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a b s t r a c t

Acetylation is an essential post-translational modification featuring an acetyl group that is covalently
conjugated to a protein substrate. Histone acetylation was first proposed nearly half a century ago by Dr.
Vincent Allfrey. Subsequent studies have shown that the acetylated core histones are often associated
with transcriptionally active chromatin. Acetylation at lysine residues of histone tails neutralizes the pos-
itive charge, which decreases their binding ability to DNA and increases the accessibility of transcription
factors and coactivators to the chromatin template. In addition to histones, a number of non-histone sub-
strates are acetylated. Acetylation of non-histone proteins governs biological processes, such as cellular

proliferation and survival, transcriptional activity, and intracellular trafficking. We demonstrated that
acetylation of transcription factors can regulate cellular growth. Furthermore, we showed that nuclear
receptors (NRs) are acetylated at a phylogenetically conserved motif. Since our initial observations with
the estrogen and androgen receptors, more than a dozen NRs have been shown to function as substrates
for acetyltransferases with diverse functional consequences. This review focuses on the acetylation of
NRs and the effect of acetylation on NR function. We discuss the potential role of acetylation in disease

initiation and progression with an emphasis on tumorigenesis.

© 2010 Elsevier Ltd. All rights reserved.
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. Nuclear receptors and acetylation

.1. Nuclear receptors

The nuclear receptors (NRs) comprise an activation function-
(AF-1) domain located in the amino terminus, a DNA binding

omain (DBD), a hinge region, and a ligand-binding domain (LBD)
ocated in the carboxyl terminus. The NR superfamily includes
igand-activated transcription factors with a wide array of func-
ions in development, homeostasis, and cellular metabolism. NRs
ave been classified into four categories (Types I–IV), two of which
eing the main types (Types I and II) and two additional types
Types III and IV) [1,2]. Type I consists of steroid hormone receptors,
uch as progesterone receptor (PR), glucocorticoid receptor (GR),
strogen receptor (ER), androgen receptor (AR), and mineralcorti-
oid receptor (MR). Type II receptors include the thyroid hormone
eceptor (TR), all-trans-retinoic acid receptor (RAR), 9-cis-retinoic
cid receptor (RXR), and Vitamin D3 receptor (VDR). These recep-
ors are located in the nucleus regardless of the presence of a ligand.
he third class of NRs called orphan receptors recognizes distinct
NA sequences in response ligands, most of which have yet to be

dentified.
In the absence of a ligand, the Type I NRs, as well as several of

he orphan receptors, normally associate with heat shock proteins
HSPs) to form an inactive complex in the cytoplasm. Ligand treat-

ent results in the dissociation of HSPs from the receptor/HSPs
omplex [3]. The receptor rapidly shuttles to the nucleus, dimer-
zes, and binds to the hormone response element (HRE) to initiate
ene transcription through disengagement of the corepressors and
ubsequent recruitment of transcriptional coregulators. Several
oactivators have the ability to bind NRs, including SRC1 (steroid
eceptor coactivator-1), AIB1 (amplified in breast cancer 1, also
nown as ACTR or SRC2), GRIP1 (glucocorticoid receptor interact-
ng protein 1, also known as TIF-2 or SRC3), p300/CBP and p/CAF
p300/CBP-associated factor) [4,5]. NRs interact with corepressors
n the absence of agonists and/or presence of antagonists. These
orepressors are either composed of or recruit histone modifying
nzymes, such as HDACs, in order to silence target gene expression
hrough post-translational modification. NR corepressors include
CoR (NR corepressor), SMRT (silencing mediator of retinoid and

hyroid hormone receptor), Sin3, HDACs, DACH1 [6], TURP (thyroid
ormone receptor uncoupling protein), BRCA1, NuRD, Suv39h1,
NMT1, pRB2/p130, and E2F4/5.

.2. Acetylation of nuclear receptors

Since our initial identification of NR acetylation with the estro-

en receptor alpha (ER�) and androgen receptor (AR) a decade
go [7,8], emerging evidence has demonstrated that other NRs are
cetylated as well (Fig. 1). We predicted that the NRs would be
cetylated at a conserved acetylation motif that we identified in
he ER� and AR.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Currently, eleven NRs have been shown to undergo acetylation
(Table 1), including the thyroid hormone receptor-like (thyroid
hormone receptors � and �, liver X receptors � and �, and far-
nesoid X receptor), retinoid X receptor-like (hepatocyte nuclear
factor 4� and retinoid X receptor �), estrogen receptor-like (estro-
gen receptor �, glucocorticoid receptor, and androgen receptor),
steroidogenic factor-like (steroidogenic factor 1). These studies
have established that NR acetylation governs a variety of cellular
functions, which include NR activity; DNA binding affinity; ligand
sensitivity; receptor stability; and subcellular distribution.

