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The nutritional importance of liposoluble compounds, such as vitamin A, for good 
health has been known for a long time, but vitamin A itself, was only discovered 
100 years ago. Since that time, vitamin A has been the focus of many scientific 
investigations aimed at understanding its mechanism of action. A number of  
epidemiologic studies performed with vitamin A-deficient populations of the 
Third World and with vitamin A-deficient animals have indicated that vitamin A 
is essential for vision, reproduction, growth, and development. The overall conclu-
sion was that vitamin A maintains good health from birth to death by controlling 
the development and well-being of all tissues in a time and concentration depend-
ent manner.

Early research in the field focused on vision, and in the 1940s, it was estab-
lished that a metabolite of vitamin A, 11-cis-retinaldehyde, is the visual chromo-
phore. However, the mechanism of action of vitamin A in the regulation of cell 
proliferation and differentiation throughout life was not uncovered until 1987, 
when nuclear receptors for retinoic acid, another active derivative of vitamin 
A, were cloned. Since that time, there has been an explosion of new techniques 
and concepts that have revealed how retinoic acid and its receptors regulate gene 
expression at the molecular level and impact development and homeostasis. Some 
of these new findings have been summarized in recent specialized reviews, but it 
has been over 20 years since a comprehensive account of vitamin A function and 
metabolism has been published (The Retinoids Biology, Chemistry and Medicine 
edited by Sporn, Roberts and Goodman, Raven Press, New York 1993; Vitamin A 
in Health and Disease, edited by Rune Blomhoff, Dekker, New York, 1994).

In view of the recent explosion in this field, it is timely to publish a contempo-
rary, comprehensive, book series recapitulating the most exciting developments in 
the field and covering fundamental research in molecular mechanisms of vitamin 
A action, its role in physiology, development, and continued well-being, and the 
potential of vitamin A derivatives and synthetic mimetics to serve as therapeutic 
treatments for cancers and other debilitating human diseases.

Here, we present the first volume of a multivolume series on Retinoic Acid 
Signaling that will cover all aspects of this broad and diverse field. One aim 
of Volume I is to present a compilation of topics related to the biochemistry of 
nuclear retinoic acid receptors, from their architecture when bound to DNA 
and associated with their coregulators to their ability to regulate target gene 
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transcription. A second aim is to provide insight into recent advances that have 
been made in identifying novel targets and nongenomic effects of retinoic acid.

Volume I is divided into ten chapters contributed by prominent experts in 
their respective fields. Each chapter starts with the history of the area of research. 
Then, the key findings that contributed to development of the field are described, 
followed by a detailed look at key findings and progress that is being made in 
current, ongoing research. Each chapter is concluded with a discussion of the rel-
evance of the research and a perspective on missing pieces and lingering gaps that 
the authors recommend will be important in defining future directions in vitamin A 
research.

The volume begins with a retrospective of the vitamin A story and of the clon-
ing of the nuclear retinoic acid receptors. Then, it is organized into three broad 
areas. The first area focuses on fundamental research covering the architecture of 
DNA bound RARs, the structural basis for coregulator interaction and exchange, 
the evolution of the receptors, and the role of the RXR heterodimerization partner. 
The second area addresses the complexity of the RAR‐mediated transcriptional 
regulatory programs, focusing on the epigenetic changes at the gene promoters 
and on recent integrative genomics. The third area presents new mechanisms of 
action of RARs, including nongenomic effects, novel targets, and microRNAs.

We thank all of the authors for their efforts in preparing this volume. They 
comprehensively reviewed the literature and provided stimulating ideas that will 
serve to guide continued development of the retinoid field. They pointed out many 
questions that remain unsolved and noted that these answers will require new 
state-of-the-art techniques.

We also thank and acknowledge Meran Owen for his invitation to put together 
this “Retinoic Acid Signaling” book series, his assistant, Tanja van Gaans for her 
constant help, and Springer Publishing for its support of this project.

It is our hope that this book will serve as an illuminating introduction to the fas-
cinating field of vitamin A biology for those who are not familiar with the amazing 
molecular intricacies of retinoic acid signaling, as well as a frequent reference for 
the current and next generations of scientists working in the field of retinoids and 
nuclear receptors.

Mary Ann Asson-Batres
Cécile Rochette-Egly
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Abstract The discovery of retinoic acid receptors arose from research into how 
 vitamins are essential for life. Early studies indicated that Vitamin A was metabolized 
into an active factor, retinoic acid (RA), which regulates RNA and protein expression 
in cells.  Each step forward in our understanding of retinoic acid in human health was 
accomplished by the development and application of new technologies. Development 
cDNA cloning techniques and discovery of nuclear receptors for steroid hormones pro-
vided the basis for identification of two classes of retinoic acid receptors, RARs and 
RXRs, each of which has three isoforms, α, β and ɣ.  DNA manipulation and crystal-
lographic studies revealed that the receptors contain discrete functional domains respon-
sible for binding to DNA, ligands and cofactors.  Ligand binding was shown to induce 
conformational changes in the receptors that cause release of corepressors and recruit-
ment of coactivators to create functional complexes that are bound to consensus pro-
moter DNA sequences called retinoic acid response elements (RAREs) and that cause 
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opening of chromatin and transcription of adjacent genes. Homologous recombination 
technology allowed the development of mice lacking expression of retinoic acid recep-
tors, individually or in various combinations, which demonstrated that the receptors 
exhibit vital, but redundant, functions in fetal development and in vision, reproduction, 
and other functions required for maintenance of adult life.  More recent advancements 
in sequencing and proteomic technologies reveal the complexity of retinoic acid recep-
tor involvement in cellular function through regulation of gene expression and kinase 
activity.  Future directions will require systems biology approaches to decipher how 
these integrated networks affect human stem cells, health, and disease.

Abbreviations

ChIP  Chromatin immunoprecipitation
ChIP-seq  Chromatin immunoprecipitation coupled with deep sequencing
cDNA  Complementary DNA
CRABP  Cellular retinoic acid binding protein
CRBP  Cellular retinol binding protein
DNA  Deoxyribonucleic acid
DBD  DNA binding domain
LBD  Ligand binding domain
NMR  Nuclear magnetic resonance
RA  Retinoic acid
RAR  Retinoic acid receptor
RARE  Retinoic acid response element
RNA  Ribonucleic acid
RNA-seq  High throughput RNA sequencing
RXR  Retinoic X receptor
VAD  Vitamin A deficiency

Introduction: In Quest of  
a Mechanism of Action for Vitamin A

The idea that essential factors other than proteins, fat, starch, sugar, or min-
erals are present in food was a novel concept before the late 1880s. Ultimately 
this notion was verified by a series of human dietary supplementation studies 
and controlled experiments in animal models conducted between 1880 and 1920, 
which demonstrated that removal of these factors from the diet caused debilitat-
ing illnesses and death. The first discoveries in the field were made by Christiaan 
Eijkman and Frederick Gowland Hopkins who found that rice polishings con-
tain substances preventing beriberi. These investigators received the Nobel prize 
for their work in 1929 [17]. In 1912, Casimer Funk identified the active fraction, 
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which was named water-soluble factor b, later described as thiamine [16]. Since 
this substance, which was vital for life belonged to a class of organic compounds 
called amines, he named it “vitamine” (vital amines) [98].

