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Abstract  In the past several decades, intensive research in this field has uncovered 
a surprising number of regulatory factors and their associated enzymatic properties 
to reveal the network of complexes that function in activation and repression of the 
transcriptional programs mediated by nuclear receptors (NR). These factors and their 
associated complexes have been extensively characterized both biochemically and 
functionally [34, 87, 94]. Several principles have emerged: (1) It is widely recognized 
that ligand-dependent cofactor complexes mediating repression and activation exhibit 
ligand-dependent exchange. (2) These complexes mediate modifications of chromatin 
structure consequent to their binding at regulatory elements, particularly at promoter 
and enhancer sites. (3) The concept about the rapid exchange of coregulatory com-
plexes at regulatory sites has been suggested [88]. Key questions in the NR field have 
included: (a) What are the cofactors and exchange complexes used to mediate the 
ligand and signaling network-dependent switches in gene regulation programs; (b) Do 
long non-coding RNAs (lncRNAs) serve as regulatory “factors” for ligand-depend-
ent gene programs, and do enhancers actually regulate transcription units encoding 
enhancer non-coding RNAs (eRNAs) that might have functional significance; (c) 
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What is the relationship between DNA damage repair machinery and transcriptional 
machinery? (d) Do Retinoic Acid Receptors (RAR) also regulate Pol III-dependent, 
non-coding repeat transcriptional units in stem cells? and (e) How have new technolo-
gies such as deep sequencing altered our ability to investigate transcriptional regula-
tory mechanisms utilized by NRs?

Abbreviations

3′UTR	� 3′ untranslated region
AF1	� Active function 1 domain
AF2	� Active function 2 domain
AP1	� Activating protein 1
AR	� Androgen receptor
atRA	� All-trans retinoic acid
ChIP	� Chromatin immunoprecipitation
CSB	� Cockayne syndrome B protein
CTCF	� CCCTC-binding factor
DBD	� DNA binding domain
DCP1A	� mRNA-decapping enzyme 1A
DCP2	� mRNA-decapping enzyme 2
DR	� Direct repeat
ER	� Estrogen receptor
ER	� Everted repeat
ERCC1	� Excision repair cross-complementing protein 1
eRNA	� Enhancer RNA
ESCs	� Embryonic stem cells
GR	� Glucocorticoid receptor
HMGCS2	� 3-Hydroxy-3-Methylglutaryl-Coenzyme A Synthase 2
HRE	� Hormone response element
IR		� Inverted repeat
LBD	� Ligand-binding domain
LC‐ESI‐MS	� Liquid chromatography-electrospray ionization–mass spectrometry
lncRNA	� Long non-coding RNA
MAPK	� Mitogen-activated protein kinase
NCoR	� Nuclear receptor corepressor
ncRNA	� Non‐coding RNA
NER	� Nucleotide excision repair
NR	� Nuclear receptor
PKA	� Protein kinase A
Pol II	� RNA polymerase II
Pol III	� RNA polymerase III
PPAR	� Peroxisome proliferator-activated receptor
RA	� Retinoic acid
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RAR	� Retinoic acid receptor
RARE	� Retinoic acid response element
RPA	� Replication protein A
RXR	� Retinoid X receptor
SRA	� Steroid receptor RNA activator
STAT3	� Signal transducer and activator of transcription 3
TBL1	� Transducin-beta-like protein 1
TBLR1	� Transducin beta-like 1-related protein 1
TF3C	� General transcription factor 3C
TF IIF	� Transcription factor IIF
TR	� Thyroid hormone receptor
XPA	� Xeroderma pigmentosum, complementation group A
XPC	� Xeroderma pigmentosum, complementation group C
XPF	� Xeroderma pigmentosum, complementation group F
XPG	� Xeroderma pigmentosum, complementation group G

History: Transcriptional Cofactors That Regulate RAR 
Transcriptional Activities

Coactivators and Corepressors

The definition of coactivators and corepressors has rapidly expanded as 
chromatin-associated factors that modify transcriptional programs based on their 
interactions with NRs. These cofactors have become recognized to include pro-
teins, RNAs, and most recently, lipids. They often form large complexes with 
exchangeable components and their exchanges are regulated by covalent modi-
fications including phosphorylation, ubiquitylation, SUMOylation, acetylation 
and methylation [42, 53, 86]. A partial list of this growing number of functional 
cofactors is provided in Table  10.1. For RAR, these cofactors can be divided 
into three different groups based on their function. (1) Coactivators that function 
with liganded RAR to activate transcription, often dependent on the presence of 
LXXLL motifs. RAR coactivators have a wide variety of functions, including 
serving as platforms for the assembly of coactivator complexes, or as enzymes that 
modify histone, RNA polymerase, other cofactors, or RAR itself. (2) Corepressors 
that function with unliganded RAR at target sites to repress gene transcription, 
often dismissed after RA binds to the receptor. However, in some instances, com-
ponents present in corepressor complexes are retained and even required for acti-
vation functions, as exemplified by transducin-beta-like protein 1 (TBL1) and 
transducin beta-like 1-related protein 1 (TBLR1), with phosphorylation activating 
their ubiquitin ligase functions [86, 89]. (3) RA‐dependent corepressors charac-
terized by the presence of LXXLL protein motifs that have usually been identi-
fied from coactivators. Intriguingly, this third group of repressors unconventionally 
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Table 10.1   RAR cofactors that endow RAR with different transcriptional activities

