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Abstract

Vitamin A regulation of gene expression is a well-characterized example of direct nutrient regulation of gene expression. The

downstream metabolites of retinol, all-trans and 9-cis retinoic acids are the bioactive components that bind and activate their cognate

nuclear receptors to regulate target genes. There are multiple retinoid receptor subtypes that are encoded by separate genes and each

subtype has different isoforms. These receptors are Class II members of the thyroid/retinoid/vitamin D superfamily of nuclear receptors.

The characterization of the retinoid receptors and the DNA response elements of target genes that bind these receptors have vastly

expanded our knowledge of the mechanism of retinoid regulation of target genes. The basic regulatory mechanism of retinoids

interacting with their cognate receptors is further complicated by the interaction of coactivators and corepressors, nuclear proteins that are

involved in activation or repression of transcription, respectively. Most of these coregulators are involved in modifying chromatin and

nucleosome structure such that chromatin is relaxed or condensed, and in bridging between the upstream enhancer domains and the

transcription preinitiation complex. Retinoid regulation of the rate of transcription of target genes and the duration of the retinoid

response is further complicated by covalent modification of the retinoid receptors by phosphorylation involved in coactivator association

and ubiquitinylation involved in the degradation of retinoid receptors. This review presents a prototype retinoid responsive gene that

encodes the phosphoenolpyruate carboxykinase (PEPCK) gene as an example of a specific mechanism of retinoid regulation of a

metabolic gene. The retinoid response elements and overall mechanism of retinoid regulation of the PEPCK gene have been well

documented by both in vitro and in vivo methods. We provide detailed information on the specific nuclear receptors, coactivators and

chromatin modification events that occur when vitamin A is deficient and, therefore, retinoids are not available to activate the nuclear

retinoid-signaling cascade.

D 2007 Published by Elsevier Inc.
1. Introduction

The research link between molecular biology and

nutrition is producing new insights into how nutrients

directly regulate gene expression. Advances in the area of

vitamin A, or retinoid, regulation of gene expression
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provide one of the best examples of the productivity of this

combined bionutrition approach. Vitamin A and its bioac-

tive metabolites have pleiotropic effects in all tissues of

vertebrate organisms involving cellular development, pro-

liferation, differentiation, metabolism and apoptosis. The

widespread nature of the bioactivities of retinoids is due, in

large part, to the ability of retinoids to regulate the

expression of target genes. Historically, our understanding

of the molecular mechanism of retinoid action was rapidly

advanced when the nuclear retinoid receptors were cloned

and characterized, and the consensus DNA retinoid response

elements in target genes identified [1–3]. This has led to a

proliferation of information on the mechanism of action of

the downstream metabolites of retinol, all-trans and 9-cis

retinoic acid (RA), which are the active retinoids involved in

regulating gene expression in the nucleus of the cell. This

review will cover the general state of knowledge regarding
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Fig. 1. Intracellular retinoid metabolism, transport, and nuclear action.
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retinoid regulation of gene expression and describe a model

gene to provide, in detail, a molecular mechanism of

retinoid regulation of a specific gene. The prototype gene

is the well-characterized retinoid-responsive gene encoding

the gluconeogenic enzyme phosphoenolpyruvate carboxy-

kinase (PEPCK). The PEPCK gene is presented as a

prototype gene and may represent the molecular mechanism

by which retinoids regulate the expression of numerous

other metabolic genes that have been shown to be

responsive to retinoids.
2. Nuclear retinoid receptor pathways

The bioactive retinoids all-trans and 9-cis RA are ligands

that bind and activate cognate retinoid receptors, and these

receptors, in turn, function as transcription factors that

regulate the expression of target genes. The general course

of retinoid metabolism, transport and nuclear action is

diagramed in Fig. 1. In the nucleus there are two distinct

classes of retinoid receptors, the retinoic acid receptors

(RAR) and retinoid X receptors (RXR). Both the RAR and

RXR bind the naturally occurring metabolites of vitamin A

with a similar order of affinity (all-trans RAN retinalN

retinyl acetateN retinol), but RXR requires from 10- to

40-fold more ligand for comparable activation [4]. A

downstream metabolite of all-trans RA, 9-cis RA, has been

shown to be a naturally occurring, high-affinity ligand for

the RXR [5]. There are multiple RAR and RXR subtypes —

a, h and g — that are encoded by separate genes at distinct

chromosomal loci, and each receptor subtype has different

isoforms generated by alternate splicing and differential

promoter usage of the individual gene [6]. In addition to the

multiplicity of RAR and RXR genes and their respective

mRNA isoforms, their biological activity is further extended

by interaction of the retinoid receptors with other nuclear

receptors (NRs). The RXRs serve as heterodimeric partners
for RARs, thyroid hormone receptors (TRs), vitamin D