1.2.1. Estrogen receptor
The estrogen receptor � (ER�) is a nuclear receptor involved

in the regulation of development and reproduction and plays a
role in disease, such as breast cancer, osteoporosis, cardiovascular,
and Alzheimer’s diseases. This receptor has two activation func-
tion domains, AF-1 and AF-2. The N-terminus, located of AF-1 has
a constitutive activity that is independent of ligand and is regu-
lated by p300/CBP, p68 RNA helicase A, and MAPKs [21–23]. The
activation of the AF-2 domain is dependent on the presence of a
ligand. Upon ligand binding the receptor recruits coactivator pro-
teins, such as the p160 family (SRC1, TIF2/GRIP1, AIB1/ACTR), as
well as p300, CBP, and P/CAF [24,25]. Acetylation of the ER� has
been shown both in vitro and in vivo. p300-Mediated acetylation at
lysine residues occurs within the hinge domain of the ER� [8]. Sub-
stitution of lysine amino acids with arginine or glutamine in this
region leads to enhanced ligand (E2)-dependent function, suggest-
ing that the ER� acetylation represses its transcriptional activity
[8].

Since our group’s identification of K302/302R mutation as cru-
cial acetylation sites, the function of ER� and its regulation by
acetylation at this site has been investigated by many other groups.
Yukun et al. have initially shown the significance of K303 in relation
to a known phosphorylation site on S305 by PKAs on ER�. Mutation
of the S305 residue, which mimics a constitutively phosphory-
lated receptor, inhibits acetylation at K303 thereby blocking the
inhibition of ER� by acetylation [26]. More recently, a publication
by the same group showed that the metastasis associated protein
(MTA2) participates in deacetylation of ER� through association
with histone deacetylases. This further emphasizes the importance
of inhibiting RR� activity via ER� acetylation at K303 [27]. Lysine
residue K302 has been shown to function as a site for monoubiq-
uitination by BRCA1 in vitro [28]. ER� with single or double point
mutations at K302/303 is resistant to BRCA1-mediated ubiquiti-
nation [28]. Furthermore, breast cancer cells expressing K303R
mutation convey resistance to an aromatase inhibitor via altered
activation of the PI3K/Akt kinase pathway [29].
Additional ER� lysine residues can be acetylated in vitro using
p300 and SRC1 as an enzyme source [16]. These lysine residues
(K266, 268) do not resemble the conserved acetylation motif easily
identifiable within distinct NRs studied by others (Table 1). Muta-
tion at these two lysines does not alter neither the ligand, SRC2
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Table 1
The list of NRs that have been reported to be acetylated.

Nuclear receptor Acetylase Deacetylase Amino acid Refs.

Thyroid hormone receptor-� CBP K128, K132, K134 [9]
Thyroid hormone receptor-� [10]
Liver X receptor-� SIRT1 K432 [11]
Liver X receptor-� SIRT1 K433 [11]
Farnesoid X receptor p300/CBP SIRT1 K157, K217 [12,13]
Hepatocyte nuclear factor-4-� CBP K97, K99, K117, K118 [14]
Retinoid X receptor-� p300 K145 [15]
Estrogen receptor-� p300 SIRT1 K302, K303, K268, K266 [8,16]
Glucocorticoid receptor HDAC2 K494, K495 [17]
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Androgen receptor p300, P/CAF, Tip60
Steroidogenic factor 1 p300, GCN5

oactivator binding, nor subcellular distribution. The ER� acetyla-
ion increases DNA binding activity, while the acetylation mimic

utant (K266/268Q) exhibits enhanced transactivation [16]. The
ack of a similar lysine motif in other NRs raises the possibility that
R� (K266/268) may be a unique characteristic of ER�.

.2.2. Androgen receptor
The androgen receptor (AR) plays an important role in the

evelopment of secondary sexual characteristics. The androgen
eceptor is a key regulator of prostate cancer onset and progres-
ion. The activity of this receptor can be regulated through both
igand-dependent and ligand-independent mechanisms. Several
oactivators are known to enhance AR’s activity including SRC
oactivators, p300/CBP, Ubc9, ARA70, ARA55, and TIP60 [30]. Con-
ersely, there are a number of corepressors that down-regulate its
ctivity, such as NAD-dependent HDAC, SIRT1 [31,32], and the cell
ate determination factor DACH1 [33]. Acetylation and phosphory-
ation affect AR activity through modification of local chromatin, as

ell as through modification of the AR protein [34,35].
The AR is directly acetylated at lysine residues within the hinge

omain, located in proximity to the second zinc finger of the
NA binding domain (DBD) [7]. The point mutations of lysine

esidues on the AR (K630, 632, 633A) abrogate the p300-mediated
egulation and reduce ligand-induced activity, revealing receptor
cetylation as a key step in ligand-dependent receptor activation
7]. The lysine to glutamine substitution (K630Q), which mimics
cetylated lysines, increased ligand-induced transcriptional activ-
ty compared to wild-type AR. This mutant also exhibits enhanced
ctivity at lower concentrations of ligand when compared to the
ild-type AR and a relative resistance to the antagonist, flutamide