Partial list of RAR cofactors categorized by their different function. These cofactors are divided 
into three different groups: I: RA‐dependent coactivators; II: Corepressors functioning with unli-
ganded RAR; and III: RA‐dependent corepressors

Cofactor Group Protein function References

SRC‐1 I P160 family, adaptor [82]
SRC‐2 I P160 family, adaptor [108]
SRC‐3 I P160 family, adaptor [105]
CBP/P300 I Histone acetylation [6]
GCN5 I Histone acetylation [5]
ADA3 I Histone acetylation [5]
PCAF I Histone acetylation [4]
Asxl1 I Histone acetylation [13]
NCOA7 I Coiled‐coil containing protein [98]
SWI/SNF I Chromatin remodeling [22]
BAF60c1 I Chromatin remodeling [22]
BAF60c2 I Chromatin remodeling [22]
CARM1 I Histone methyltransferase [8]
Mll5 I H3K4 methylation [31]
OGT I GlcNAcylation of Mll5 [31]
ASC‐2 I H3K4 methylation [64]
Mll3 I H3K4 methylation [64]
Mll4 I H3K4 methylation [64]
TRAP220  I Mediator complex [99]
Med25  I Mediator complex [63]
TAFII 135 I TBP‐associated factors [77]
PHF8 I H3K9me2/1 demethylation [91]
PARG  I Cleaves ADP‐ribose polymers [60]
NCoR II Contains 2 SANT domains [44]
SMRT II Contains 2 SANT domains [9]
Sin3a  II Contains 3 PAH domains [79]
HDACs II Histone deacetylation [30, 79]
CAC1 II Contains Cullin domain [78]
TBL1 II Recruitment of proteasome complex [86]
TBLR1 II Recruitment of proteasome complex [86]
Suz12 II H3K27 methylation [51]
CaMKIIγ II RAR kinase to enhance its repression [101]
Ajuba II Lim domain protein [45]
PLZF II Zinc finger protein [43]
HP1α II Contains 2 chromo domains [65]
LSD1 II H3K4 demethylation [65]
Asxl1 II H3K4 demethylation [65]
TNIP1  III Coiled‐coil containing protein [35]
RIF1 III Nuclear matrix protein [67]
Trim24 III Tripartite motif (TRIM) family [52]
PRAME III Contains 4 LRR (leucine‐rich) repeats [26]
LCoR III Contains HTH DNA‐binding domain [29]
RIP140 III Contains 9 LXXLL motifs [47]
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uses a ligand-dependent interaction strategy to allow them to repress, rather than 
activate, gene expression. The mechanisms for coactivator and corepressor func-
tions are detailed in Chaps. 2 and 3 of this volume.

ncRNAs as RAR Cofactors

While prevailing research has long focused on the function of protein coregula-
tors, more recent data argues for the involvement of non-coding RNAs (ncRNAs) 
as potential “coregulators” of transcriptional regulation by many classes of tran-
scription factors (TF), including NRs. Several contemporary technologies begin-
ning first with the use of quantitative PCR followed by the development and use of 
genome‐wide deep sequencing technology and genome‐wide transcription run-on 
assays (Global Run‐On Sequencing or GRO-seq), have expanded our recognition 
of the presence of surprisingly massive transcription of genome-wide ncRNAs, 
which infers that the majority of the human genome is transcribed [3, 11, 38]. 
GRO-seq technology allows us to specifically detect only RNAs that are newly 
synthesized by RNA polymerase. These RNAs derive from both repeated and non-
repeated genomic regions. Many thousands of relatively abundant lncRNAs have 
been identified [36, 37]. Many ncRNAs have also been found to be transcribed, 
but are present at much lower than coding genes levels of approximately 3–6 cop-
ies/cell. In some cases, the biological functions of the ncRNAs have already been 
established. Further studies have revealed that lncRNAs regulate the function of 
histone modification enzymes, and that they can often act in trans, at a distance far 
from the site of their transcription [104, 110, 113].