During this time, two groups, one led by Elmer McCollum and the other by 
Thomas Osborne and Lafayette Mendel, independently provided evidence for 
another essential substance that was named fat-soluble factor a [113]. By 1920, 
several other low abundance dietary factors were also being described, and Jack 
Drummond argued to the American Chemical Society that since there was no evi-
dence for the presence of an amine in all of these “vitamines”, it would be easiest 
for classification purposes to drop the -e on Funk’s general reference to vital fac-
tors and refer to them as Vitamin A, Vitamin B, Vitamin C, etc. [29].

The structure of vitamin A, also known as retinol, was first reported by Paul 
Karrer and his collaborators in 1931 [55, 111], confirmed by the group of Heilbron 
the following year [44], and crystallized in 1937 [47]. The molecule is composed 
of 20 carbon atoms arranged as a beta-ionone ring with a conjugated isoprene tail 
that terminates with an alcohol functional group (Fig. 1.1).

Ongoing studies revealed that vitamin A serves as a precursor for active deriva-
tives that impart two very different physiologic effects: (1) an aldehyde derivative 
(11-cis retinal), which is the active chromophore of vision [2, 7, 48, 128], and (2): 
an acid derivative (all-trans retinoic acid), which has the ability to reverse develop-
mental defects in vitamin A deficient (VAD) animals [4, 5, 123] (Fig. 1.1). Further 
experiments by Arens and van Dorp suggested that retinoic acid (RA) could not 
be converted into vitamin A in vivo and thus, they concluded that RA was itself a 
hormone involved in cell growth and in development. Since that time, several other 
active vitamin A metabolites have been identified, and active compounds have been 
synthesized. In 1976, all of them were grouped as retinoids [117].

Clues as to how retinol and retinoic acid work inside cells came from studies per-
formed with other fat soluble (lipophilic) hormones such as estrogens and glucocor-
ticoids. In the 1960s, advancements in methods to synthesize radiolabelled hormones 
with sufficient specific activity for in vivo use and in techniques to count tritium in 
animal tissues [51] allowed the identification of binding proteins for these hormones 
[52], and also suggested that there was a link between their physiological action and 
transcription in the nucleus. This was the first indication that lipophilic hormones reg-
ulate gene transcription through nuclear receptors functioning as transcription factors.

More support for this concept came from Pierre Chambon’s finding that admin-
istration of estradiol to immature chickens elicited an increase in liver aggregate 
polymerase that preceded an induction of protein synthesis [19, 130]. Subsequent 
studies found that estradiol induces translocation of an estrogen binding protein 
from the cytoplasm to the nucleus [53] and that steroid hormones induce transcrip-
tion of specific subsets of genes [82, 96]. The generality of this phenomena in the 
animal kingdom was shown by studies in flies demonstrating that insect ecdys-
teroids induce alterations in chromatin dynamics, observed as puffing of chro-
mosomes [6]. The final pieces of the puzzle came together in the 1980s with the 
discovery that glucocorticoid receptor proteins could be proteolytically cleaved 
into independently-functional, ligand-binding (LBD) and DNA-binding (DBD) 
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domains [132], and that the DBD could bind to specific DNA sequence elements 
conferring glucocorticoid regulation of adjacent genes [20, 109].

At the same time, experimental evidence was accumulating that vitamin A and its 
derivatives also influence RNA and protein synthesis [24, 54, 134] and can bind intra-
cellular proteins [8, 90]. In 1978, the group of Frank Chytil purified and characterized 
cytosolic proteins that bound retinol (CRBPI and CRBPII) or retinoic acid (CRABPI 
and CRABPII) [23, 91, 92]. However, subsequent studies performed by the same group 
revealed that CRBPs and CRABPs are present essentially in the cytosol and that these 
proteins merely serve as vehicles or shuttles transferring the ligand into the nucleus 
to specific binding sites on the chromatin [70, 71, 120, 121]. Also at that time, there 
appeared to be clear evidence that other retinoid receptors were present in the nucleus 
that could modulate the transcription of specific genes [43].

Fig. 1.1  Retinol and its main metabolites
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History: Cloning of the Nuclear Retinoic Acid Receptors

In the 1970s, progress in genetic technologies increased rapidly with promising 
possibilities for gene mapping. New procedures for DNA hybridization [27] and 
gene transfer [131] made possible gene localization to specific regions of chromo-
somes and gene cloning into DNA plasmids. A huge advance in molecular genetic 
studies was also provided by the purification and characterization of a microbial 
reverse transcriptase enzyme that could be engineered to generate DNA comple-
mentary (cDNA) to RNA in animals [116, 122]. This ability to generate DNA 
sequences representing processed RNA circumvented the problems of non-coding 
introns and exon splicing, and allowed mRNA isolated from cells to be copied into 
cDNA sequences that could then be individually cloned into plasmids [112] or 
bacteriophages to create libraries of all the DNA translation products expressed in 
a particular cell type.

In 1985, these technologies were used by the group of Pierre Chambon to clone 
the human estrogen [129] and glucocorticoid receptors [41] (Fig. 1.2). Phage 

Fig. 1.2  Gene cloning using phage cDNA libraries
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libraries were infected into bacteria growing on a petri dish at densities that allowed 
individual phage to be separately identified by the clear areas they produced in the 
bacterial lawn, called plaques. The cDNA in the plaques was transferred to a nitro-
cellulose membrane, which was then screened with a radioactively labeled query 
probe (for example, a nucleotide sequence with homology to putative hormone 
receptors). When exposed to X-RAY film, plaques hybridizing with the radioac-
tive probe produced a spot that allowed their identification and isolation. Then, the 
isolated cDNA’s could be used to produce large quantities of protein and could be 
genetically manipulated to mutate or excise coding regions for specific parts of the 
proteins, which allowed precise identification of functional areas.

Cloning of RARs

The first retinoic acid receptor, RARα, was independently identified in 1987 by 
the laboratories of Pierre Chambon and Ronald Evans. Chambon’s group cloned 
RARα by using a consensus oligonucleotide probe corresponding to a highly con-
served sequence in the DBD of several members of the nuclear receptor family 
(human and chicken estrogen receptor, human and rat glucocorticoid receptor, 
human progesterone receptor and viral oncogene erbA) [97]. This probe was radi-
olabeled and hybridized with a phage cDNA library created from the human breast 
cancer cell lines MCF-7 and T47D. Several phage plaques giving positive signals 
were obtained and rescreened with probes corresponding to the DBD of the human 
estrogen, progesterone and glucocorticoids receptors in order to eliminate clones 
of these receptors. The cDNA inserts of the remaining positive clones were sub-
cloned into a plasmid vector and sequenced. One of the cDNA inserts contained an 
open reading frame encoding a 432 amino-acid protein with a predicted molecular 
mass of 47,682 Da. This sequence was referred to as hRAR.

Analysis of the cDNA-deduced hRAR protein sequence revealed that the 
regions corresponding to the DBD and the LBD possess a high degree of similar-
ity with that of all other nuclear receptors. Several experiments were designed to 
define whether the cloned hRAR protein binds RA and whether, by analogy with 
the other members of the nuclear receptor family, it could act as a ligand-inducible 
transcription factor. A cDNA fragment encoding the LBD was subcloned into an 
expression vector and introduced in HeLa cells. Incubation of the extracts with 
radiolabelled ligands confirmed that the hRAR protein binds RA selectively and 
with high affinity. A chimeric receptor in which the DBD of hRAR is replaced 
by the DBD of the estrogen receptor was constructed and cotransfected into HeLa 
cells with a vit-tk-CAT reporter gene under the control of an estrogen response 
element. Addition of RA resulted in an increase in CAT reporter activity indicat-
ing that hRAR is a ligand-inducible trans-activator of transcription. Thus the first 
human nuclear retinoic acid receptor was cloned and is now named RARα.