receptors (VDRs), the peroxisome proliferator-activated

receptor (PPAR), the chicken ovalbumin upstream promot-

er-transcription factor (COUPTF), farnesoid X-activated

receptor, liver-X receptor and other characterized NRs

[7–11]. The RXR can also function as a homodimer

dependent on the 9-cis RA ligand [12]. Many of the ligands

for the NRs that heterodimerize with RXR are products of

lipid metabolism, such as fatty acids, leukotrienes, prosta-

glandins and cholesterol derivatives [13]. RARs and RXRs

have conserved modular structures, particularly in the DNA

binding and ligand binding domains, which define, in part,

their membership in the nonsteroid, thyroid/retinoid/vitamin

D superfamily of NRs. These are Class II NRs. Class II

receptors are defined as NRs that heterodimerize with RXR

and bind to direct repeat (DR) elements in target genes [4].

Recently, Desvergne et al. [14] subdivided RXRs into a

subcategory defined as bmetabolic sensorsQ referring to NRs

that have been shown to respond to, and transmit the signal

of, alterations in metabolite concentrations. Class II NRs are

characterized by a variable NH2-terminal region (A/B)

which has a ligand-independent activation function (AF1); a

conserved DNA binding domain (C) consisting of two zinc

fingers required for DNA recognition and binding [15–17];

a hinge region (D); and a multi-functional ligand-binding

domain (LBD) (E) consisting of a conserved carboxy

terminal motif required for ligand-dependent transactivation

(AF2), homo- and heterodimerization, and the association of

coactivator and corepressor proteins [18–20].

The classic retinoid response element of a target gene is

a direct repeat of the motif 5V-PuG(G/T)TCA-3V spaced by

1, 2 or 5 base pairs (DR1, DR2 and DR5, respectively)

[1,21,22]. The DR2 and DR5 elements preferentially bind

RXR-RAR heterodimers with the RXR monomer binding

the 5V motif. Whereas the DR1 binds RXR-RAR hetero-

dimers with the reverse polarity, i.e., RXR binding the 3V
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motif, and this can be inhibitory [2,3,23]. DR1 elements

also bind RXR as a homodimer and, therefore, provide an

RXRE [24]. The DNA binding domains of each NR of a

dimer pair determine the specificity of DNA response

element recognition and binding affinity to the respective

DR elements.
3. Coactivators and corepressors associated with

retinoid receptors

It has been established that RARs are ligand-dependent

transcription factors, having the ability to repress transcrip-

tion in the absence of ligand. Ligand binding induces

conformational changes in helix 12 of the AF2 domain of

RARs [25] providing a hydrophilic surface for association

with a diverse group of nuclear proteins referred to as

coactivators [26]. To date, numerous functional groups of

coactivators have been characterized. The p160 family is a

large coactivator family with three distinct members, each

with splice variants, all of which interact with retinoid

receptors. For simplicity, the three p160 members can be

identified as steroid receptor coactivator 1 (SRC-1)

(includes SRC-1/NCoA-1), SRC-2 (includes TIF-2/GRIP-

1/NCoA-2) and SRC-3 (includes pCIP/ACTR/AIB1/

TRAM1/RAC3) [13,27,28,29]. The SRC coactivators act

in a ligand and AF2-dependent manner and bind to both

nonsteroid and steroid NRs at the AF2 domain of each

monomer of an NR dimer. The SRC proteins have a series

of conserved motifs, LxxLL, referred to as NR boxes in the

receptor interaction domain that are involved in binding of

the coactivator to retinoid receptors [30]. Ligand, or agonist,

binding to either RAR or RXR of a RAR-RXR heterodimer

initiates the recruitment of an SRC coactivator to the

hydrophobic LBD of either receptor. Indeed, a single SRC

coactivator can bind to the hydrophobic LBD of each of

both RAR and RXR in a RAR-RXR heterodimer via two

NR boxes, in the presence of ligand for both RAR and RXR

[31]. The SRC coactivators have been shown to have

histone acetyl transferase (HAT) activity. SRC coactivators

have the ability to acetylate core histones in nucleosomes,

thereby relaxing the chromatin structure and providing a

more accessible DNA for transcription initiation [32,33].