The first ncRNA gene shown to function in NR signaling, steroid receptor 
RNA activator (SRA), was identified from a screen for NR coactivators. The SRA 
ncRNA was reported to be capable of serving as a cofactor for RAR as well as 
other NRs [15, 16]. Several lines of evidence support the view that the functional 
gene product of the SRA gene is an RNA and not a protein. The biological func-
tion of this gene was not affected when the translation inhibitor, cycloheximide, 
was added to cell assays, and even when multiple translocation stop codons were 
introduced into SRA, its function in NR signaling was not impacted. The latter 
finding underscores the surprising revelation that SRA is an RNA without protein-
coding potential. Co‐fractionation experiments showed that SRA ncRNAs co‐
purify with SRC‐1, a canonical coactivator of NRs. Studies have shown that SRA 
ncRNAs can enhance the activity of active function 1 domain (AF1) and active 
function 1 domain (AF2) in NRs. A pseudouridine synthase, mPus1p, can pseu-
douridylate SRA ncRNA, to enhance the transcriptional activation of RARγ [66, 
116, 117], providing yet another layer regulation of NR‐mediated transcriptional 
activity.

Based on these findings, we can now conclude that RAR binds at least one 
lncRNA, SRA, to exert its genomic regulatory effect, as shown in Fig.  1a. The 
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sheer number of lncRNAs identified to date strongly implies that there are likely to 
be multiple ncRNA “cofactors” involved in the actions of NRs in addition to SRA. 
We therefore expect that additional ncRNA cofactors for RAR will be identified.

Enhancers as Transcription Units: Induction  
of Enhancer RNAs

Investigation of enhancers has revealed that ligand- or signal-induced activation is 
often accompanied by transcription of rather small (1–2 kb) transcripts, referred to 
as enhancer RNAs (eRNAs). One of the initial examples was provided in neurons, 
where signals such as potassium chloride (KCl)—a neuron stimulator—induced 
transcription of bidirectional eRNAs [54]. Similar eRNA production activities also 
have been observed on enhancers bound by NRs, including estrogen receptor (ER) 
and androgen receptor (AR), as shown in Fig. 1b [38, 68, 109]. The function of 
eRNAs is still controversial, but the data from several labs suggest that after hor-
mone/ligand signaling induces their transcription, together with cohesins and com-
ponents of the mediator complex, they help to mediate enhancer/promoter looping 
events [38, 54, 68, 109]. Knockdown of eRNAs and enhancer like lncRNAs affects 
the transcription of target coding genes [56, 57, 68].

Fig. 1   Regulation of 
enhancers by liganded 
nuclear receptors and non-
coding RNAs. a Proposed 
interaction of RAR with the 
lncRNA, SRA, following 
the binding of RAR/RXR 
heterodimers to RARE. b 
Effects of ERα in stimulating 
transcription of eRNAs at 
regulatory enhancers, which 
are also occupied by cohesin, 
resulting in target coding 
gene activation
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DNA Damage Repair Components also Function as RAR 
Cofactors

Studies of NR‐mediated gene activation have traditionally focused on the RNA 
Polymerase II (Pol II)‐containing RNA synthesis machinery. In response to induc-
tive signals, a cohort of factors, coactivators and Pol II, are recruited to the pro-
moter or enhancer regulatory regions of the activated gene, leading to initiation 
of RNA synthesis. Recent studies suggest that components of the DNA damage 
repair machinery may also be required for efficient transcription of target genes 
[61, 62]. In response to exogenous or endogenous factors (such as irradiation and 
drugs) that induce DNA damage, a number of factors, including those having 
endonuclease activities, are recruited to repair DNA [70]. Among these factors are 
the nucleotide excision repair (NER) factors, XPC, CSB, RPA, XPA, XPG, XPF 
and ERCC1 [81]. These proteins function together to participate in the nucleotide 
excision repair (NER) process.

Le May et al. [62] showed that in the absence of genotoxic stress, XPF and 
XPG appear to play an unexpected role. Stimulation of HeLa cells with all-trans 
retinoic acid (atRA) leads to recruitment of XPF and XPG, along with Pol II 
and the transcription factor IIF (TF IIF), to the promoter region and gene cod-
ing region of the RARβ2 gene, a atRA target gene. In contrast, no atRA‐induced 
recruitment of XPF or XPG is observed for the 3-Hydroxy-3-Methylglutaryl-
Coenzyme A Synthase 2 (HMGCS2) gene, a peroxisome proliferator-activated 
receptor α (PPARα) target gene. However, in PPARα‐overexpressing HeLa 
cells, treatment with PPARα  ligand similarly induces NER factor enrichment at 
HMGCS2, suggesting that in the absence of genotoxic stress, NER recruitment at 
gene loci depends on the activation status of the gene. Consistent with this inter-
pretation, when endogenous NER factors are knocked down in HeLa cells, atRA-
induced activation of RARβ2 is dramatically impaired, indicating the presence 
of these NER factors is required for effective activation of atRA target genes. A 
requirement for NER factors is further suggested by close examination of the epi-
genetic changes that occur following their depletion. Loss of these factors leads 
to suboptimal DNA demethylation and histone post‐transcriptional modifications, 
including H3K4/K9 methylation and H3K9/K14 acetylation at the promoter of 
RARβ2 resulting in poor expression of this gene.