A few month later, Evans’ group published that they had independently cloned the 
same receptor using a different probe corresponding to a novel sequence with striking 
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similarity to the DBD of the steroid hormone receptors that they fortuitously identi-
fied in a human hepatocellular carcinoma [36]. Close on the heels of these ground-
breaking publications, two independent groups led by Magnus Phfahl and Chambon 
used the same probe [9, 13, 25] and cloned a second human nuclear retinoic acid 
receptor, which depicted high homology with RARα. Both groups created chimeric 
proteins by swapping the DBD for that of the estrogen receptor and verified that RA 
could activate the chimeric protein to transactivate a reporter gene under the control of 
an estrogen responsive DNA sequence element. One group called the new receptor, 
RARε, based on its high expression in epithelial tissues [9], but the name proposed 
by the other group, RARβ, became the commonly known name for this second RAR 
[13]. Finally, efforts to clone the murine counterparts of the human RARα and RARβ 
receptors revealed the existence of a third RA receptor, RARγ [137]. DNA sequences 
of the mouse RARγ gene were then used to clone the human RARγ gene [58].

Subsequent research indicated that the three RARs are encoded by three distinct 
genes located in different chromosomes [50, 81]. Several isoforms of each RAR 
subtype were identified that differ in the N-terminal region as a result of alterna-
tive splicing or of the use of different promoters upstream of the gene. Two major 
isoforms were identified for RARα (RARα1 and RARα2) [67], four isoforms for 
RARβ (RARβ1, RARβ2, RARβ3, and RARβ4) [89, 138], and two isoforms for 
RARγ (RARγ1 and RARγ2) [37, 57]. Official classification of the nuclear receptors 
identified RARα as NR1B1, RARβ as NR1B2 and RARγ as NR1B3 [35].

Cloning of a Second Family of Nuclear Retinoid Receptors: 
The RXRs

In the late 1980s a novel strategy was used to isolate cDNA clones encoding DNA 
binding domains. The technique involves absorbing the proteins produced by a 
phage cDNA library onto nitrocellulose filters and probing the filters with radioac-
tive, double-stranded DNA [114, 125]. In 1989, the Keiko Ozato group used this 
technique to isolate from mouse liver a cDNA clone encoding a protein capable of 
binding the conserved MHC class I regulatory element (CRE). Interestingly, this 
protein, H-2RIIBP (H-2 region II binding protein), had modular domains character-
istic of the nuclear hormone receptors and could also bind estrogen response ele-
ments [42]. More research needed to be done however, to determine whether the 
H-2RIIBP protein was a nuclear hormone receptor. Then Mangelsdorf et al. per-
formed a low stringency screen of human liver and kidney cDNA libraries using a 
probe corresponding to the DBD of RARα and isolated a novel nuclear receptor, 
which was substantially different from RARα and was referred to as hRXRα [79].  
A few month later, the Michael Rosenfeld group screened a cDNA phage library 
from a thyroid tumor using a RAR response element and isolated an additional 
nuclear receptor, which exhibited remarkable homology to RXRα and which differed 
by only 2 amino acids from the H-2RIIBP protein. This protein was finally named 
RXRβ [133]. Subsequently, three murine RXRs (RXRα, RXRβ and RXRγ) encoded 
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by different genes were isolated [78]. Several studies attempted to clone the human 
RXRγ gene, but without results. Nevertheless, a human genomic locus encoding 
RXRγ has been mapped in chromosome 1 using florescence in situ hybridization 
(FISH) [3]. According to the official classification of nuclear receptors, RXRs are 
now identified as NR2B1 (RXRα), NR2B2 (RXRβ), and NR2B3 (RXRγ) [35].

The interesting feature of the RXR proteins is that they can activate transcrip-
tion in response to RA, but are unable to bind all-trans RA due to the fact that 
they do not share significant homology with the LBD of RARs. Instead, 9-cis 
retinoic acid was identified as a high affinity ligand for RXRs [45, 68]. However, 
today it is clear that 9-cis RA cannot be detected in most tissues, and the exist-
ence of a physiological RXR ligand is still being investigated [34]. Nevertheless, 
several synthetic compounds that bind RXRs and not RARs, rexinoids, have been 
designed and have provided useful tools [94].

Establishment of the Basis of RARs and RXRs Mechanism  
of Action (1990–1995)

Once they were cloned, the sequences of the different RAR and RXR cDNAs 
were analyzed, aligned and compared to that of the other nuclear receptors [61]. 
This analysis revealed that all nuclear hormone receptors including RARs and 
RXRs exhibit a modular structure composed of 6 conserved regions designated 
A–F (Fig. 1.3a) with different degrees of conservation [65]. Region C, which cor-
responds to the DBD is the most conserved region with 94–97 % identity between 
RARs and with 60 % identity between RARs and RXRs. Region E encompasses 
the LBD and is also well conserved between RARs (84–90 % identity), but dif-
fers considerably between RARs and RXRs (27 % identity). Finally the A and F 
regions differ markedly among the 3 RARs, and the F region is lacking in RXRs.

During the same time, the promoter regions of endogenous genes that are con-
trolled by RA were characterized, leading to the identification of specific cis-
acting DNA elements that bind RARs (Fig. 1.3c). The first natural RA response 
element (RARE) identified was that in the RARβ2 promoter [26, 46, 119]. It con-
sists of a direct repetition of 2 motifs (G/AGTTCA) separated by 5 base pairs and 
was called a DR5. During ensuing years, other RAREs that have different spacings 
between the direct repeats (DR1 and DR2) were discovered in the promoters of 
several other RA-responsive genes [31, 115].

RARs from crude cell extracts were able to bind RAREs, however several 
groups observed that high affinity binding required interactions with other nuclear 
factors [38, 66]. Chambon’s group purified the nuclear accessory factor that 
enhanced the binding of RARs to RAREs in vitro and discovered that this pro-
tein was RXRβ  [66]. This group also showed that RXRs form heterodimers with 
RARs and that interaction regions overlap with the LBDs and the DBDs of both 
partners [66]. Concomitantly, Rosenfeld’s group also identified RXRβ as the factor 
that stimulates the binding of RARs to RAREs [133].
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In 1994–1995, knowledge of the mechanism(s) of action of RAR/RXR heter-
odimers and most nuclear receptors increased tremendously due to the discovery 
of co-activators that bind specific sequences of the LBD in response to RA [30, 62, 
126, 127] and characterization of the three-dimensional structures of the DBD [64] 
(Fig. 1.3b) and the LBD [12, 100] (Fig. 1.3d). Most notably, the description of the 
crystallographic structures of the LBD in the absence and presence of RA revealed 
that the on switch for gene transcription by liganded RARs relies on structural 
rearrangements that create binding surfaces for co-regulators [18, 87] (Fig. 1.3d).