34].
The significance of AR acetylation was investigated in detail

nitially by our group and later by others. Mutation of the AR acety-
ation site abrogated MEKK1-induced apoptosis, DHT-response,
nd regulation by coactivators that include SRC1, p300, Ubc9, and
IP60 [34]. Moreover, AR acetylation mutants K630Q and K630T,
hich mimic the constitutively acetylated receptor, enhanced p300

inding, reduced association with NCoR/HDAC/Smad3 corepressor
omplex, and increased AR transcriptional activity. More impor-
antly, the AR acetylation mimics promoted prostate cancer cell
rowth and survival and increased transcription of AR target genes
36]. All together, these studies constitute the first piece of direct
vidence that a single acetylation residue directly promotes con-
act independent growth in vivo. Mutation of the AR acetylation
ite abrogated the regulation of the receptor by the HDAC inhibitor

SA (trichostatin A) and by cAMP and AKT signaling [35]. Fur-
hermore, mutation of the AR phosphorylation site showed a
irect relationship with HDAC responsiveness, defining acetylation
nd phosphorylation of the AR as functionally convergent events
35].
IRT1, HDAC1 K630, K632, K633 [7,18]
K102, K105, K106 [19,20]

1.2.3. Hepatocyte nuclear factor-4 (HNF-4)
HNF-4, originally classified as an orphan nuclear receptor, is

an essential transcriptional regulator of hepatocyte differentiation
and function. Activation of HNF-4 requires interaction with CREB-
binding protein (CBP) through both the AF-1 and AF-2 domains
[37]. HNF-4 is acetylated by CBP at conserved lysines 97, 99, 117
and 118 in in vitro as well as in vivo assays. Substitution of these
four lysines with alanines abolishes the acetylation and HNF-4-
dependent transactivation in the context of local chromatin [14].
Acetylated HNF-4 increases DNA binding ability, enhances CBP
interaction, and is required for nuclear retention.

1.2.4. Steroidogenic factor 1 (SF-1)
SF-1 belongs to the orphan NR superfamily. Activation of

SF-1 plays a critical role in regulating the expression of genes
governing the steroidogenic pathways. Several factors with HAT
activity, including p300/CBP, cAMP response element binding pro-
tein (CREB), and SRC1, regulate HNF-1 activity. Lysines 34, 38
and 72 that are within the DNA binding domain are acetylated
by the acetyltransferase, GCN5 (general control of amino-acid
synthesis-5) [20]. Acetylation of SF-1 at these residues increases
its transactivation and stability and regulates its cytoplasmic dis-
tribution [20]. In addition to these residues located in the DNA
binding domain, the lysine-rich motif also serves as an acetylation
substrate, preferentially for p300 rather than P/CAF. These find-
ings are in agreement with predictions made in our previous study
and show similarities to similar to that of ER� acetylation [8]. In
contrast to the previous observation in which acetylation of NRs
affects transcriptional activity, acetylation of SF-1 by p300 does not
alter transactivation, but rather increases SF-1 DNA binding activ-
ity and enhances localization of SF-1 to p300 foci in response to
cAMP-dependent signaling [19].

1.2.5. Glucocorticoid receptor (GR)
Acetylation of the GR is dependent on ligand binding [17].

The acetylation sites of the GR are within the lysine-rich motif
shared by other acetylated NRs. The mutation of lysine residues
494 and 495 abolishes GR acetylation and reduces activation of the
GR-responsive gene SLPI in the presence of glucocorticoids. The
anti-inflammatory effects of glucocorticoids are partly due to the
inhibition of cytokines, such as GM-CSF. The acetylation mutant
does not alter the repression of GR-dependent GM-CSF release
upon IL-1� stimulus, indicating that GR acetylation may negatively
regulate NF�B signaling. HDAC2 deacetylates the GR, which is a
prerequisite for binding to the NF�B subunit, p65.
1.2.6. Thyroid hormone receptor (TR)
The TR regulates the transcription of thyroid hormone-

responsive genes when stimulated by thyroid hormone, which
regulates physiological and developmental processes. The TR inter-
acts with acetyltranferases and deacetylases and functions as a
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eterodimer with the 9-cis-retinoic acid X receptors (RXR). Unli-
anded heterodimers bind to thyroid hormone response elements
TREs) and repress transcription, whereas binding of a ligand
ctivates transcription [38]. The repressive action of unliganded
eceptors involves interactions with corepressors SMRT and HDACs
s well as reduced levels of histone acetylation.