When RARβ2 is activated, its promoter and terminator regions form a loop-
ing structure in a CCCTC-binding factor (CTCF)-dependent manner that promotes 
optimal expression of the gene. Le May et al. [61] found that, upon atRA stimula-
tion, XPG and XPF were required for the proper assembly of the transcriptional 
machinery at both the promoter and terminator of RARβ2, and that CTCF recruit-
ment preceded the docking of the transcriptional machinery. Using quantitative 
chromatin conformation capture (3C) assays, they observed an atRA‐triggered 
chromatin looping between the promoter and terminator of RARβ2. However, 
when endogenous XPG or XPF was depleted, the looping was significantly sup-
pressed, resulting in a dramatically decreased expression of RARβ2. They further 
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proved that the participation of XPG and XPF in chromatin looping required the 
endonuclease activity of XPG and XPF. The catalytic activity induced DNA nicks 
or breaks and DNA demethylation, two events essential for efficient recruitment of 
CTCF and consequent chromatin looping. Thus, they revealed an essential role for 
XPG/XPF in atRA‐triggered chromatin reorganization [61]. It will be of particular 
interest to find how general this strategy proves to be for the broader regulatory 
transcriptional program.

RAR Modifications also Affect its Interaction with Cofactors

RAR normally forms a heterodimeric structure with RXR, and ligand binding trig-
gers canonical RAR/RXR signaling. A subsequent corepressor‐coactivator switch 
is essential for RAR/RXR‐regulated gene transcription [86]. Studies have shown 
that modification of RAR itself has a profound impact on its signaling activity in 
terms of heterodimerization, cofactor binding and transcriptional activity.

Rochette‐Egly et al. [93] found that phosphorylation of RARα1 by protein 
kinase A (PKA) was required for RA‐induced parietal endodermal differentiation. 
In RARα1 null F9 cells, RA‐induced parietal endoderm differentiation was abol-
ished but RARγ‐regulated primitive endoderm differentiation was not impacted. 
Rescuing with wild‐type RARα1 restored parietal endoderm differentiation in the 
RARα1 gene-knockout cells. However, RARα1 with mutation at the PKA phos-
phorylation site could not efficiently rescue parietal endoderm differentiation in 
the mutant cells.

Phosphorylation of a different RAR isotype, RARγ2, was also shown to be crit-
ical for its function. Upon ligand binding, RARγ2 is normally degraded, a step that 
is required for its transactivation function. Gianni et al. [33] found that the AF1 
and AF2 activation domains of RARγ2 were involved in promoting the turnover 
of the receptor, and in particular, that the p38MAPK pathway phosphorylated the 
AF1 domain, thus facilitating the recognition and degradation of RARγ2 by pro-
teasomes [33]. When the phosphorylation of AF1 was blocked, the RARγ2‐medi-
ated transactivation was dramatically impaired, supporting an important role of 
phosphorylation modification in NR signaling.

Other types of receptor modification with biological significance have also been 
investigated. With mass spectrometric analysis, Huq et al. [50] identified a tri-
methylation modification at Lys347 in the ligand binding domain (LBD) of murine 
RARα. This event is critical in promoting the dimerization of RARα and RXRα 
and the binding of cofactors to RARα, including CBP/p300 and RIP140. The 
ligand‐dependent recruitment of these cofactors is essential for the transactivation 
activity of RARα. Interestingly, although trimethylation of Lys347 occurs within 
the LBD, the ligand binding kinetics is not affected. In another study, Huq et al. 
[49] identified two monomethylated residues, Lys109 and Lys171, in RARα using 
an accurate and sensitive liquid chromatography-electrospray ionization/multi-
stage mass spectrometry technique [LC‐ESI‐MS/MS] that can detect covalent 
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modifications of proteins. These two new methylated residues were located within 
the DNA binding domain (DBD) and hinge regions of the receptor. Similar to the 
trimethylation of Lys347 in the RARα LBD, the monomethylation of Lys109 and 
Lys171 was found to facilitate the heterodimerization of RARα and RXRα. It also 
participates in the recruitment of cofactors to liganded RARα and promotes their 
transactivation activity. These studies have unveiled an important role of non‐his-
tone methylation events in NR‐regulated transcription networks.

Development of the Field: Newly Developed Technologies 
Have Expanded Our Understanding of the RAR-Mediated 
Transcriptional Program

RAR Genome‐Wide Binding Data Suggest More Complex RAR 
Transcriptional Programs at Both Promoter and Enhancer Sites

On a global level, a deeper understanding of NR transcriptional regulatory pro-
grams has been licensed by the rapid development of global genomic technologies 
based on next generation deep sequencing methodology. For example, Chromatin 
Immunoprecipitation (ChIP)-sequencing has allowed genome wide identification 
of potential interaction sites for DNA binding TFs and cofactors. Several such 
studies in different cell lines have identified RAR genome-wide binding sites [21, 
48, 73, 95], and these data have altered our viewpoint of the most cogent regula-
tory elements for RAR action. GRO-seq analyses have also allowed us to visual-
ize transcription events genome-wide and to delineate regions with transcription 
on both strands of DNA, differences in elongation, and promoter pausing events 
in transcriptional regulation [17, 71]. The new technology also permits determi-
nation of the location of lncRNAs in the genome. One of the most potent meth-
ods is Chromatin Isolation by RNA purification-sequencing (ChIRP-seq) [14], 
which permits investigation of the genomic regions interacting with lncRNAs and 
eRNAs. While the full impact of these new technologies has not yet been fully 
realized, one powerful aspect of these global technologies is that they have begun 
to reveal that different cohorts of regulated transcription units can use distinct 
molecular mechanisms in regulating different aspects of the full transcriptional 
program.

