanced when
Nur77 was acetylated by p300 (Fig. 3). This observation is similar to
the p300-induced acetylation of p53, Smad7, and ATF4, which blocks
the ubiquitination and degradation of these proteins [24,31,34,35].
To our knowledge, the nuclear receptors such as estrogen receptor a,
androgen receptor and liver X receptor a, are present as acetylated
forms [13,33,36,37]. Acetylation modification of these receptors is
associated with the subcellular localization, transactivation, or other
post-translational modifications such as ubiquitination. The subcel-
lular localization of Nur77 is one of critical factors that determine
Nur77 function [38]. Although most Nur77 is present in the nucleus,
apoptotic stimuli induce the translocation of Nur77 from the nucleus
to the mitochondria, which leads to cytochrome c release into the
cytoplasm. Acetylation modification did not alter the subcellular
localization of Nur77 in our study (Fig. 3E). Although acetylated
Nur77 was present in the nucleus and cytoplasm, most Nur77
acetylation is likely to occur in the nucleus where both p300 and
Nur77 are predominantly located. How the acetylated Nur77 moves
to cytoplasm and its role in the cytoplasm should be investigated.
Previously, we and others showed that physical interaction of Nur77
with p300 results in transcriptional activation, and that the
interaction of Nur77 with the corepressor complex containing
HDACs is associated with transcription repression [21,22,39].
Therefore, p300 and HDAC1 play a dual function in regulating
Nur77 through the acetylation and deacetylation of Nur77 itself and
the histones located near the target genes of Nur77, i.e., regulation of
protein stability and transactivation function.

In many cases, p300 induces protein stabilization by competing
with ubiquitination on the same residue, and acetyltransferases
and deacetylases are important for the regulation of protein
turnover [40]. For example, p300 induces the acetylation and
subsequent stabilization of p53 protein, which is negatively
regulated by MDM2-HDAC1-mediated deacetylation and further
ubiquitination-mediated degradation [24,34]. Other examples
might be Smad7 and ATF4, which are acetylated by p300 and
thereby stabilized by inhibiting its ubiquitination [31,35]. Nur77 is
known as an early response gene, whose expression is transiently
induced by growth factors [5,19]. In our study, the expression of
Nur77 increased along with that of p300, but decreased with
induction of HDAC1, suggesting that the control of the acetylation
status by p300 and HDAC1, contributes to the transient induction
of Nur77 protein (Fig. 6). It is well known that Nur77 is induced at
the transcriptional level after physiological stimulation, and the
regulation of its protein stability may contribute partly to the fine
tuning of Nur77 turnover. Interestingly, transcripts of p300 and
HDAC1 are induced by Nur77 itself, indicating that the p300/
HDAC1-mediated regulation of Nur77 protein stability is con-
trolled automatically (Fig. 5). In addition, it was reported that
HDAC1 repressed HAT activity of p300 by deacetylating p300 [41].
Nur77 also negatively regulates the HAT activity of p300 by
blocking a conserved transcriptional adapter motif [22]. These
observations together with ours suggest that a complicated
network of mechanisms is associated with turnover of Nur77
function and that p300/HDAC1-induced dynamic changes in the
acetylation of Nur77 protein play an important role in the control
of Nur77 protein turnover.
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[5] Martı́nez-González J, Badimon L. The NR4A subfamily of nuclear receptors:
new early genes regulated by growth factors in vascular cells. Cardiovasc Res
2005;65:609–18.

[6] Wang Z, Benoit G, Liu J, Prasad S, Aarnisalo P, Liu X, et al. Structure and function
of Nurr1 identifies a class of ligand-independent nuclear receptors. Nature
2003;423:555–60.

[7] Flaig R, Greschik H, Peluso-Iltis C, Moras D. Structural basis for the cell-specific
activities of the NGFI-B and the Nurr1 ligand-binding domain. J Biol Chem
2005;280:19250–8.

[8] Fahrner TJ, Carroll SL, Milbrandt J. The NGFI-B protein, an inducible member of
the thyroid/steroid receptor family, is rapidly modified posttranslationally.
Mol Cell Biol 1990;10:6454–9.