Another category of coactivators are referred to as

cointegrators, of which the E1A-associated 300 kDa protein

(p300), a homologue of CREB binding protein (CBP),

designated CBP/p300 ([34,35], is an example. CBP/p300 is

a large nuclear protein that can interact with both upstream

enhancers and the basal transcription machinery at the start

site of transcription [36]. CBP/p300 also has been shown to

have HAT activity [32,37]. A central role has been proposed

for CBP/p300 as an bintegratorQ of multiple signaling

pathways because CBP/p300 is required for trans-activation

of target genes by CREB, AP-1 and the NRs [38]. Also in

this category is the murine mediator multiprotein complex,

related to the yeast mediator that reversibly recruits the

RNA polymerase II holoenzyme [39].
Another functional group of coactivators is represented

by SWI/SNF (first identified in yeast as a mating-type

switching gene) [40]. SWI/SNF is a 2-MDa, 12 subunit

multi-protein complex that functions as an ATP-dependent

chromatin remodeling complex [41–44]. Chromatin remod-

eling allows for the subsequent binding of coactivators with

HAT activity, as well as the association of the general

transcription machinery [45,46], as described in more detail

in the following section.

Countering the action of coactivators are corepressors,

several of which have been identified related to retinoid

signaling [47–51]. The nuclear receptor corepressor (NCoR)

and the silencing mediator for retinoid and thyroid hormone

receptor (SMRT) were initially identified as highly homol-

ogous corepressors of unliganded thyroid hormone receptor

(TR) [48,52]. Both proteins have four autonomous repres-

sion domains and inhibit transcription of target genes by

binding to the ligand binding domain of NRs, such as RAR

and RXR [53]. The binding of corepressors alters the AF2

domain of NRs and recruits a large protein complex

containing histone deacetylases (HDAC) to a target gene

[54–56]. Current studies indicate that NCoR associates

directly with HDAC3, HDAC4 and HDAC5, whereas

SMRT associates with HDAC5 and HDAC7 or with

HDAC3 [57]. The HDAC activity causes local histone

deacetylation and the resultant hypoacetylated chromatin is

more condensed and restricts access of transcription factors

and the general transcription machinery to the DNA

template [58,59].

In addition to the above coactivators and corepressors,

another type of coactivator has been identified that is unique

to the retinoid receptor nuclear complex, the cellular retinoic

acid binding protein II (CRABPII). CRABPII has been

shown to function as a nuclear coactivator by Delva et al.

[60], thereby extending the known function of CRABPII.

CRABPII binds to RAR and RXR in the nucleus and

enhances RA-mediated trans-activation of target genes. It

should be noted, however, that CRABPII is unlike other

coactivators because it is a ligand-binding protein, it

interacts with retinoid receptors only and it does not have

structural homology with other coactivators. The novel role

of CRABPII may be that it regulates the nuclear availability

of ligand to the retinoid receptor, rather than functioning as

a classic coactivator. Indeed, Noy et al. [61,62] have shown

that the CRABPII–RAR complex is a short-lived interme-

diate that provides for bchannelingQ of small lipophilic

ligands such as all-trans RA to RARs.
4. Chromatin structure and transcriptional activation

In order to understand vitamin A regulation of gene

expression, it is important to note that any target gene is

present within the complex structure of chromatin. Chro-

matin can be tightly packaged, or condensed, or it can take

on a relaxed configuration at sites in the DNA that are being

actively transcribed. The individual unit of chromatin is the
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nucleosome that is made up of the DNA helix making 1.65

turns around a histone octomer [63–65]. The histone

octomer is made up of pairs of histones: H2A, H2B, H3

and H4. H3 and H4 make up the core tetramer with H2a and

H2B dimers flanking the H3–H4 tetramer [44]. A well-

characterized mode of covalent modification of core

histones is that of acetylation, via the action of coactivator

HAT activity, as described above. The N-terminal tails

of histones in the core octamer of nucleosomes are

acetylated [66–68]. Acetylation neutralizes the charge of

the histones, thus loosening the binding of histone proteins

to negatively charged DNA and the nucleosome to

nucleosome association, relaxing the chromatin structure

at the site of acetylation.

In the case of retinoids, this series of molecular events is

induced when RA ligand binds to cognate retinoid receptors;