Before the availability of deep‐sequencing technology, the identification of 
RAR‐binding sites had focused only on the promoter and proximal promoter 
regions of RA targets [19, 24, 72, 76, 102]. Global genomic data analyses obtained 
with the newer ChIP-sequencing technology revealed a different picture. The data 
from the two groups conducting global genomic studies [48, 95] indicated that 
only a relatively small portion of RAR‐binding sites were actually at proximal 
promoter regions; rather most RAR‐binding sites were found in intronic or distal 
promoter intergenic regions. These results suggest that the regulation of RA targets 
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likely involves the action of RAR receptors on regulatory elements that included 
enhancers marked with specific histone modifier binding marks, such as H3K4me1, 
H3K4me2, CBP/p300 and H4K16Ac [1, 12, 39, 41, 107, 111], as well as other 
potential distal regulatory sequences. To date, comprehensive functional studies of 
RAR‐bound enhancers are still lacking, but we expect to see intensive investigation 
on this subject in the future. This is because enhancers participate in critical aspects 
of transcriptional regulation [40], alter chromatin interactions, and contribute to 
putative looping activities with promoters to deliver activating factors, such as com-
ponents of the MLL complex [110].

RAR Binding is Dynamically Regulated During 
Differentiation

Although RAR can bind constitutively to target sites, several recent publications 
report a ligand‐dependent shift in RAR binding sites during RA induced differen-
tiation and the different RAR binding patterns in mouse embryonic fibroblasts and 
mouse embryonic stem cells (ESCs) [21, 73]. These data suggest that RAR bind-
ing is dynamically regulated by ligand treatment or cell differentiation status.

Using a pan‐RAR antibody for ChIP-sequencing during RA induced differen-
tiation, the David Gifford group found that RA treatment could cause widespread 
changes in RAR genome‐wide binding during RA‐induced neuronal differentia-
tion [73]. Based on their RAR binding data, they concluded that only a small sub-
set of RAR binding sites were constitutively bound, with two other sets of RAR 
binding sites present only in the absence or presence of RA. When they compared 
RAR binding sites occupied by unliganded and liganded receptors with the well‐
characterized TF regulatory network in mouse ES cells, they found the binding 
information of ES cell TFs and other TF regulatory proteins can accurately predict 
both constitutive and ligand-induced RAR binding. The binding of core ES cell 
regulators is highly correlated with unliganded RAR binding sites, and slightly 
less correlated with liganded RAR binding sites.

RAR ChIP‐chip assays performed in both mouse embryonic fibroblasts and 
ES cell also revealed different RAR binding patterns in these two cell lines [21]. 
Because their ChIP‐chip experiments were performed using extended promoter 
array (−5 to +2  kb of promoters) and we now realize that most RARs bind at 
intergenic enhancer regions [48, 95], they only found 354 binding peaks in MEFs 
and 462 peaks in ES cells [21]. They found only 58 common RAR binding peaks 
for both cell lines [21], suggesting that RARs have cell‐type specific functions 
through binding to the different regulatory regions controlling different subsets of 
gene targets. It will be important in future studies to clarify whether the chroma-
tin environment or other tissue‐specific TFs, such as FoxA1, as reported by the 
Kevin White group in MCF7 cells [48], determines whether RAR binds to a spe-
cific locus.
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New RAR Binding Motifs

Many studies have provided evidence that RAR/RXR heterodimers bind asymmet-
rically to retinoic acid response element (RARE) [74]. RAR genome‐wide binding 
data give us a more comprehensive view of RAR binding patterns, and the data 
suggest that RAR binding is also enriched at other motifs [21, 48, 73]. The Kevin 
White group conducted an in-depth analysis for all possible hormone response ele-
ment (HRE) motifs in RAR‐binding sites and found that in addition to some well-
known experimentally validated RAREs, such as direct repeat (DR)5 and DR2, 
there were some HREs not previously known as RAREs [48], such as everted 
repeat (ER)2. This leads to a very intriguing question—Do different RARE motifs 
confer different transcriptional regulation activities on RARs? Recently, the Pierre 
Chambon group found several special glucocorticoid receptor (GR) binding motifs 
(inverted repeat (IR)0, IR1 and IR2) function as negative response elements to 
mediate repression by agonist‐liganded GR [100]. Further studies of these newly 
identified RAREs are expected to elucidate their relevance to RAR function under 
different conditions.