During this same time, peptides corresponding to amino acid sequences spe-
cific for each RAR and RXR subtypes were synthesized, allowing generation of 
antibodies recognizing not only the RAR and RXR proteins produced in vitro 
(recombinant proteins), but also endogenous RARs and RXRs [32, 105]. In addi-
tion to their utility in localizing endogenous receptor expression in tissues, the 
antibodies had an additional interesting benefit of revealing that endogenous 
RARs and RXRs migrated to different positions on polyacrylamide gels when 
compared with their recombinant counterparts. This later finding suggested the 

Fig. 1.3  Structure of RARs and of their DNA binding sites. a Schematic representation of 
the modular organization of RARs and RXRs with the functional domains. The conservation 
between RARα and RXRα is shown. b High resolution structure of the RXRα DNA binding 
domain NMR (mmdbId: 8588). c Description of the classical retinoic acid response elements 
(RAREs). d Structural changes induced upon RA binding. The crystal structures of the unli-
ganded RXRα and liganded RARγ LBDs are shown with the binding domain for corepressors. 
Helices are represented as ribbons and labeled from H1 to H12. Adapted from Protein Data Bank 
1lbd and 2lbd
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native proteins had a higher relative molecular weight, possibly due to post trans-
lational modifications, such as phosphorylation, in vivo [33, 104, 106].

Genetic Evidence that RARs Transduce  
the Retinoid Signals in Vivo

Until the 1990s, the physiological functions of vitamin A and retinoids in vivo 
were mainly inferred from studies on vitamin A-deficient (VAD) animals. These 
studies demonstrated that vitamin A is required during pre- and post-natal devel-
opment as well as in adult life. The VAD syndrome is associated with several con-
genital malformations during embryonic development and with defects in growth, 
vision, reproduction and maintenance of several tissues after birth. The cloning of 
RARs and RXRs raised the question of whether these nuclear receptors mediate 
the physiological effects of vitamin A and retinoids in vivo.

The development of the homologous recombination technology for targeted dis-
ruption of specific genes allowed the generation of mice lacking CRABPs, RARs or 
RXRs. Single or double knock out of CRABP I and II did not generate overt phe-
notypic abnormalities corroborating that these retinoic acid binding proteins are not 
required for the effects of RA during development [40, 60]. In contrast, knock out 
of RARα or RARγ exhibited congenital malformations and displayed some of the 
defects of the postnatal VAD syndrome with reduced postnatal viability [72, 74, 75]. 
Double mutants were also generated that recapitulated all of the fetal VAD syndrome 
malformations and that exhibited a dramatically reduced viability [73, 83]. All these 
results confirmed that the effects of vitamin A in development are indeed mediated 
by RARs. Subsequently, RXR knock out mice were also engineered, but the inter-
pretation of the phenotypes was more complicated since RXR heterodimerize not 
only with RARs, but also with multiple other types of nuclear hormone receptors 
[56, 118]. Nevertheless, compound mutants in both RXR and RAR greatly exacer-
bated the VAD phenotypes [56] suggesting that the RAR/RXR heterodimers are the 
functional units that mediate vitamin A signaling in vivo.

Development of the Field: A Huge Explosion Has Occurred 
in the Field of RARs During the Last Two Decades

Between 1987 and 1995, RARs and RXRs were cloned and the basis for their mech-
anism of action was established (Fig. 1.4). During the next twenty years, up to now, 
knowledge in the field of RARs and RXRs has increased tremendously due to the 
development of novel genetic, biophysical and high throughput molecular technolo-
gies. Integration of these approaches has provided an in-depth view of the mechanism 
of action of RARs and of all nuclear receptors. These findings have been the subject 
of several recent comprehensive reviews, some of which are recapitulated in this book 
volume. In addition, several databases have been developed and are now publically 
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available including [NURSA (http://www.nursa.org), Transcriptomine (http://www.nur
sa.org/transcriptomine) and IUPHAR (http://www.iuphar-db.org)].

Briefly, the novel findings discovered during the two last decades can be sum-
marized as follows:

A large number of coactivator and corepressors have been identified and found to 
be components of multisubunit coregulator complexes exhibiting an ever-expanding 
diversity of enzymatic and epigenetic activities, exemplified by ATP-dependent nucleo-
some remodeling complexes, histone acetyl/deacetyl transferases (HATs and HDACs), 

Fig. 1.4  Chronology of the main events in the field of vitamin A and RARs. *Petkovich et al. 
1987; Giguere et al. 1987
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histone methyl transferases (HMTs) and histone demethylases [39]. The development 
of the chromatin immunoprecipitation (ChIP) technique revealed that transcription of 
RAR-target genes is a dynamic process and that RA binding switches RARs from an 
inactive state to an active state by promoting the exchange of corepressor complexes for 
coactivators [95, 102]. The consummate effects of these coregulators are the modifica-
tion, remodeling and decompaction of chromatin to pave the way for the recruitment of 
the transcription machinery [28]. Today new proteins and complexes are still continu-
ously being discovered increasing our knowledge of the complexity of RAR-mediated 
transcription. Moreover, the combination of different biophysical methods [X-ray crys-
tallography, small angle X-ray (SAXs), fluorescence resonance energy transfer (FRET), 
nuclear magnetic resonance (NMR)] and the use of several synthetic agonists or antago-
nists for RARs and RXRs is providing a view of the dynamic structure of RAR-RXR 
heterodimers associated with coactivators on different response elements [101].

Subsequent to the sequencing of the human genome, the development of 
genome-wide profiling technologies such as RNA-seq (high throughput qPCR 
sequencing) and ChIP-seq (chromatin immunoprecipitation coupled with deep 
sequencing) has allowed the identification of novel RA response elements with 
different spacings [88] and novel RA-target genes [59, 77]. The genome-wide 
integrative analysis of RAR/RXR binding and transcriptional regulation has 
also provided a dynamic view of RA signaling [84]. Recently, RARs have been 
found to target the expression of microRNAs, introducing yet another level of 
complexity in the regulation of RAR-regulated gene transcription [93, 135, 
136]. These recent approaches and findings are identifying novel mechanisms of 
action for RARs and are opening up promising new avenues for research and 
development.

During the last two decades, the concept arose that posttranslational modifications 
such as phosphorylation and ubiquitination are crucial for RARs activity [2]. Early stud-
ies using phosphopeptide analysis performed with radioactivity and large amounts of 
recombinant receptors resulted in the identification of a number of phosphorylation sites 
on RARs and RXRs [1, 63, 103, 107]. Subsequently, the emergence of new methods for 
enrichment of phosphopeptide samples and development of phosphospecific antibod-
ies provided the ability to analyze phosphorylation of endogenous RARs in response 
to their cognate ligand or signaling pathways [14]. Now it is clear that RARs, as well 
as several other proteins, are rapidly phosphorylated in response to RA, subsequent 
to  RA-induced activation of kinase cascades via a pool of RARs that are present in 
membrane lipid rafts [80, 99]. A concept that is gaining support is that phosphoryla-
tions induce subtle changes in the conformation of the receptors that modulate the asso-
ciation/dissociation of new coregulators [21, 108]. Another developing concept is that 
phosphorylation is a signal for the degradation of RARs by the ubiquitin proteasome 
system, a process that signals the end of transcription [11].

In situ analysis of endogenous RAR protein expression profiles became possible 
with the generation of purified highly-specific antibodies [15, 124]. Moreover, the 
development of novel conditional gene targeting strategies based on the use of the 
Cre recombinase allowed the generation of somatic mutations in individual genes in 
a specific cell type and at a given time in the life of a transgenic mouse [85, 86]. This 
novel strategy has yielded remarkable advances in understanding the roles played 
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by RARs and RXRs because it circumvents the limitations of previous transgenic 
approaches that led to early lethality and that were compromised by redundancies in 
receptor isoform expression in tissues under investigation [49, 69].