Treatment of cells with both thyroid hormones T3 and T4 leads

o the acetylation of the TR, which is dependent on the activa-
ion of ERK1/2 MAP kinase [9,10]. The acetylation sites are mapped
o the protein translocation domain (D-domain) between amino
cid 128 and 142, the lysine-rich motif which is highly conserved
mong the NRs. Detailed mapping identified lysines 128, 132, and
on motif are shown in yellow and NRs lacking the motif in the 4A and 2B subgroups
ed with a star (�) have been shown to be acetylated.

134 as acetylation sites [9]. Increased acetylation of the TR upon
hormone treatment was accompanied by enhanced DNA bind-
ing, while mutation of these three lysine residues (triple mutant)
abolished the hormone-dependent receptor/DNA binding. These
findings suggest that acetylation of TR enhances its DNA binding [9].
Acetylation of TR increases the recruitment of the ACTR coactivator
to the TR–RXR hetero-complex. The triple acetylation site mutant is

able to bind to the transcriptional repressor SMRT regardless of lig-
and, suggesting that acetylation is a key step in switching TR from
an inactive to an active complex via cofactor associations. The triple
acetylation site mutant impairs ligand binding and is incapable of
trans-activating gene expression in the presence of a ligand.
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.2.7. Retinoid X receptors (RXRs)
RXRs function through forming homodimer or heterodimers

ith many NRs including RARs, PPARs, Vitamin D receptor, TR, and
ur77. Both RXR� and RXR� are acetylated by p300. Acetylation of
XR� at lysine 145 increases its DNA binding and transcriptional
ctivity. 9-cis retinoic acid, a ligand for RXRs, enhances RXR binding
o the orphan receptor Nur77. Nur77 serves as an inhibitor of RXR�
cetylation, which is consistent with the observation that 9-cis
etinoic acid reduces RXR� acetylation. Ligand treatment decreases
he association of RXR� with p300. Although the RXR� mutant
145R remains in the nucleus, the diffuse pattern distinguishes this
utant from its wild type form, which shows a speckle-like distri-

ution [15]. The K145R mutant, which mimics the unacetylated
XR�, does not increase DNA synthesis by BrdU incorporation in
he presence of p300, suggesting that RXR� acetylation by p300

ay promote cellular proliferation.

.2.8. Liver X receptor
LXR, through heterodimer formation with RXRs, regulates

holesterol and fat metabolism in the liver [39–41]. Gene targets
f LXR include the ATP-binding cassette transporter A1 (ABCA1)
nd SREBP-1. 9-cis-RA treatment recruits SIRT1 to the LXR response
lements of these genes and enhances their transcription [42]. LXR
cetylation increases as a result of SIRT1 deficiency but decreases
ue to overexpression of SIRT1, suggesting that LXRs are tar-
ets for SIRT1. SIRT1 deacetylates and activates LXRs through
irect protein–protein interaction. Deacetylation of LXR by SIRT1
romotes LXR ubiquitination and subsequent proteosomal degra-
ation [11].

.2.9. Farnesoid X receptor (FXR)
Activated by bile acids, FXR regulates cholesterol and bile acid

etabolism through direct regulation of gene expression in the
iver and intestine [39,43]. FXR acetylated by p300 results in regu-
ation of small heterodimer partner (SHP) gene transcription [12].
he lysine 217, located in the hinge region of FXR, is a major acetyla-
ion site targeted by p300 and SIRT1 [13]. As with ER�, mutation of
XR on lysine 217 (K217R) results in increased transactivation. The
dditional lysine residue (K157) is also acetylated. Mutation of the
cetylation sites of FXR increases its DNA binding, while FXR acety-
ation inhibits it. This could be explained by the inhibitory effect of
XR acetylation on the assembly of FXR/RXR� heterodimers. SIRT1
nteracts with and deacetylates FXR. FXR ligand treatment releases
IRT1 from the promoter region of Shp gene, which is the target of
XR [13]. It is worth noting that FXR acetylation is increased in a
eptin-deficient ob/ob mice and chronic mouse model induced by
eeding mice with western style diet. In both animal models, the
ercentage of acetylated FXR increased.