Trans‐binding of RAR and Transcriptional Regulation

Some nuclear receptors, such as GR and PPARγ, have been reported to regu-
late gene expression through binding to other DNA‐binding TFs, even if they do 
not bind directly to their DNA binding elements, which we termed “trans‐bind-
ing” effect [58, 83, 84]. This was exemplified by the unexpected discovery that 
in response to ligand stimulation, PPARγ was recruited in trans to mediate tran-
srepression in macrophages [83]. Ligand-dependent SUMOylation of PPARγ, or 
other nuclear receptors, permits their recruitment in trans to specific regulatory 
regions, repressing coding gene transcription (Shown in Fig. 2a) [32, 83, 106].

Recently, substantial data indicate that RAR also exhibits trans-binding activi-
ties by interacting with other signaling pathways, including estrogen/ERα signal-
ing, Wnt signaling and activating protein 1 (AP1) transcription factor complex [25, 
48, 55, 69, 80]. One well‐established example is that RA-bound RAR represses 
the transcriptional activation of AP1 transcription factor complex, which consists 
of Fos and Jun [55, 69, 80]. Using various selective retinoids for RAR, researchers 
were able to dissociate its inhibition ability on AP1 from its classical RARE‐bind-
ing transcriptional regulation activity [10, 28, 92], suggesting that RAR interferes 
with AP1 activity by a different functional mechanism from its regular DNA‐bind-
ing function. Several models have been proposed to explain the transrepression of 
AP1 by RAR, including the fact that RAR directly interacts with Jun‐Fos at their 
binding targets through trans‐binding effect as shown in Fig. 2b [2, 20, 23, 96, 97, 
103, 112, 118], even though we still do not have direct evidence to confirm that 
RAR can bind to AP1 in trans and repress its activation.
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Current State of the Field: Deeper Understanding  
of RAR-Mediated Transcriptional Regulation

RAR Regulates Both Pol II and Pol III Transcriptional Programs

It is well documented that liganded RAR induces the expression of a cohort of 
the RNA Pol II‐transcribed protein‐coding genes [75], exemplified by the Hox 
genes, which are critically involved in development. Many of these genes harbor 
typical RAREs featuring a direct repeat cassette, DR2 or DR5, at their promoter or 
enhancer regions for efficient activation.

Bioinformatics analysis of over one million copies of human Alu repeats revealed 
that some of these repetitive elements contain canonical motifs for many TFs and 
NRs, such as NF‐κB, RAR, ER and TR [90]. In particular, around one tenth of 
the human Alu repeats contain the DR2 cassette for RAR recognition and binding 
within the B box [59]. Given that the A/B boxes constitute an internal promoter for 
Pol III, it is possible that RA might trigger RAR to bind to the embedded DR2 cas-
sette and thus drive Pol III‐dependent transcription of this class of Alu repeats.

To further study how the RA/RAR signal regulates Pol III‐mediated Alu repeat 
transcription, we have taken advantage of the RA‐induced stem cell differentiation 

Fig. 2   Models of ligand-
dependent transrepression 
by nuclear receptors. a 
Transrepression by liganded 
PPARγ. Shown is a model 
of liganded PPARγ that 
is SUMOylated (Su) 
with recruited nuclear 
corepressors. Here, the 
complex is shown inhibiting 
NK-κB gene activation. b 
Transrepression by liganded 
RAR. In this case, the 
SUMOylated RAR complex 
brings nuclear receptor 
corepressors (NCoR) to AP1 
and represses AP1 target gene 
activation
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model. In human embryonic carcinoma “stem” cells, Ntera2/D1, and in human 
embryonic stem cells (H9), it has been found that atRA treatment dramatically 
enhanced the level of DR2 Alu transcripts [46]. By knocking down Pol III or 
blocking TF3C, it was confirmed that the atRA-induced DR2 Alu transcription 
was Pol III-dependent. It was also found that RAR, together with NCoR, binds 
to these DR2 Alu repeats in the absence of ligand, and that the corepressor com-
plexes were dismissed upon RA treatment. The non‐coding DR2 Alu transcripts 
were transported into the cytoplasm and became colocalized with the P bodies, 
the cytoplasmic machinery that contains Dicer and Argonaute (Ago) proteins and 
acts as RNA‐processing hubs. It was also observed that the DR2 Alu transcripts 
were processed in the P bodies into a heterogeneously‐sized population of RA-
induced small (~30–65  nt) RNAs (riRNAs), initially requiring an unexpected, 
Dicer-dependent step.