Future Directions

Today, 25 years after the cloning of RARs (Fig. 1.4), knowledge continues to evolve 
in the field of retinoid biology. The structures of RAR/RXR heterodimers bound 
to DNA have been solved, but they are still lacking the N-terminal domain which 
exhibits a quasi absence of defined secondary structures but confers considerable 
flexibility to RARs. The integration of data from several sources and from high-res-
olution biophysical approaches should provide the structure of the RAR/RXR heter-
odimers as full-length proteins bound to DNA with their coregulators intact.

A driving goal for future studies will be the discovery of the rules for cell fate speci-
fication integrated into a systems biology view of RAR/RXR actions and RA signaling. 
Application of computational models and programs to reconstruct differentiation-
related gene networks obtained from different cell types should allow the prediction of 
RA-regulated gene network intricacies and the identification of key factors that direct 
cells towards a particular differentiation phenotype. Stem cells, which are pluripotent 
cells capable of generating all the differentiated cell types present in the body and which 
are responsive to RA, are currently, a most promising tool for such cell fate studies. 
Extrapolation of data generated from stem cell differentiation models should have appli-
cability to a deeper understanding RAR-dysfunctional diseases that interfere with nor-
mal cell homeostasis and redirect normal cells to a more primitive, mitosis-driven state.

Recent findings are stretching the boundaries of our understanding of vitamin A 
action. These newer studies are indicating that the effects of vitamin A retinol and RA 
are not mediated only by RAR/RXR heterodimers and transcriptional processes, and 
this is opening up new avenues in the field. As an example, it has been found that RA 
can activate other nuclear receptors such as the peroxisome proliferator-activated recep-
tor β/δ [110], providing a rationale for the long-noted, but poorly understood function 
of vitamin A in regulating energy balance. Moreover, recent findings are hinting that 
RA, as well as vitamin A itself, can have extranuclear, non-transcriptional effects and 
can activate kinase-signaling pathways [2, 10]. Consequently, one can speculate that, 
in addition to affecting the transcriptome, RA and retinol could also affect the phos-
pho-proteome. Next generation, dual linear ion trap mass spectrometers coupled with 
Orbitrap technology should allow the identification of new panels of proteins that are 
phosphorylated in response to retinol or RA. The future objectives should be to integrate 
the RA-induced variations in the phospho-proteome with the transcriptome. Such an 
integrative study should pave the way to breakthroughs in disease-related research. The 
recent observation that RARs are present in the cytosol of specific cell types [22, 76]  
continues to open new areas in the mechanisms of action of vitamin A and RA.

Great progress has been made in deciphering how specific molecules and signal-
ing pathways interact to mediate vitamin A/RA action. But much is left to be done 
to fully understand the complexities of their action at the cellular and sub-cellular 
levels and of their regulation in time and space throughout the life of an organism.
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Abstract Nuclear Retinoic Acid receptors (RARs) consist of three subtypes,  
α, β, and γ, encoded by separate genes. They function as ligand-dependent tran-
scriptional regulators, forming heterodimers with Retinoid X receptors (RXRs). 
RARs mediate the effects of retinoic acid (RA), the active metabolite of Vitamin 
A, and regulate many biological functions such as embryonic development, 
organogenesis, homeostasis, vision, immune functions, and reproduction. During 
the two last decades, a number of in-depth structure–function relationship stud-
ies have been performed, in particular with drug design perspectives in the thera-
peutics for cancer, dermatology, metabolic disease, and other human diseases. 
Recent structural results concerning integral receptors in diverse functional states, 
obtained using a combination of different methods, allow a better understanding 
of the mechanisms involved in molecular regulation. The structural data high-
light the importance of DNA sequences for binding selectivity and the role of 
 promoter response elements in the spatial organization of the protein domains into 
 functional complexes.
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Introduction

Following the pioneering work of Max Perutz and the British school of biocrystal-
lography in the 1950s, protein crystallography has become one of the most power-
ful techniques for the analysis of the structure of macromolecules. Milestones have 
included resolution of the crystal structures of tRNA-Phe in 1974 [21, 47] and nucleic 
acid protein complexes (aminoacyl-tRNA synthetases/tRNAs, ribosome, RNA poly-
merase) that have enlightened the structure-function relationships of key steps of the 
translation of genetic information [9, 49, 50, 60]. The first structure of a membrane 
protein was resolved in 1984. This accomplishment paved the way for an incursion 
into an essential domain of biology [10]. Most of our knowledge of macromolecular 
interactions at the atomic level originates from these pioneering studies.

The field of structural investigation has expanded in the last decade to allow 
more ambitious questions, such as the study of transient complexes, to be under-
taken. A three-dimensional view of molecular interactions, conformational 
changes, and dynamics of association can now be reconstructed at atomic or near 
atomic resolution using a variety of approaches and technologies that provide 
information at different time scales. Combination of these complementary data on 
the same molecular complex is called integrative structural biology [3].

The structural investigation of nuclear receptors (NR) started in the early nine-
ties. There has been an impressive increase in knowledge about the structure and 
mechanism of action of NRs from the first reported atomic structure of a DNA 
binding domain [54] to our current appreciation of the structure of full length 
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receptors bound to DNA and coactivator proteins (review in [17]). Crystallography 
has provided the bulk of the available information at atomic resolution with some 
interesting data contributed by researchers using Nuclear Magnetic Resonance 
(NMR) and Mass Spectrometry (review in [19]).

History: Structural Analysis of Nuclear Receptor Isolated 
Domains

NRs control a large number of physiological events through their interactions with 
DNA sequence elements and downstream actions that are set in motion to regu-
late gene transcription. NR activation is controlled by ligands and cofactors that 
include repressors, activators, and bridging proteins [25, 39]. Additional fine-tun-
ing is provided by post-translational modifications of NRs that result from cross-
talk between different signaling pathways.

NRs share a common structural organization that is comprised of a variable 
N-terminal domain (NTD) harboring a ligand-independent activation function (AF-1), 
a conserved DNA binding domain (DBD) and a C-terminal ligand binding domain 

Fig. 2.1  Structural organization of RAR together with the atomic resolution structures of the 
isolated domain. a RAR, like other nuclear receptors, has a modular structure with an unstruc-
tured N-terminal domain (NTD) and two well-structured domains, the DNA binding domain 
(DBD) and the ligand binding domain (LBD). The LBD contains the ligand dependent activa-
tion function, AF-2. b Crystal structure of the RXR DBD homodimer bound to its DR1 DNA 
response element (PDB ID: 1BY4). Helices are represented as ribbon in cyan. c Structural 
changes in the ligand binding domain induced upon agonist ligand binding. Crystal structures of 
unliganded (apo) RXRα (PDB ID: 1LBD) and liganded (holo) RARγ bound to all-trans retinoic 
acid (PDB ID: 2LBD) are shown. Helices are represented as ribbon in green with the C-terminal 
helix H12 labeled and shown in blue
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(LBD). The LBD contains the ligand dependent activation function, AF-2 (Fig. 2.1). 
The LBD also harbors several interaction surfaces for homodimerization or heterodi-
merization and for the binding of coregulators. Structural studies of individual DBD 
and LBD have shed light on the molecular basis of transcription regulation by nuclear 
receptors. Unfortunately, structural information is still not available for the NTDs 
containing the ligand-independent function AF-1 or the hinge region connecting the 
DNA and ligand binding domains. These two domains are highly variable in size and 
sequence and show poorly defined secondary structures [30].