this causes the corepressors to dissociate and coactivators to

be recruited. Most coactivators have either intrinsic HAT

activity or are associated with HATs (or, in some cases,

methyltransferases). Coactivators also include cointegrators,

such as the murine mediator complex, and ATP-dependent

chromatin remodeling complexes, such as SWI/SNF, that are

recruited to the promoter site of a target gene [69]. The

sequence of binding events may vary depending on the

signaling mechanism and/or the target gene; however, in

combination, coactivators with HAT activity, cointegrators

and chromatin remodeling complexes decompress chromatin

structure and activate transcription initiation. Chromatin

remodeling involves the repositioning of nucleosomes in the

chromatin by sliding them further along the DNA (cis-

displacement) or displacing the nucleosome to another DNA

strand (trans displacement). Eventually, the early-stage

coactivators themselves dissociate and chromatin remodel-

ing allows retinoic acid receptors to recruit a murine

mediator complex, the SRB- and mediator-containing

complex (SMCC) [70]. The mediator complex was first

identified in yeast and subsequently shown to have a

mammalian counterpart, the SMCC complex. This mediator

is a 20-subunit complex that facilitates the entry of RNA

polymerase II (Pol II) to the promoter transcription start site

at the TATTA box, thus facilitating the formation of the

transcription preinitiation complex (PIC) that determines the

rate of transcription of a eukaryotic gene.
5. Sequential molecular events

It has been determined that the above processes are

interdependent and occur in a temporally specified sequence

for any given target gene, although the sequence is not the

same for every gene. For retinoid signaling, they have

shown that unliganded RAR-RXR heterodimers are bound

in weak association with a cognate RARE, and with the

addition of ligand a tighter binding is achieved through the

recruitment of the ATP-dependent SWI/SNF complex that

directs nucleasome remodeling and relaxation of the

chromatin structure, as indicated above. This is followed
by recruitment of coactivators with HAT activity/associa-

tion. In subsequent steps, the liganded RAR-RXR with

associated coactivators recruits general transcription factors,

the TFIID complexes and RNA Pol II to form the

transcription PIC. The last step of RNA Pol II association

is dependent upon the large multisubunit SMCC complex

[39,43,71]. A subunit of the SMCC complex, TRAP220

(or DRIP205), binds to the AF-2 domain of ligand-bound

retinoid receptors [39,72]. It is postulated that the SMCC

complex may either recruit RNA Pol II directly via binding

the carboxy terminal domain (CTD) of RNA Pol II or

associate at an RARE as a preformed SMCC–RNA Pol II

(holoenzyme) complex [43,71]. The recruitment of RNA

Pol II and the completion of the transcription preinitiation

complex initiate transcription of the retinoid-target gene,

and the rate of this complex formation determines the

overall rate of transcription of the gene.
6. Phosphorylation of retinoid receptors

The molecular mechanism of retinoid action is further

complicated by covalent modification of retinoid receptors

by phosphorylation/dephosphorylation in response to nu-

merous signaling pathways [73–75]. For example, signaling

pathways initiated by mitogen-activated protein (MAP)

kinases, phosphatidyl inositol 3-kinase (PI3K) and cyclic

AMP-dependent protein kinase (PKA) are involved in the

control of retinoid-regulated transcription. RARs are phos-

phorylated in the ligand binding domain (LBD) (or

E domain) at serine residues by PKA [76], and RXRs are

phosphorylated in the LBD by MAP kinases at both

tyrosines and serines [77,78]. Phosphorylation sites are also

found in the A/B domains, predominantly at serine residues,

and also, to a lesser extent, in the F domain, although the

F domain is not present in RXRs and is of unknown

function in RARs. Coregulators such as the Silencing

Mediator of Retinoic acid and Thyroid hormone receptor

(SMRT) corepressor are also phosphorylated [79]. Phos-

phorylation may modulate the ability of retinoid receptors to

recruit coactivators and/or affect corepressor association, as

well as general transcription factor association [80].

Phosphorylation, in addition to assisting in trans-activation

of target genes, may also be involved in subsequent

degradation or nuclear export of retinoid receptors [75].

7. Retinoid receptor degradation: the

ubiquitin–proteasome system

A final critical step in the molecular mechanism of

retinoid action is the degradation of the retinoid receptors,

which effectively bturns offQ the retinoid signal. Targeted

degradation of RARs and RXRs is accomplished through

the ubiquitin–proteasome system [81–85]. Retinoid recep-

tors are ubiquitinylated at multiple sites and then are targets

for destruction by the 26S proteosome [86–89]. Overall,

degradation determines the duration of the retinoid receptor
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response. The above-mentioned phosphorylation of retinoid

receptors is part of the ubiquitin-mediated degradation

process. For example, the AF-1 domain of the RARg gene

is phosphorylated at two serine residues in response to

different kinases. Phosphorylation of these serine residues

serves as a checkpoint controlling both RARg trans-

activation capacity and RARg degradation by the 26S

proteasome. It is postulated that phosphorylation assists in

the association/disassociation of coregulators and also

allows for the recruitment of a ubiquitin ligases. Therefore,

phosphorylation may regulate both trans-activation by and

the degradation of RARg through first increasing the

association of coactivators and, subsequently, increasing

RARg ubiquitylation [87]. This has only been shown for

RARg, however, and is one model of many possible

mechanisms that may relate phosphorylation and ubiquiti-

nylation. Another model is that phosphorylation induces the

dissociation of inhibitors bound to retinoid receptors,

thereby making the nearby lysine residue available for

ubiquitin ligases recruited at the AF-2 domain [75].