. Acetylases and deacetylases

.1. Histone acetylases (acetyltransferases)

Historically classified as type A, histone acetyl transferases
HATs) are now known to belong to two distinct categories. Type A
ATs reside in the nucleus and are known to acetylate nucleosomal
istones in the context of local chromatin. Type B HATs are located

n the cytoplasm with “housekeeping” role that functions to acety-
ate free histones in the cytoplasm. A list of known HATs and their
ubstrates, divided into six groups, has been previously shown [44].
he GNAT (Gcn5-related N-acetyltansferase) super family includes

he best characterized member, yeast Gcn5. Mutagenesis of yeast
cn5 demonstrated an important role for HAT activity in gene tran-
cription [45]. In mammals, P/CAF was identified through homology
o Gcn5 and was found to associate with the p300 coactivator pro-
ein [46,47]. Intriguingly, P/CAF inhibited cell cycle progression
& Molecular Biology 123 (2011) 91–100 95

and acetylated several substrates in addition to histones, includ-
ing HMG17, p53 and the androgen receptor [34,48]. Tip60, the first
member of the human MYST protein family (MOZ, Ybf2/Sas3, Sas2
and Tip60), conveys intrinsic HAT activity [49]. Tip60 interacts with
and enhances NR transactivation [18,34,35,50,51]. MOZ (monocytic
leukemia zinc finger protein) was initially identified as part of a
chromosomal translocation in acute myeloid leukemia. The fusion
protein, MOZ–CBP, possesses HAT activity. Nuclear receptor coacti-
vators of the p160 family acetylate either free histones or histones
located in mononucleosomes. AIB1/ACTR is amplified in human
breast cancers and is induced by mitogenic signaling [52,53].

Acetylation- and deacetylation-dependent regulation of chro-
matin structure results in indirect regulation of gene transcription.
The coactivators, CREB-binding protein (CBP) and the related func-
tional homologue p300, regulate transcription of a number of
genes through the actions that have been linked to their his-
tone acetyltransferase activity. Acetylation facilitates the binding
of transcription factors to specific DNA sequences by targeting
nucleosomes bound to the promoter regions of the gene [54–56].
Acetylation also occurs on non-histone substrates including the
Kruppel-like factor (EKLF) [57], the tumor suppressor p53 [58], the
erythroid cell differentiation factor GATA-1 [59], NRs (Table 1), and
HATs [60]. The identification of non-histone substrates of HATs
(also known as FATs, factor acetyl transferases) provided impor-
tant insight into the mechanism by which acetylation may directly
regulate gene expression [44].

The binding of HATs to target substrates assessed by chro-
matin immunoprecipitation assays is quite transient [61], and
coactivator–substrate interactions can lead to transcriptional
attenuation [62]. The attenuation of coactivator signaling by acety-
lation of coactivators themselves illustrates the importance of
feedback loops in controlling acetylation signaling pathways. Sev-
eral studies have identified a mutation of ER� at its acetylated
lysine residue (K303R) in breast cancer [63], which escapes nor-
mal acetylation and repression by corepressors and functions in a
constitutively active manner [26–28].

2.2. Histone deacetylases

2.2.1. HDACs
HDACs are divided into two families: the classical HDAC family

and the Sir2 family of NAD+-dependent HDACs. The classical fam-
ily is further divided into two classes. Class I comprises HDACs 1,
2, 3, and 8, all of which exhibit high similarity to the yeast (Saccha-
romyces cerevisiae) transcriptional regulator RPD3. Class II, made
up of HDACs 4, 5, 6, 7, 9, and 10, exhibit homology to the yeast
protein HDA1. Whereas Class I HDACs are found in the nucleus and
are expressed in most cell types, Class II HDACs are located in both
the nucleus and cytoplasm and their expression patterns are more
restricted to certain tissue types. For instance, HDAC5, HDAC7,
and HDAC9 are expressed in the heart, while HDAC4, HDAC8, and
HDAC9 seem to be expressed more in tumor tissues than normal tis-
sue [36]. The recent identification of HDAC11, which more closely
resembles Class I HDACs, shows certain deviation from the other
member, as it does not reside in any of the known HDAC complexes,
such as Sin3, NCoR, or SMRT [64,65].