Studies of DNA Binding Domains

Retinoic acid receptors (RAR) are members of the NR family. The pleiotropic 
effects of retinoic acid (RA) are mediated through binding interactions with RARs. 
The RARs, as most of the NRs, function as dimers. RARs partner with retinoid 
receptors (RXR) to form heterodimers. A general model proposes that RARs bind 
to cognate RA-response elements (RAREs) both with and without RA bound to 
the receptor. Recent chromosome-protein precipitation analyses coupled to mas-
sive parallel sequencing and bioinformatics analyses carried out using different 
cell types have led to the identification of thousands of genomic RAR binding sites 
and RA-regulated gene networks [11, 18, 28, 29, 33]. Analyses of RAR bound loci 
have confirmed the presence of direct repeat consensus sequences composed of the 
hexanucleotide motif (5’-(A/G)G(G/T)TCA-3’) separated by 1 (DR1), 2 (DR2) or 5 
(DR5) nucleotides [2] (Fig. 2.2a). In vitro studies have also shown that a significant 

Fig. 2.2  DNA binding of RAR-RXR heterodimers to DNA. a DNA Retinoid response elements 
are composed of direct repeats (DR) of the hexanucleotide sequence (5′-(A/G)G(G/T)TCA-3′) 
separated by separated by 0 (DR0), 1 (DR1), 2 (DR2), 5 (DR5) or 8 (DR8) nucleotides. RAR-
RXR binds to these elements with a specific polarity. b Crystal structure of the heterodimer 
RARα (green)-RXRα (cyan) DBD in complex with the retinoic response element DR1. (PDB 
ID: 1DSZ). The DBD core is composed of approximately 66 amino acid residues which form a 
tertiary structure composed of an N-terminal β-hairpin and two α-helices (H I and H II) followed 
by a short C-terminal helix and an extension. The response elements are indicated with yellow 
arrows
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number of RAR-RXR heterodimer-occupied sites in embryoid bodies or F9 embryo-
nal carcinoma cells have divergent, non-canonical half-site spacings, including DR0, 
DR8 and inverted repeat 0 (IR0) elements [33]. RAR-RXR heterodimers bind to the 
asymmetric DRs with specific polarities [27, 41]. RAR DBDs bind to the half-site 
at the 3’ end of DR5 or DR2 elements, while RXR binds to the 5’ half-site of these 
RAREs. The polarity is reversed in the case of DR1, with RXR bound to the 3’half-
site and RAR or other binding partners bound at the 5’ end (Fig. 2.2a) [27, 41].

NMR provided the first 3D structure of estrogen NR DBDs [54], and crystallog-
raphy unraveled the atomic details of DNA-DBD interactions in the glucocorticoid 
receptor (GR) [26]. It was determined that the DBD core is composed of approxi-
mately 66 amino acid residues which form a tertiary structure composed of an 
N-terminal β-hairpin and two α-helices followed by a short C-terminal helix and an 
extension (Fig. 2.1). The N-terminal α-helix (helix I) fits into the major groove of 
the DNA and makes direct and water mediated hydrogen bonds with the nucleotide 
sequence. In addition, there are a number of interactions between amino acid side 
chains and the phosphate backbone of the DNA. Helix II (Fig. 2.1) is perpendicular 
to the N-terminal helix I and stabilizes the core of the DBD.

Current understanding of DNA recognition by RAR-RXR at the atomic level is lim-
ited to the crystal structure of the RAR-RXR DBDs bound to a consensus DR1 with 
identical half-sites, as illustrated in Fig. 2.2b [45]. Unfortunately this structure does 
not clarify how non-canonical elements are recognized nor how flanking and spacer 
nucleotides influence the interactions. Consensus motifs could induce potential arti-
facts [26]. The use of natural DNA sequences from target genes for crystallization may 
be required to reveal the selectivity process. Such an approach has been used to study 
GR by the group of Yamamoto who demonstrated that the sequence of the GR bind-
ing sites differentially affects receptor conformation and transcriptional activity [32]. 
Although only minor structural changes could be determined by comparing the numer-
ous GR crystal structures, the study showed that DNA can act as an allosteric effec-
tor to modulate GR activity [32]. A recent NMR study of GR DBD-DNA complexes 
confirms this allosteric mechanism [57]. The molecular structure of several other NR 
DBDs, such as the thyroid nuclear receptor (TR) or the Vitamin D nuclear receptor 
(VDR), either in their free states or bound to target DNA, have indicated that DNA 
sequences specify specific recognition and facilitate allosteric regulation [43, 51, 61].

Studies of Ligand Binding Domains

The first structures of LBDs to be determined were those of unliganded RXRα [5] 
and liganded RARγ bound to all-trans RA [46]. These structures revealed a novel 
fold comprising 12 α-helices (H1 to H12) and a short β-turn, arranged in three 
layers to form an anti-parallel α-helical sandwich (Fig. 2.1). The overall fold has 
proven to be a prototype for the NR family [58].

The LBD is a key regulatory domain containing the ligand binding pocket 
(LBP) and multiple interaction surfaces for homo- or hetero- dimerization and for 
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interactions with corepressors, coactivators, and other cofactors that participate in 
sending signals to the basal transcriptional machinery [40]. Available structural 
data of NR dimers suggest a conserved interface in the LBD, with helices H7, H9 
and H10 of each NR contributing a contact surface of between 1,000 and 1,500 
square angstroms. In the absence of ligand, the RAR-RXR heterodimers are asso-
ciated with corepressor complexes with histone-deacetylase activity that modify 
chromatin to establish and maintain a repressed transcriptional state [15, 34]. The 
binding of RA induces a structural transition in the LBD leading to release of the 
corepressors and the formation of a novel interaction surface for coactivators, 
including histone acetyltransferases and methyltransferases, as well as chromatin 
remodeling complexes or components of the basal transcription machinery [1].

LBD crystal structures for most NRs in different oligomeric states have now 
been determined, and the changes brought about by the binding of a large num-
ber of natural and synthetic RAR and RXR selective ligands, including agonists, 
antagonists, and inverse agonists, have been characterized (review in [19]). The 
RAR and RXR ligands can be classified by their actions on coregulator recruit-
ment and dissociation. Ligand binding induces allosteric conformational changes 
that promote or repress receptor-coregulator interactions. Structural data analyses 
have clearly linked (1) coactivator recruitment with receptor binding of agonists 
(2) coactivator dissociation with receptor binding of antagonists and (3) corepres-
sor stabilization with receptor binding of inverse agonists.

Agonist ligands induce a unique closed conformation of RAR or RXR LBD 
with the LBP sealed by helix H12 allowing coactivator to interact. This confor-
mation is referred to as the “holo” or “active” conformation. Comparison of the 
unliganded RXRα LBD and the “holo” RARγ LBD suggest a ligand-triggered 
activation mechanism that is accompanied by a repositioning of the C-terminal 
helix (Fig. 2.1) [46]. Helix H12 (which contains the residues of the AF-2 domain) 
of Apo-RXRα extends outwards to the solvent, whereas this helix in RA-bound 
RAR LBDs folds back over the ligand binding pocket (LBP) such that the ligand 
is entirely buried in a predominantly hydrophobic pocket. Structures of liganded 
RXR confirm the proposed mouse trap mechanism [12].