Recently, Zimmerman et al. [90] have shown that RXR

export from the nucleus can also be regulated. Upon

inflammation-mediated signaling, RXRa is targeted for

nuclear export and degradation [90]. This mechanism may

explain the decrease in expression of RXR-dependent genes

in the inflamed liver. Furthermore, ligand or agonist binding

to retinoid receptors leads to retinoid receptor degradation

via the ubiquitin/proteosome pathway. Osburn et al. [91]

have shown that the half-life of ligand-bound RXR is half of

that in the absence of ligand. In addition, the binding of

ligand or agonist to RAR, TR or RXR leads to increased

degradation of both NRs of the dimer pair.
8. Retinoid receptor cross-talk with other NRs: the

role PPARs

Closely related members of the nuclear receptor super

family are the PPARs that form heterodimers with RXRs.

Three isoforms of PPAR, designated a, h and g, have been

cloned and characterized [92–94]. The classical peroxisome

proliferator-inducible pathway, that of peroxisomal

h-oxidation [95–97], utilizes very long fatty acids as

substrates, and these very long chain fatty acids, in turn,

are the naturally occurring ligands of PPARa, the predom-

inant receptor isoform in liver [92]. Like other NRs, PPARs

possess a highly conserved DNA binding domain, with two

zinc fingers, that recognizes peroxisome proliferator re-

sponse elements (PPREs) in the promoter regions of target

genes. After ligand binding, PPARs heterodimerize with

RXR, and the PPAR-RXR heterodimers bind to DNA

sequences containing direct repeats of the hexanucleotide

sequence AGGTCA separated by one nucleotide, i.e., DR-1

response elements. PPARs are expressed in all tissues and

are activated by a variety of synthetic ligands, such as

synthetic peroxisome proliferators, thiazolidinedione anti-

diabetic drugs, fibrate hypolipidemic drugs and endogenous
ligands such as polyunsaturated fatty acids (PUFAs) and

eicosanoids [98,99]. PPARa is a major target of PUFA-

regulated gene expression and PUFAs induce the expression

of the genes of hepatic fatty acid oxidation, mediated by

PPAR activation. Interestingly, recent evidence shows that

fatty acids are also RXR ligands and that PUFAs may serve

as endogenous RXR ligands, as well as 9-cis RA [100,101].

Indeed, it has been shown that very long chain PUFAs, in

particular DHA, can activate RXR as a heterodimer with

RAR. Therefore, there is a high degree of cross talk between

RARs, RXRs and PPARs, and the potential for shared

ligand activation and reciprocal signaling effects.
9. PPAR and RXR signaling

It is well documented that n-3 and n-6 PUFAs are

activators of PPARa in liver and stimulate fatty acid

oxidation [102]. PPARa was the first transcription factor

identified as a nuclear receptor activated by endogenous

PUFAs. Additionally, 9-cis RA can act as a single ligand to

induce the PPAR-RXR heterodimer [1]. In fact, Yang et al.

[103] have shown that the coactivator SRC-1 is recruited to

PPAR-RXR only in the presence of 9-cis RA, not PPAR

ligand. Additionally, RXR-RXR homodimers are able to

bind PPREs within PPAR-responsive genes and induce

expression in response to 9-cis RA rather than PPAR

ligands, as demonstrated for the malic enzyme (ME) gene

PPRE [104]. As well, the RXR-RXR homodimer can

substitute for PPAR-RXR at PPREs in target genes such

as ME and regulate downstream metabolic pathways [104].

Therefore, rexinoids, specifically 9-cis RA, can drive the

PPAR signal independent of PPAR ligands, or 9-cis RA can

drive the RXR-RXR homodimer to activate a PPRE,

independent of PPAR itself.
10. A prototype retinoid-responsive gene: the

phosphoenolpyruvate carboxykinase (PEPCK) gene

A listing and categorization of retinoid-responsive genes

cited 532 RA-target genes that were categorized based on

evidence of direct, classic retinoid signaling versus indirect

RA regulation [105]. Of the 532 genes, the gene encoding

phosphoenolpyruvate carboxykinase (PEPCK) was listed in

the category of direct, classic RA-targeted genes, where the

evidence of RA regulation was indisputable. Therefore, we

will present the mechanism of RA regulation of the PEPCK

gene as a model, or prototype, of genes that are directly

regulated by RA. The PEPCK gene provides a useful model

as it is exemplary of the pleiotropic effects of retinoids. In

this case, RA regulates a gene that encodes a protein that is

an enzyme of carbohydrate metabolism and not involved in

retinoid absorption, transport, metabolism or degradation.