2.2.2. Sirtuins
Classified as Type III HDACs, the sirtuin family is a group

of NAD+-dependent deacetylases conserved from archaeobacte-
ria to eukaryotes [66]. SIRT1 is the human homolog of the yeast

silent information regulator 2 (Sir2) gene, which conveys NAD+
dependent ADP-ribosyltransferase activity [67]. Sirtuins couple the
removal of the acetyl group from the protein substrate with the
cleavage of a high-energy bond in NAD, thus synthesizing a novel
protein 2′-O-acetyl-ADP-ribose. The enzymatic activity of sirtuins
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ncluding p300/CBP, P/CAF, SRCs, Tip60, and GCN5. Acetylated NRs are deacetyla
ransactivation, subcellular localization, DNA binding, stability and degradation, lig

s regulated by NAD+ and the endogenous nicotinamide inhibits
IRT1 activity. There are seven mammalian homologues of the
east Sir2 gene identified with distinct functions which include
hree nuclear sirtuins (SIRT1, SIRT6, and SIRT7), three mitochon-
rial sirtuins (SIRT3, SIRT4, and SIRT5), and cytosolic SIRT2. SIRT1
eacetylates more than a dozen substrates including the NRs (AR,
R�, RXR and LXR) [11,13,16,32] (Fig. 2), the NR coactivators (PGC1,
300) [60,68], retinoblastoma protein (pRB), and several tran-
cription factors that include p53, NF�B, and Forkhead protein
67,69,70].

SIRT1 inhibits androgen-dependent gene expression in both
igand- and receptor-dependent manners. The SIRT1 inhibitor,
icotinamide, induces androgen-dependent gene expression. SIRT1

nhibits contact-independent growth of cancer cells expressing AR
32,71]. The SIRT1-mediated repression of the AR is abrogated by
point mutation of the conserved acetylation motif, AR-K630T. A
oint mutation of the core histidine residue of SIRT1, which abol-

shes its deacetylase activity, abrogates the repression of androgen
eceptor signaling. SIRT1 interacts with and deacetylates the AR,
hereby reducing the recruitment of the AR coactivators P/CAF and
300 [32]. SIRT1-dependent deacetylation of FXR decreases the
eceptor’s stability and correlates with deleterious metabolic out-
omes, such as changes in gene expression (bile acid transporters,
SEP and MRP2), bile acid pool size, and the levels of VLDL, LDL,
nd HDL levels in serum [13].

. Acetylation regulates nuclear receptor function
.1. Activation

Ligand-mediated NR transactivation results in the transcrip-
ional up-regulation of their target genes. Enhanced activity is
Rs (top left panel) have been shown to undergo acetylation by acetyltransferases,
y HDACs (bottom right panel). Acetylation-mediated regulation of NRs includes
nding, and cofactor binding (bottom left panel).

seen in a point mutant substitution of the ER� acetylation sites
(K303R). The lysine to arginine mutant of the FXR acetylation
sites (K157, 217R) increases FXR activity [13]. The acetylation of
lysine residue 145 of RXR� by p300 increases the transcriptional
activity in a p300-dependent manner [15]. The substitution of
ER� lysine residues K302 and K303 increases the ligand sensitiv-
ity and enhances transactivation [8]. The K266/268Q, but not the
K266/268R, mutant of ER� exhibits enhanced transactivation, sug-
gesting the ER� acetylation on these residues positively regulates
ER� activity [16]. Deacetylation of LXR by SIRT1 activates LXR [11],
which further supports the notion that acetylation augments NR
activity.

3.2. Localization

The acetylation sequences identified within the ER�, AR, GR, TR,
SF-1, and HNF-4 are located at conserved motif in the hinge regions.
These lysine-rich motifs are conserved among the majority of NRs
(Fig. 3), reinforcing the functional importance of NR acetylation.
The sites of HNF-4 acetylation are located in the nuclear localiza-
tion signal (NLS). Wild type HNF-4 in the presence of HAT deficient
CBP mutant is located exclusively in the cytoplasm, indicating
the importance of HNF-4 acetylation in subcellular localization.
Non-acetylated HNF-4 retains in the cytoplasm due to the active
export of HNF-4 from the nucleus [14]. Acetylation of the AR at this
conserved motif is also critical to its subcellular localization and
trafficking [72].
3.3. DNA binding

Acetylated lysine residues have been identified in the DNA
binding domain of SF-1, ER�, and FXR. Mutation of the KQQKK
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otif (lysine to alanine) of SF-1 reduces DNA binding activity [19],
hereas the ER� acetylation mutant (K266, 268Q) and the FXR
utant (K157, 217R), show enhanced DNA binding [13,16]. Acety-

ation of the TR and HNF-4 increases DNA binding although these
eceptors show no acetylation site in their DNA binding domains
14].