[9] Baek SH, Rosenfeld MG. Nuclear receptor coregulators: their modification
codes and regulatory mechanism by translocation. Biochem Biophys Res
Commun 2004;319:707–14.

[10] Glozak MA, Sengupta N, Zhang X, Seto E. Acetylation and deacetylation of non-
histone proteins. Gene 2005;363:15–23.

[11] Yang XJ, Seto E. Lysine acetylation: codified crosstalk with other posttransla-
tional modifications. Mol Cell 2008;31:449–61.

[12] Yang XJ, Seto E. HATs and HDACs: from structure, function and regulation to
novel strategies for therapy and prevention. Oncogene 2007;26:5310–8.

[13] Wang C, Powell MJ, Popov VM, Pestell RG. Acetylation in nuclear receptor
signaling and the role of sirtuins. Mol Endocrinol 2008;22:539–45.

[14] Mariadason JM. HDACs and HDAC inhibitors in colon cancer. Epigenetics
2008;3:28–37.

[15] Wingate AD, Arthur JS. Post-translational control of Nur77. Biochem Soc Trans
2006;34:1107–9.

[16] Hirata Y, Kiuchi K, Chen HC, Milbrandt J, Guroff G. The phosphorylation and
DNA binding of the DNA-binding domain of the orphan nuclear receptor NGFI-
B. J Biol Chem 1993;268:24808–12.

[17] Katagiri Y, Hirata Y, Milbrandt J, Guroff G. Differential regulation of the
transcriptional activity of the orphan nuclear receptor NGFI-B by membrane
depolarization and nerve growth factor. J Biol Chem 1997;272:31278–84.

[18] Pekarsky Y, Hallas C, Palamarchuk A, Koval A, Bullrich F, Hirata Y, et al. Akt
phosphorylates and regulates the orphan nuclear receptor Nur77. Proc Natl
Acad Sci USA 2001;98:3690–4.

[19] Wingate AD, Campbell DG, Peggie M, Arthur JS. Nur77 is phosphorylated in cells
by RSK in response to mitogenic stimulation. Biochem J 2006;393:715–24.

[20] Liu B, Wu JF, Zhan YY, Chen HZ, Zhang XY, Wu Q. Regulation of the orphan
receptor TR3 nuclear functions by c-Jun N terminal kinase phosphorylation.
Endocrinology 2007;148:34–44.

[21] Wansa KD, Harris JM, Muscat GE. The activation function-1 domain of Nur77/
NR4A1 mediates trans-activation, cell specificity, and coactivator recruitment.
J Biol Chem 2002;277:33001–1.

[22] Li GD, Fang JX, Chen HZ, Luo J, Zheng ZH, Shen YM, et al. Negative regulation of
transcription coactivator p300 by orphan receptor TR3. Nucleic Acids Res
2007;35:7348–59.

[23] Yeo MG, Yoo YG, Choi HS, Pak YK, Lee MO. Negative cross-talk between Nur77
and small heterodimer partner and its role in apoptotic cell death of hepatoma
cells. Mol Endocrinol 2005;19:950–63.
[24] Ito A, Lai CH, Zhao X, Saito S, Hamilton MH, Appella E, et al. p300/CBP-
mediated p53 acetylation is commonly induced by p53-activating agents
and inhibited by MDM2. EMBO J 2001;20:1331–40.

[25] Kato H, Tamamizu-Kato S, Shibasaki F. Histone deacetylase 7 associates with
hypoxia-inducible factor 1alpha and increases transcriptional activity. J Biol
Chem 2004;279:41966–74.

[26] Seo HW, Kim EJ, Na H, Lee MO. Transcriptional activation of hypoxia-inducible
factor-1alpha by HDAC4 and HDAC5 involves differential recruitment of p300
and FIH-1. FEBS Lett 2009;583:55–60.

[27] Yoo YG, Na TY, Yang WK, Kim HJ, Lee IK, Kong G, et al. 6-Mercaptopurine, an
activator of Nur77, enhances transcriptional activity of HIF-1alpha resulting in
new vessel formation. Oncogene 2007;26:3823–34.