The gene for PEPCK encodes a rate-determining enzyme

in the gluconeogenic pathway in liver, and, as such, it is a

differentiation marker for hepatic parenchymal cells. The

PEPCK gene is expressed in a tissue-specific manner, it is
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restricted to a specific developmental time course and it is

subject to complex hormonal and nutrient regulation

[106–113]. All-trans RA and 9-cis RA, at equal concen-

trations, induce trans-activation of the PEPCK promoter

by approximately sevenfold in H4IIE hepatoma cells

[114–116]. The first region of the PEPCK promoter to be

defined as a minimal RARE (�451/�433) (RARE1) has

sequence homology to the RAREs of both laminin B1 and

the RARh genes [114]. A second direct repeat RARE

(RARE2) has been identified between �337 and �321 and

shown to bind the RXRa-RARa heterodimer in vitro [117].

Since RARE2 competes for the binding of RXRa-RARa

more efficiently than the RARE1, Scott et al. [117] suggest

that the response of the PEPCK gene to RA could be

mediated primarily by RARE2. There is a third upstream

RARE from �1003 to �987 (RARE3) that binds RXRa-

PPARg from adipose tissue [118].

In vivo, it has been demonstrated that vitamin A

deficiency and all-trans RA supplementation decrease and

increase respectively the expression of the endogenous

PEPCK gene in mouse liver [119]. These studies show-

ed the physiologic relevance of retinoid regulation of

the PEPCK gene. Under conditions that induce the hepatic

PEPCK gene, i.e., food deprivation or cAMP treatment, the

PEPCK gene is not induced in the vitamin A-deficient (VAD)

mouse. Inhibition of the PEPCK gene by vitamin A

deficiency is reversed by all-trans or 9-cis RA treatment to

a similar extent. By comparison, PEPCK transgenes, driven

by either a �460 or a �355 bp PEPCK promoter sequence,

are inhibited by vitamin A deficiency, but are differentially

induced by retinoids, indicating that RARE1 is required for

the 9-cis RA response and RARE2 is sufficient for the all-

trans RA response of the PEPCK gene in mouse liver [120].
11. Effect of vitamin A status on NR and coactivator

association with the PEPCK RAREs

Examination of the direct interaction of NRs with RAREs

within the PEPCK 5V flanking sequence indicates that both

retinoid receptors and other NRs bind the PEPCK DNA

elements; HNF4a and RXRa are the major nuclear receptors

that bind RARE1, and RXRa, RARa and COUPTFII are the

major nuclear receptors that bind RARE2 [120]. Taken

together with the differences in retinoid responsiveness of

the PEPCK(460) and PEPCK(355) transgenes, all-trans RA

signals are transmitted via RARa-RXRa activation and

binding to PEPCK RARE2, while 9-cis RA signals are

transmitted via RXRa-RXRa activation and binding to

RARE1, with both retinoid isomers maintaining activation of

the PEPCK gene. Binding of orphan receptors HNF-4a and

COUPTFII at RARE1 and RARE2 sites, respectively, is a

potential competitor of retinoid signaling.

In addition to the above NRs that bind PEPCK RAREs

and are involved in retinoid regulation of the PEPCK gene,

PPARa also binds to the PEPCK RAREs. There is a

reduction in PPARa binding in VAD liver, especially at
RARE3 [121]. PPAR-RXR heterodimers are capable of

activating target genes, including PEPCK, in response to

PPARa-specific ligands and to both 9-cis and all-trans RA

[98,122]. Of particular interest related to PEPCK gene

expression is the fact that PPARa is required for the cellular

response to fasting in liver, both in terms of fatty acid

oxidation and gluconeogenesis [123,124]. In PPARa�/�

mice, the normal increase in hepatic fatty acid oxidation due

to fasting does not occur and genes encoding enzymes of

mitochondrial fatty acid oxidation are not induced [125].

Scribner et al. [121] have shown that, in the absence of

retinoids, PPARa binding at PEPCK RARE3 is significantly

diminished under the same conditions that PEPCK gene

expression is decreased. This should decrease gluconeogen-

esis, due to decreased PPARa binding and activation of

PEPCK gene transcription. Therefore, both metabolic

responses to fasting, increased fatty acid oxidation and

increased gluconeogenesis, are impaired, in part, by a defect

in the retinoid-PPARa signaling mechanism.