Several studies have been conducted to determine the effect
f the NR acetylation on DNA binding in the context of local
hromatin using chromatin immunoprecipitation (ChIP) assays.
he AR acetylation site regulates the sensitivity and specificity
f cofactor recruitment. HDAC inhibition by TSA enhances AR
ccupancy and acetylation mimics show increased recruitment
o canonical AREs site in ChIP assays. The AR acetylation site
lso regulates specificity of promoter recruitment. The enhanced
rowth associated with the AR acetylation mimic mutant may

e partly due to acetylated receptors being recruited to the
romoters of target genes involved in cell growth [73]. In
rostate cancer cell lines expressing the activating acetylation
ite mutation of AR, both cyclin D1 and cyclin E protein levels
nd activity is increased. In ChIP assays, the acetylation mimic
dicates the NR that is acetylated. The NR in bold shows that the acetylation occurs

AR mutant shows increased recruitment to the CCND1 gene
[74].

3.4. Stability and degradation

The unacetylated FXR with an arginine substitution for the
acetylated lysine residues is less stable than wild type form. SIRT1
expression enhances the degradation rate of FXR, suggesting FXR
acetylation may stabilize the receptor [13]. Inhibition of SIRT1
with nicotinamide increases LXR� protein levels. The Sirt1 gene
deficient mice exhibit a significant increase in LXR� protein expres-
sion although the levels of mRNA of LXR� exhibit no change [11].
The SIRT1-dependence of LXR� protein ubiquitination suggests
that acetylation prevents LXR� from ubiquitin-mediated degrada-
tion. The alanine substitution of ER� acetylation lysines (K320 and

303A), previously identified by our group, displays enhanced basal
turnover and rapid poly-ubiquitination [75]. Compared to the wild
type, this mutant had increased binding activity to the carboxyl
terminus of the HSC70-interacting protein and BAG1 (Bcl-2 asso-
ciated athanogene 1) [75]. It seems that acetylation of SF-1 also
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tabilizes the receptor, the HDAC inhibition significantly increases
F-1 protein abundance [20].

.5. Ligand binding

The acetylation mutant of the TR is defective in both coactivator
ecruitment and corepressor dissociation. Although the wild type
R binds to T3 ligand efficiently, the acetylation mutant exhibits no
etectable binding activity [10]. ER� and AR acetylation does not
hange the ligand binding affinity [16].

.6. Interaction with other proteins

The AR acetylation site is a key regulator of coactivator and
orepressor recruitment. The acetylation-dead mutants AR K630A
nd K632/633A are selectively defective in DHT-induced transac-
ivation of androgen-responsive genes and coactivation by SRC1,
bc9, TIP60, and p300 [18,34]. These mutant receptors exhibit a
0-fold increase in NCoR binding when compared to the wild-type.
he AR acetylation gain-of-function mutant (K630Q and K630T)
isplays enhanced binding to the p300 coactivator and reduced
CoR/HDAC/Smad3 binding. These observations suggest that the
cetylated residues provide a “docking” site to the AR for both core-
ressors and coactivators. Acetylation of HNF-4 increases its affinity
or binding CBP, the acetylase for HNF-4 [14]. TR�-associated
oactivator ACTR increases upon ligand T3 treatment, while the
cetylation mutant of TR� has defective binding to ACTR in the
resence of T3 [9]. The T3 receptor ligand releases SMRT from the
ild type but not from the TR acetylation mutant, suggesting that

cetylation contributes to cofactor binding. GR deacetylation by
DAC2 is a prerequisite for NF�B subunit p65 binding [17]. SF-1
cetylation may contribute to coactivator binding given the factors
hat the colocalization of SF-1 with p300 in nuclear foci is enhanced
y cAMP and cAMP increases SF-1 acetylation.

.7. Acetylation and other forms of post-translational
odification

The lysine residue can be modified by acetylation, methylation,
umoylation, ubiquitination, and neddylation. Acetylation of NRs
t conserved lysine residues raises the possibility that acetylation
ompetes with other post-translational modifications to regulate
R action. Phosphorylation on different amino acid residues also
ffects acetylation. This interaction has been clearly demonstrated
or the p300 coactivator, as the p300 acetylation site in the CRD
omain is also the site of sumoylation [60]. The serine residue S305
f ER�, a potential protein kinase A (PKA) phosphorylation site, is
ocated adjacent to the acetylation site K303. Mutation of this ser-
ne to aspartic acid (S305D) to mimic constitutive phosphorylation
locks acetylation of K303 [26].