[28] Han Y, Jin YH, Kim YJ, Kang BY, Choi HJ, Kim DW, et al. Acetylation of Sirt2 by
p300 attenuates its deacetylase activity. Biochem Biophys Res Commun
2008;375:576–80.

[29] Tang Y, Zhao W, Chen Y, Zhao Y, Gu W. Acetylation is indispensable for p53
activation. Cell 2008;133:612–26.

[30] Faiola F, Liu X, Lo S, Pan S, Zhang K, Lymar E, et al. Dual regulation of c-Myc by
p300 via acetylation-dependent control of Myc protein turnover and coacti-
vation of Myc-induced transcription. Mol Cell Biol 2005;25:10220–34.

[31] Lassot I, Estrabaud E, Emiliani S, Benkirane M, Benarous R, Margottin-Goguet F.
p300 modulates ATF4 stability and transcriptional activity independently of
its acetyltransferase domain. J Biol Chem 2005;280:41537–45.

[32] Wansa KD, Harris JM, Yan G, Ordentlich P, Muscat GE. The AF-1 domain of the
orphan nuclear receptor NOR-1 mediates trans-activation, coactivator recruit-
ment, and activation by the purine anti-metabolite 6-mercaptopurine. J Biol
Chem 2003;278:24776–90.

[33] Wang C, Fu M, Angeletti RH, Siconolfi-Baez L, Reutens AT, Albanese C, et al.
Direct acetylation of the estrogen receptor alpha hinge region by p300
regulates transactivation and hormone sensitivity. J Biol Chem 2001;276:
18375–83.

[34] Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, et al. MDM2-
HDAC1-mediated deacetylation of p53 is required for its degradation. EMBO J
2002;21:6236–45.

[35] Grönroos E, Hellman U, Heldin CH, Ericsson J. Control of Smad7 stability
by competition between acetylation and ubiquitination. Mol Cell 2002;10:
483–93.

[36] Li X, Zhang S, Blander G, Tse JG, Krieger M, Guarente L. SIRT1 deacetylates and
positively regulates the nuclear receptor LXR. Mol Cell 2007;28:91–106.

[37] Fu M, Liu M, Sauve AA, Jiao X, Zhang X, Wu X, et al. Hormonal control of
androgen receptor function through SIRT1. Mol Cell Biol 2006;26:8122–35.

[38] Li H, Kolluri SK, Gu J, Dawson MI, Cao X, Hobbs PD, et al. Cytochrome c release
and apoptosis induced by mitochondrial targeting of nuclear orphan receptor
TR3. Science 2000;289:1159–64.

[39] Sohn YC, Kwak E, Na Y, Lee JW, Lee SK. Silencing mediator of retinoid and
thyroid hormone receptors and activating signal cointegrator-2 as transcrip-
tional coregulators of the orphan nuclear receptor Nur77. J Biol Chem
2001;276:43734–9.

[40] Sadoul K, Boyault C, Pabion M, Khochbin S. Regulation of protein turnover by
acetyltransferases and deacetylases. Biochimie 2008;90:306–12.

[41] Qiu Y, Zhao Y, Becker M, John S, Parekh BS, Huang S, et al. HDAC1 acetylation is
linked to progressive modulation of steroid receptor-induced gene transcrip-
tion. Mol Cell 2006;22:669–79.


	Regulation of Nur77 protein turnover through acetylation and deacetylation induced by p300 and HDAC1
	Introduction
	Materials and methods
	Cell and cell culture
	Plasmids, siRNA and transient transfection
	Western blotting and immunoprecipitation
	Reverse transcriptase-polymerase chain reaction (RT-PCR)
	In vitro acetylation assay

	Results
	Nur77 is acetylated by p300
	p300 increases the protein stability of Nur77
	HDAC1 induces the deacetylation of Nur77
	Turnover of Nur77 protein is regulated by p300 and HDAC1

	Discussion
	Acknowledgments
	References