The decrease in PPARa binding to PEPCK RAREs in

VAD liver is amplified by, and correlated with, a decreased

PPARg coactivator (PGC)-1a association, most notably at

RARE3 of the PEPCK promoter/regulatory domain [126].

A decrease in both PPARa and PGC-1a binding to the

PEPCK RARE3 is consistent with the spring-trap model

proposed by Spiegelman et al. [127,128] in which PGC-1a

bdockingQ at PPARg is required for PGC-1a’s ability to

coactivate genes and for its subsequent binding to coac-

tivators CBP and SRC-1 in complex formation. Therefore, a

major component of the mechanism of the VAD-induced

decrease in PEPCK gene expression may be the diminution

in PPARa association at the PEPCK RAREs and, subse-

quently, decreased docking of PGC-1a, leading to decreased

complex formation including association of CBP and/or

SRC-1. The decrease in complex formation would result in

decreased localized histone acetylation and impaired bridg-

ing between RARE3 and the PIC at the start site of

transcription. It has been suggested that at the PEPCK

promoter, PGC-1a functions through both PPARa and

HNF-4a [129]. In vivo experiments show that PGC-1a

association with PPARa occurs at RARE3 and that this is

decreased in VAD liver [126]. Furthermore, PGC-1a

association with HNF-4a occurs at RARE1 and this binding

is also potentially decreased in VAD liver [126]. Hypothet-

ically, the decrease in PGC-1a association at both RARE1

and RARE3 contributes to a decrease in formation of the

complex with CBP and SRC-1 and, therefore, decreased

histone acetylation and bridging between RARE1 and

RARE3 and the PIC, with a subsequent decrease in

transcription rate of the PEPCK gene.
12. Effect of vitamin A status on histone modification in

the PEPK promoter/regulatory domain

Covalent modification of nucleosomal histones in the

PEPCK promoter/regulatory domain is also affected by RA



Fig. 2. Model for retinoid regulation of the PEPCK gene.

M.M. McGrane / Journal of Nutritional Biochemistry 18 (2007) 497–508 503
status in liver. Coactivator association and the acetylation of

specific lysines on histones H3 within the core octamer of

the nucleosome are changed with vitamin A deficiency in

mouse liver. Histones H3 and H4 are acetylated at RARE1,
RARE2 and RARE3 of the mouse PEPCK promoter in

vivo, with measurable differences in H3 acetylation in VAD

mice. Of the lysine residues of the core histones, H3 lysine 9

and H4 lysine 8 are acetylated, while H3 lysine 14 and H4

lysines 5, 12 and 16 are not [126]. Selective acetylation of

lysine residues of core histones, rather than global acetyla-

tion of all histones in an activated gene, is consistent with

the concept of an inherent bhistone codeQ in chromatin that

is both tissue- and gene-specific [59,130,131]. This program

is thought to be reliant upon native chromatin structure,

dictated by association with highly specialized coregulator

proteins and dependent upon other post-translational histone

modifications [132–135]. Thus, the acetylation of H3 lysine

9 and H4 lysine 8 is part of the histone code for PEPCK

gene expression, and acetylation/deacetylation of H3 lysine

9 is dependent on vitamin A status in liver.

Therefore, decreased PEPCK gene expression in vitamin

A deficiency is also partly explained by the decrease in H3

lysine 9 acetylation localized to RARE1/RARE2, which

contributes to decreased chromatin relaxation. The specific

mechanism that causes decreased H3 lysine 9 acetylation in

VAD mouse liver has not been fully elucidated. In vitro

studies have identified many coactivators with HAT activity

that have the ability to acetylate lysine residues on multiple

histones, but it is still not clear if these in vitro results

correspond to what occurs in native chromatin in vivo

related to individual histone acetylation patterns of specific

genes [32,136–138]. However, studies using free histones

and isolated mononucleosomes have shown that SRC-1

preferentially acetylates H3 lysines 9 and 14 [136,139].

Assessed by the in vivo chromatin immunoprecipitation

(ChIP) assay, it has been shown that there is a decrease in

SRC-1 binding to the PEPCK RARE1/RARE2 domain.

This, in turn, may be the cause of the decrease in H3 lysine

acetylation at PEPCK RARE1RARE2 [126].

CBP also has HAT activity and exhibits a substrate

preference for specific lysines in histones. H4 lysine 8 serves

as a substrate for acetylation by CBP in vitro [32,137,138].