. Deregulation of nuclear receptor acetylation in diseases

.1. NR acetylation and cancer progression

The AR acetylation site (K630T mutation) and the ER� acetyla-
ion site (K303R mutation) have been identified in human prostate
nd breast cancer, respectively. The ER� K303 is known to be regu-
ated in >30% of atypical breast hyperplasia [63]. The AR acetylation

imic mutant enhances cellular proliferation and evades apopto-
is mediated via MEKK1 and JNK. Similarly, the ER� acetylation

utant exhibits stimulation by sub-physiological levels of estra-

iol [8] and the MCF-7 cells expressing the ER� K303R mutant
onveyed a growth advantage at low concentrations of estradiol
1 pM) [63]. This mutation also escapes the repression by metasta-
is associated protein 2 (MTA-2) and BRCA1 [27,28], suggesting the
& Molecular Biology 123 (2011) 91–100

ER� K303R mutation may play a role in cancer progression. TR�
inhibits oncogene Ras-induced cellular transformation; however,
the TR� acetylation mutant fails to inhibit Ras-induced NIH-3T3
cell transformation [10].

4.2. NR acetylation and metabolic diseases

Both LXRs and FXR belong to the liver X receptor-like group
in the thyroid hormone receptor-like subfamily of NRs. LXRs are
important regulators of cholesterol, fatty acid, and glucose home-
ostasis [39]. The bile acid receptor FXR plays a critical role in
bile acid synthesis, lipid and lipoprotein metabolism, and glu-
cose homeostasis [39,43]. FXR deficiency causes increased serum
glucose and impaired glucose and insulin tolerance, leading to
severe fatty liver development and an increase in circulating free
fatty acids [76]. p300/CBP enhances FXR transactivation partially
through direct interaction and acetylation [12,13]. In mouse models
of metabolic diseases, increased p300 and reduced SIRT1 binding
to FXR were observed, consistent with the elevated FXR acetyla-
tion levels in obese and diabetic ob/ob mice and western-style diet
fed mice [13]. SIRT1 deacetylation of LXRs activates the receptor by
reducing its ubiquitination and degradation [13]. The expression
levels of LXR target genes are decreased in SIRT1-deficient cells
and tissues. Given the importance of this NR subfamily in regulat-
ing metabolism, it will be of interest to determine whether PPARs
and RARs are acetylated.

5. Targeting nuclear receptor acetylation in the clinical
setting

NRs are critical for normal development and homeostasis.
Deregulation of NR-mediated signaling pathways and receptor
expression can lead to disease progression. For example, increased
ER� or AR expression levels are associated with both the progres-
sion and metastasis of breast and prostate cancer. It is conceivable
that pharmacological manipulation of NR acetylation could rep-
resent an alternative therapeutic approach in abrogating aberrant
nuclear NR signaling pathways.

HDAC inhibitors have been shown to decrease cell growth in
breast cancer cell lines. This inhibition appears to be related to
the ER� status of the cancer [77,78]. Several genes encoding NR
coactivators, including SRCs and AIB1, are overexpressed and/or
amplified in cancers, which can lead to enhanced cell growth
[79–81].

Resveratrol, naturally found in red grapes and pathogen-
infected plants, has diverse biological effects [82], including
antioxidant properties; inhibition of mitochondrial ATPases and
competition with coenzyme Q. Resveratrol functions as a SIRT1
activator [83] and as an agonist for the ER� [84]. Resveratrol has
beneficial effect on metabolic outcome, partly via reduced PGC-
1 acetylation [85]. Resveratrol has chemo-preventative properties
and inhibits pre-neoplastic mammary gland lesions [86], although
the role of resveratrol in breast cancer cellular proliferation is still
under debate [87,88]. Further clarification is necessary to deter-
mine whether resveratrol functions through SIRT1 in regulating
NR activity and whether this agent could have a clinical benefit
for patients with cancer and metabolic diseases.

6. Conclusions and perspectives
NR and coactivator acetylation plays a key role in cellular growth
control. As a single residue substitution of the AR and ER� acetyla-
tion site can promote contact-independent growth, these residues
represent practical targets for intervention. SIRT1 transduction of
AR expressing prostate cancer cells blocks contact-independent
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rowth almost completely [32]. SIRT1 inhibits the activity of the
utant AR that arises in patients who have failed androgen abla-

ion therapy. Therapies that target SIRT1-dependent interaction
ith the AR acetylation site may provide novel approaches for
atients who exhibit resistance to the therapies that are currently
vailable. In addition, acetylation of NR affects receptor stability,
hich raises the possibility that acetylation may regulate protea-

ome degradation of NR. Given the evidence that both acetylation
nd ubiquitination occur at the same lysine residue in FXR, ER�
nd SF1 [13,20,75], further investigation in this field should address
he functional interaction between acetylation and ubiquitination-

ediated NR degradation in normal development and diseases.
his is important because proteasome-mediated degradation is
oupled to the transactivation of NR [89,90], which is often de-
egulated in diseases, such as cancer.
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