Some synthetic ligands bind to RAR or RXR with high affinity, but in contrast 
to natural ligands that act as agonist, they fail to stabilize the receptors’s active 
conformation and prevent coactivator recruitment using two molecular mecha-
nisms. (1) Inverse agonists induce a conformational change of the receptor pro-
tein that stabilizes its interactions with the corepressor. The compound BMS493 
that strengthens corepressor interaction with RARa is an example of this type of 
ligand [24]. (2) Antagonists prevent helix H12 from adopting the active conforma-
tion, which disrupts the interaction surface with coactivators. The structural basis 
of antagonism was provided by the structures of RARα LBD in complex with 
the synthetic antagonist BMS614 [6] and those of RXRα LBD in complex with 
LG100754 [52].

The first crystal structure of a functional heterodimer, RAR-RXR showed that 
hydrophobic interactions play an important role in the relative positioning and sta-
bilization of the dimers [6]. RAR-RXR is a non-permissive heterodimer meaning 
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that RAR agonists can activate transcription upon binding to the RAR LBD even if 
a ligand is not bound to the RXR LBD. In contrast, full responses to RXR ligands 
only occur if the RAR LBD is occupied by an agonist [13]. Although transactiva-
tion will not occur, RXR ligands are able to bind to the heterodimer even in the 
absence of RAR ligand [20].

The crystal structures of RAR-RXR heterodimers with both LBDs bound to 
agonists (RAR-9c RA-RXR-9c RA) or of RAR-RXR with both LBDs bound to 
antagonists (RAR-BMS614-RXR-oleic acid), or with one LBD bound to an ago-
nist (RAR-at RA) and one LBD bound to an antagonist (RXR-LG100754) have 
been reported (Fig. 2.3) [6, 42, 52]. The observation that the RARα antagonist, 
BMS614, prevented adoption of the open, active, RARα conformation in full 
antagonist-occupied heterodimers indicated that helix H12 in RARα occludes 
the coactivator binding site when the receptor is not activated [6]. Previous stud-
ies showed that binding of LG100754 to RXRα led to transactivation mediated 
by RAR, an effect referred to as the “phantom effect” [23]. Examination of the 
RXR-LG100754 interactions indicated that this ligand acts as a true RXR antago-
nist; that is, it prevents helix H12 of the RXRα from folding into an agonist posi-
tion and instead, causes helix H12 to flip out to the solvent. The antagonism of 
LG100754 on the RXR LBD does not affect dimerization of RXR with RAR nor 
does it have any effect on RAR adopting an active conformation upon binding RA.

Taken together, structural studies have indicated that RAR can bind RA and 
activate transcription, but only if it is interacting with RXR; RXR does not need 
to have a ligand. On the other hand, RXR can bind a ligand even when RA is not 
bound to RAR, but the complex will be transcriptionally inactive. Thus, the ‘phan-
tom ligand effect’ of LG100754 is explained by the fact that direct binding of RA 
to RAR induces coactivator binding and transcriptional activation independent of 
RXR LBD antagonism [52].

Fig. 2.3  Dimers of RAR-RXR LBDs. The crystal structures of RAR-RXR heterodimers with 
(a) both LBDs bound to agonists (ago) (RAR-9-cis-RA-RXR-9-cis-RA) (PDB ID: 1XDK), or 
with (b) both LBDs bound to antagonists (antago) (RAR-BMS614-RXR-oleic acid) (PDB ID: 
1DKF), or with (c) one LBD bound to an agonist (RAR-all-trans-RA) and one LBD bound to an 
antagonist (RXR-LG100754) (PDB ID: 3A9E) have been reported. RXR and RAR are shown as 
ribbon in cyan and green, respectively with the C-terminal helices H12 shown in red. The coacti-
vator peptide (CoA) that binds to the agonist-bound NR is shown in pink
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Development of the Field: Towards Structural 
Characterization of Full-Length Proteins

The crystal structure of the PPARγ-RXRα heterodimer bound to DNA provided 
the first atomic resolution model of a full-length NR complex [7]. The solution 
structures of RARα -RXRα-DNA were also reported by Rochel and colleagues in 
2011. These last structures were obtained using a combination of different struc-
tural methods, including small angle X-ray (SAXS), neutron scattering, and elec-
tron microscopy methods. The cryo-EM structure of VDR-RXRα-DNA provided 
another high resolution view of the complex that fitted the SAXs data [36]. The 
work has produced a clear picture of receptor architecture and receptor interaction 
dynamics with DNA and coregulators [48].

NRs have well-defined domains separated by unstructured linkers that make 
them inherently flexible. Their N-terminal domains (NTD) are highly variable 
in both length and sequence and characteristically, unfolded. The hinge domains 
connecting the DBD to the LBD are also flexible (a requirement for the NRs to 
recognize and adapt their conformations to DNA response elements of various 
topologies). Additionally, their conformations are adaptable. These features make 
it a challenge to determine the full-length structure of NR proteins using crystal-
lographic methods and, even more so, to trap a meaningful functional conformer 
in the process [31]. As well, the quaternary structure of macromolecules can be 
affected by crystal packing forces that create artifacts in the crystal structure [55]. 
Alternate approaches have been developed to address these challenges. Small-
angle scattering of X-rays (SAXS) is a method that is specifically tailored for the 
structural analysis of multi-domain proteins with flexible linkers [44, 56]. SAXS 
can determine the low-resolution, three-dimensional structure of a macromol-
ecule in close-to-native conditions in a time-resolved manner that also provides 
information about the kinetics and dynamics of interactive elements and biologi-
cal processes. Data from NMR [16], mutagenesis [14], fluorescence resonance 
energy transfer (FRET), or small angle neutron scattering (SANS) are often used 
to complement and validate SAXS models [44]. The SANS method has the unique 
capability of measuring diffraction data from samples where part of the multi-
component complex can be masked. Another promising method that provides 
macromolecular solution structures at near atomic resolution is cryo-electron 
microscopy (Cryo-EM). This method can attain high resolution while avoiding the 
pitfalls of crystal packing artifacts.

Dynamics of functional complexes have been illustrated using proton exchange 
methods [22]. In the case of the VDR-RXR-DNA complex, Zhang and colleagues 
observed that binding of ligand to VDR or RXR causes changes within both the 
cognate receptor LBD and the receptor partner LBD. A number of these changes 
map to dimerization regions as well as more distant regions in the complex [61]. 
These studies suggest that crosstalk between the DBD and LBD promotes allos-
teric regulation of receptor binding with DNA and cofactors that ultimately tune 
gene expression.
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Current State of the Field: Architecture of Full-Length 
RAR/RXR/DNA Complexes

The atomic model of full-length PPARγ-RXRα bound to a canonical DR1 
response element [7] confirmed previous structural information obtained from 
studies of isolated DBDs bound to DR1 [45] and PPARγ-RXR LBD heterodi-
mer complexes [35, 59]. The PPAR monomer adopted a ‘closed’ conformation 
with extensive interactions between the PPAR LBD and DBD and the RXR LBD, 
hinge, and DBD [7]. In contrast, the RXR monomer had an ‘open’ conformation 
with the hinge region extended to create a surface for PPAR binding. The hinge 
regions adopt different conformations when different ligands are bound, whereas 
the PPAR LBD exhibits an agonist conformation even when antagonists serve as 
ligands. In all cases, the NTD was not visible in the electron density map and is 
probably unfolded. Variable conformations of the hinge regions were observed 
when comparing the three crystal structures of PPARγ-RXRα in complex with dif-
ferent ligands. The functional correlation of the novel interdomain interactions is 
limited to a single point mutation having an observable effect on transactivation.