As indicated above, H4 lysine 8 is acetylated at the PEPCK

promoter in vivo, with no alteration in lysine 8 acetylation

in VAD mouse liver. This is consistent with CBP being

constitutively associated with the PEPCK promoter, regard-

less of changes in vitamin A status. Potentially, acetylation

of H4 lysine 8 has a broader purpose for maintaining

basal transcription of the PEPCK gene, whereas H3 lysine

9 acetylation is linked to changes in acute transcriptional

regulation. Because CBP can also acetylate HNF-4a [140],

it is possible that CBP participation in PEPCK gene

regulation includes functionally relevant acetylation of

nonhistone proteins that bind the PEPCK RAREs.
13. Molecular model of vitamin A (or retinoid)

regulation of the PEPCK gene

A model of vitamin A regulation of the PEPCK gene in

mouse liver is shown in Fig. 2. Highlighted are the PEPCK
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RAREs and the NR hetero- and homodimers that have been

shown, by both in vitro and in vivo methods, to bind the

respective RAREs (Fig. 2A and 2B). Also indicated are the

coactivators that have been shown by in vivo ChIP assay to

bind to specific PEPCK RAREs in mouse liver. Potential

complex formation amongst the coactivators and bridging

between the RARE domains and the PIC, as well as RNA

Pol II association, is also shown. The sites of histone H3 and

H4 acetylation within the RARE1/RARE2 proximal domain

and the RARE3 distal domain are indicated. In VAD liver,

decreased hepatic PEPCK gene expression occurs under the

same conditions where there is a measurable decrease in

association of RNA Pol II at PEPCK RARE1/RARE2 in

vivo [141]. Subsequent reassociation of RNA Pol II at the

PEPCK promoter occurs with the administration of phys-

iologic doses of both all-trans and 9-cis RA and mirrors the

increase measured in PEPCK mRNA under the same

conditions. Duong et al. [142] have also shown in vivo

association of RNA Pol II with the PEPCK promoter

associated with coactivator binding. Therefore, all-trans and

9-cis RA, in combination, activate PEPCK gene transcrip-

tion, mediated through differential regulation of RAREs 1–3

[141], although not necessarily via retinoid receptors alone,

resulting in increased association of RNA Pol II and PIC

formation. Vitamin A deficiency decreases PEPCK gene

expression by decreasing both SRC-1 association at the

RARE1/RARE2 domain and PPARa and PGC-1a associ-

ation at RARE3 and potentially RARE1/RARE2 (Fig. 2C),

therefore disrupting components of the coactivator complex

that are involved in histone acetylation and bridging the

RAREs with the transcription start site. The decrease in

SRC-1 binding at PEPCK RARE1/RARE2 constitutes a

decrease in localized HAT activity, consistent with a

decrease in histone H3 lysine 9 acetylation at RARE/

RARE2. The decrease in SRC-1 association could also

potentially weaken the bridge between the proximal RAREs

and the PIC. Decreased PPARa association, leading to

decreased PGC-1a recruitment, also contributes to weaken-

ing the multiprotein complex by PGC-1a’s absence and

decreasing recruitment of other accessory proteins that

bridge the RAREs with the PIC. Overall, the combined

effect in VAD liver is decreased coactivator association and,

therefore, decreased localized histone acetylation, resulting

in decreased association of RNA Pol II, decreased PIC

formation and a decreased rate of transcription of the

PEPCK gene.
14. Conclusions

Taken together, the PEPCK gene provides a useful

prototype for examining the detailed molecular mechanism

of vitamin A, or RA, regulation of eukaryotic genes. In

particular, the PEPCK gene may most accurately represent

metabolic genes that share a similar mechanism. As shown

here, both in vitro and in vivo results are consistent and

describe a complex interplay of both all-trans and 9-cis RA
binding to, and activation of, RAR, RXRs and, potentially,

PPARs, that interact with specific RAREs in the promoter

domains of the PEPCK gene. The RAREs have been

identified in specific domains of the PEPCK gene and have

different DR configurations and, potentially, tissue- and RA

isomer specificity.

In vivo, vitamin A deficiency induces a series of

changes in the binding of NRs, primarily PPARa, to the

PEPCK promoter, with more significant changes in

coactivator binding and core histone acetylation with

correlated changes in RNA Pol II association. To date,

there is no information on the mechanism of vitamin A

regulation of the PEPCK gene related to the roles of large

multisubunit proteins such as the murine mediator SMCC

or the SWI/SNF complex. Nor is there current information

on the role of phosphorylation, ubiquitinylation and

degradation of retinoid receptors related to retinoid

regulation of the PEPCK gene. Although significant strides

have been made in the full characterization of retinoid

regulation of PEPCK gene expression in liver, much

remains to be done to fully characterize the complex

molecular events of vitamin A regulation of this prototype

metabolic gene.
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