To explore the biological function of riRNAs, bioinformatics analysis was per-
formed to determine if riRNAs, like microRNAs, could potentially target com-
plementary sequence in the 3′UTRs of a subunit of ES cell‐expressed mRNAs, 
including those critical for stem cell maintenance, such as NANOG and TDGF‐1. 
It was found that the treatment with atRA decreased the transcript levels of these 
genes in Ntera2 cells, and that the overexpression of DR2 Alu or riRNAs dramati-
cally down‐regulated these targets. And instead of initiating mRNA processing 
from the 3′ terminus as is the case for microRNA‐mediated post‐transcriptional 
regulation, riRNAs and associated Argonaute3 (AGO3) protein recruit decapping 
proteins, DCP1A and DCP2, to execute exonuclease cleavage from the 5′ terminus 
of targeted mRNAs. Thus, a new functional mechanism for RAR has been uncov-
ered, in which the RAR and Pol III dependent DR2 Alu transcriptional events in 
stem cells functionally complement the Pol II‐dependent neuronal transcriptional 
program (Fig. 3). This regulatory event provides a mechanism that helps to clear 
stem cell commitment transcripts, as RA induces the coding gene transcripts 
required for differentiation, and facilitates exit from the stem cell state. It is likely 
that other subsets of ALU repeats exert biological functions in many more differ-
entiated cell types, and may have roles in cancer and aging.

It has also been found that the RA‐inducible DR2 Alu repeats appear to be located 
close to (<10 kb) active Pol II transcription units, suggesting that there might be a 
critical architectural chromatin “domain” adjacent to active Pol II‐transcribed coding 
gene loci required for the effective RA induction of Alu repeats by Pol III.

Cross-talk Between the RAR-Mediated Transcriptional 
Program and the Estrogen/Estrogen Receptor Pathway

The function of RAR-mediated transcriptional regulation in breast cancer, espe-
cially in estrogen receptor positive (ER+) breast cancer, has been the focus 
of several groups. The Jason Carroll and Kevin White laboratory groups set out 
to identify RAR genomic targets using ChIP and microarray gene expression 
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analysis in an MCF7 breast cancer cell line [48, 95]. Both studies shed light on 
how RAR regulates gene expression together with another dominant hormone 
signaling estrogen in breast cancer cells. However, although both groups found a 
large number of common binding sites for RAR and ERα, they came to totally 
different conclusions. One paper [95] suggests that RARα functions cooperatively 
with ERα to regulate the loading of coactivators at ERα enhancers [95], while the 
other paper [48] proposed that RARs and ERα actually compete to bind to com-
mon regulatory elements, thus mediating the genomic antagonism between RA 
and estrogen signaling in breast cancer [48].

The Carroll group found that estrogen induced RARα expression and that 
RARα was required for estrogen‐induced growth of the MCF7 breast cancer 
cells [95]. They further performed RARα ChIP‐sequencing in the MCF7 line. 
Their data indicate that RARα exhibits substantial co-occupancy with ERα at 
the genome‐wide level, and that knockdown of ERα expression reduced RARα’s 
binding at approximately half of these co‐bound sites, suggesting a functional 
interaction between ERα and RARα. On the other hand, knockdown of RARα 

Fig. 3   Schematic diagram showing a proposed mechanism for Pol III transcriptional activation 
of a subclass of Alu repeats, referred to as DR2 Alu repeats, by the actions of liganded RAR in 
embryonic stem cells (ESC). Our recent studies have revealed that RAR has two transcription 
programs. One is the conventional RNA Pol II-driven program. The other is dependent on Pol 
III, in which liganded RAR, together with associated coactivators (CoA), drives the transcription 
of human DR2 Alu repeats. The resultant non-coding Alu RNAs are transported into the cyto-
plasm where they are processed into a new type of small RNAs, riRNAs, in a DICER-dependent 
manner. riRNAs require AGO3 to efficiently bind to complementary sequences in the 3′UTRs 
of many key stem cell mRNAs, which leads to recruitment of decapping complexes containing 
DCP1 and DCP2, resulting in the degradation of mRNAs by exonuclease XRN1
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did not affect ERα binding, but did alter coactivator binding, such as p300, and 
affected histone H3 acetylation and RNA Pol II loading at the promoter regions 
of ERα targets. Hence, these authors hypothesized that besides its classic role as a 
heterodimeric partner of RXR proteins that respond to natural ligands such as RA, 
RARα can function cooperatively as an ERα‐associated protein for maintaining 
ERα‐cofactor interaction during estrogen‐mediated gene transcription. Thus, the 
addition of RA ligand can competitively trigger the classic RARα role and inhibit 
estrogen target genes by affecting estrogen‐ERα function. These data explain how 
RARα ligand can be used for an effective treatment, as well as provide a rationale 
for why both RARα agonists and antagonists inhibit breast cancer in animal mod-
els and preclinical trials.

The White group used GFP tag technology to map RARα and RARγ in MCF7 
cell by ChIP‐chip. They found that both RARα and RARγ binding is highly coin-
cident with ERα [48]. Their gene expression data suggested: (1) Liganded RAR 
can both activate and repress different gene targets, while traditional view pro-
posed that repressive function is mediated solely by unliganded RAR; and (2) The 
co‐occupied RAR/ERα binding sites mediated the antagonistic actions between 
RA and estrogen on gene regulation. In contrast to the Carroll group’s finding, 
their data suggested that instead of simultaneously binding to common sites, 
RARα and ERα compete to bind these sites. They also reported that FoxA1 and 
GATA3 TFs were recruited at RAR/ERα bound enhancers. Surprisingly, knock-
down of FoxA1 affects the binding of RARs at these common binding sites, sug-
gesting that RARs also function cooperatively with FoxA1 to gain access to their 
binding sites on enhancers or promoters.

The different conclusions of these studies in the breast cancer cell line raise 
many questions and we expect that additional studies will emerge to further char-
acterize the functional interaction between RAR and ERα. Indeed, although the 
exact nature of the interaction between RA/RAR and estrogen/ERα  in breast 
cancer cell line MCF7 is still obscure, some pilot studies, such as the genome‐
wide profiling of RAR and ERα bound sites, suggest a possible broad trans‐bind-
ing between RAR or ERα. It will be instructive to further explore an appropriate 
working model to validate the RAR/ERα interaction in breast cancer cells, and to 
develop novel therapies for RA-resistant tumors.

Relevance: RAR-Mediated Transcriptional  
Regulation and Disease

Understanding the basic principles of gene regulation by NRs, exemplified by 
RAR, has particular importance for designing strategies that can ultimately alter 
transcriptional programs in development, homeostasis, disease, aging and DNA 
damage repair. For example, the realization of the critical roles of enhancers in 
NR transcriptional programs provides motivation for investigation of new strate-
gies to block function of cell-type specific enhancers, perhaps by novel mutation 
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or anti-eRNA approaches. Retinoids, through binding to its NRs (RAR), are 
physiological regulators of embryonic development, tissue homeostasis and cell 
differentiation, as well as mediating apoptosis and proliferation [7]. Because of 
their inhibitory effects on breast cancer cell lines and suppression of carcinogen-
esis in experimental animal models, retinoids occupy a prominent position among 
the chemopreventive agents that have been examined in preclinical studies and 
clinical trials [114, 115]. However, the clinical trials of retinoids in patients with 
advanced breast cancer were not as successful as initially expected. Thus, it is of 
prime importance to study the molecular mechanism of RAR-mediated transcrip-
tional regulation in cancers, and the roles played by the three types of retinoic acid 
receptors in various cell types, to permit more effective strategies for harnessing 
the potential anti-cancer effects of retinoids. Even understanding at a molecular 
level why binding of retinoic acid receptors to some enhancers activate their target 
coding genes, while binding to other enhancers results in repression of their tar-
get coding genes, will provide new approaches to fine tuning these events in both 
health and disease.

This period of intensive investigation has undoubtedly pointed to a surpris-
ingly large series of cofactors as critical components in the RAR signaling pro-
gram under both the physiological and pathological conditions. In particular, the 
functional study of corepressors promises to enhance our understanding of the 
inefficiency of therapeutic application of RA in different cancer diseases. One 
example of such a cofactor is the human tumor antigen PRAME [18, 26, 27, 85]. 
Studies show that PRAME functions as a dominant repressor of RAR signaling 
by binding to RAR in the presence of RA and preventing ligand induced receptor 
activation through recruitment of Polycomb proteins [26]. Thus PRAME inhibits 
RA‐induced differentiation, growth arrest, and apoptosis. Knockdown of PRAME 
expression by RNA interference in RA‐resistant human melanoma restores RAR 
signaling and reinstates the sensitivity of tumor cells to the anti-proliferative 
effects of RA both in vitro and in vivo.

Future Directions: Future Questions on RAR-Mediated 
Transcriptional Regulation

With the current genome-wide profiling and interactome characterization, we can 
expect to see an ever-growing body of cofactors for the RAR program, including 
additional enzymes, ncRNAs, and other non-conventional RAR corepressors/coac-
tivators. It will also be important to learn more about how DNA damage repair 
components, in concert with known coactivators at RAR enhancer and promoter 
sites, function in control of regulated transcription, looping and gene activation.

By harnessing the power of contemporary sequencing technologies, we are rap-
idly accumulating knowledge and gaining insight into how RAR mediates tran-
scriptional regulation at a genome‐wide level. We expect to see in-depth studies on 
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RAR function in different development, and disease models. These insights will, 
of course, answer many critical questions concerning normal development and 
pathological conditions in human, including:

1.	 How does liganded RAR function for both activation and repression as reported 
by recent genome‐wide studies in breast cancer cell lines?

2.	 Does RAR globally use different types of RARE information to determine its 
function and to recruit different cofactors?

3.	 Does RAR act globally through trans‐binding with other TFs by protein‐protein 
interaction, and does the outcome require new functions of its DNA binding 
domain?

The era of molecular biology has brought us to a deep understanding of the bio-
logical roles and mechanisms of retinoic acid receptor function. In the near future, 
the era of global genomics will rapidly and significantly extend our knowledge for 
a clearer understanding of both the uniform and the distinct ways in which differ-
ent cohorts of RA‐regulated transcription units are transcribed.
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