The ‘closed’ conformation of the PPAR-RXR complex was not observed in 
solution structure studies carried out using SAXS [48, 38]. Analysis of a number of 
RXR-NR heterodimers bound to different response elements using SAXS, SANS, 
and FRET clearly established the existence of a single, or largely dominant, con-
former in solution. In contrast with the crystal structure, the solution structures of 
all heterodimers exhibited an extended asymmetric shape without additional inter-
domain contacts between the DBDs and LBDs beyond the connection through the 
hinge regions. The calculated molecular envelopes of RAR-RXR complexes illus-
trate this important result (Fig. 2.4). For both complexes with DR5 (Fig. 2.4a) and 
DR1 (Fig. 2.4b), the LBD dimers are positioned at the 5′ end of the target response 
element with an orientation orthogonal to the DNA axis. The hinge regions are in 
extended conformations permitting the ordering of the LBDs over the 5′ half-site of 
the DNA element. The pseudo-atomic models of RAR-RXR-DNA complexes have 

Fig. 2.4  Molecular envelopes calculated from Small Angle X-ray Scattering data of full-length 
complexes. a RAR-RXR-DR5. b RAR-RXR-DR1. These envelopes correspond to the low res-
olution architecture of the complexes showing the positioning of the two main regions of the 
dimer—the ligand-binding domains (LBDs) and the DNA-binding domains (DBDs) bound to the 
corresponding DNA
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been determined, combining the available crystal structures of the domains, the 
SAXS analysis, and biophysical data (Fig. 2.5). Regardless of the different polar-
ity of the bound RAR/RXR heterodimers on DR5 or DR1, the full-length RAR-
RXR complexes exhibit a similar extended asymmetric conformation with the LBD 
dimer positioned on top of the 5’ hexanucleotide (Fig. 2.5a for the RAR-RXR-DR1 
and Fig. 2.5b for the RAR-RXR-DR5). In both cases, the two domains form an 
L-shaped structure with the dimer LBD’s pseudo two-fold symmetry axis nearly 
orthogonal to the DNA-bound DBDs. The LBDs can rotate around the two-fold 
axis with the position controlled by the hinge domains that link to the DBDs. The 
DBDs are anchored to the DNA response elements and their location is dictated by 
the relative position of the binding motifs. Addition of one base pair to the spacer 
sequence induces a shift of approximately 3.5 A and a rotation of 36° of the second 
hexameric target. Different orientations of heterodimer LBDs on RAREs is a con-
sequence of the geometry dictated by the DNA sequence.

Cryo-EM provided a model of the VDR-RXR-DNA complex (frozen solution) 
that fits perfectly with the SAXS solution data and gives near-atomic details for the 
full-length heterodimer complex [36]. The results from these analyses confirmed the 

Fig. 2.5  Solution structures of full-length RAR-RXR-DNA complexes. (a, b) Two views of 
the solution structure of RAR-RXR (NTDs are truncated from the NRs) in complex with DR1 
(a) and DR5 (b) DNA response elements. RAR is shown in green, RXR in cyan, DNA in red, 
and the coactivator peptide (CoA) interacting with RAR is shown in pink. The molecular models 
were obtained by docking the crystal structures of the LBD heterodimer and the DBDs bound 
to the DNA into the ab initio envelopes. The structures were refined as two rigid bodies using 
experimental diffraction data. Note that in the DR1 complex, the RAR and RXR DBDs are posi-
tioned on opposite side on the DNA, whereas in the DR5 complex, the RAR and RXR DBDs are 
positioned side by side on the DNA. c Schematic view of the two complexes that summarizes the 
main features of the structures: the absence of contacts between the DBDs and LBDs, the same 
orientation of the LBD heterodimer despite the different polarities of the DBD-DNA, and relative 
positions of the two DRs. In both cases, the relative position of the coactivator, represented by a 
pink circle, is similar
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flexibility of the full-length receptors, pointed to a lack of secondary structure in the 
connecting hinge domains of RXR, and underscored the importance of the hinge 
region in the positioning of the LBDs. Altogether the structural studies suggest that 
the discrepancy between the crystal and the solution structures are due to crystal 
packing artifacts. The latter could also explain the structural similarity between ago-
nist and antagonist bound PPARs, a minor conformer present in the crystallization 
solution being trapped and stabilized by crystal packing forces. The recently pub-
lished crystal structure of an HNF-4a homodimer bound to a consensus DR1 [8] 
revealed an asymmetric conformation that is very similar to the one observed in the 
solution structure of the RAR-RXR-DR1 complex, with a similar positioning of the 
LBDs and extended conformations of the hinges. The result confirms the concept of 
common architecture for DNA bound NRs and its extension to homodimers.

The ability of NRs to modulate the expression of target genes results from a 
combinatorial, coordinated, and sequentially orchestrated exchange between NRs 
and their coregulators [40]. Several structural models have been proposed for the 
binding of coactivators to a conserved anchoring cleft within the AF-2 in the LBD. 
Based on the finding that the primary sequence of the cofactor binding domain usu-
ally exhibits two or three LXXLL binding motifs, it was postulated that either two 
cofactors could bind to one heterodimer (RAR-RXR) or only one to both recep-
tors using two motifs (the “hat model”). In numerous crystal structure models of 
LBD dimers in complex with short cofactor peptides, the stoichiometry is always 
2:2, supporting both models. This observation may be an artifact arising from the 
addition of excess peptide during crystallization and the low binding affinity of the 
complex for the peptide compared to that of a larger coactivator domain. The first 
unambiguous structural evidence for a 2:1 stoichiometry for the receptor-coactiva-
tor complex was provided by solution studies of full-length receptors (RAR-RXR 
and VDR-RXR bound to DNA) bound to DNA and large coactivator protein frag-
ments [37, 48]. Each heterodimer was shown to bind only one coactivator protein 
via the RXR partner. This preferential binding was controlled by affinity rather 
than by steric exclusion. Indeed, RAR antagonists prevent coactivator binding, 
whereas mutation of residues in the RXR coactivator binding cleft of RXR have no 
effect on the stoichiometry. The molecular model resulting from the experimental 
diffraction data indicate that the coactivator interacting domain is on one side of 
the DNA opposite to the RXR LBD and DBDs (Fig. 2.5c).

Functional Relevance

The solution structures of NRs bound to RARE reveal two key features (1) the 
position of LBDs at the 5′ end of the target DNAs is conserved regardless of the 
polarity of the response elements (2) the binding of only one coactivator mole-
cule per heterodimer through the RXR partner [48]. The combination of these two 
features explains the key role of DNA in NR dependent transcription regulation. 
The response elements direct the relative position of the LBDs and the DNA helix, 
which in turn fixes the binding site of the cofactors (Fig. 2.6).
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In summary the molecular structures show that DNA binding controls the 
 architecture of the complexes. The polarity of the binding motifs and the num-
ber of dinucleotide spacers modulates rotation of the LBDs and the relative posi-
tions of the receptors. As a result, the environment of the accessible surface in the 
active complex is different for each receptor. In addition to tethering the NR near 
the transcription start site of target genes (Fig. 2.6), the architecture of the DNA 
response element can also serve as an allosteric regulator of receptor function and 
receptor association with coregulators [4, 32, 43, 51, 61].

The solution structures make it possible to address another functionally related 
question: is there a sequential order for complex formation? The structural data 
provide several snapshots of different functional states that suggest that the heter-
odimer forms first and then binds to DNA. Such a process, which combines two 
DBDs for a simultaneous recognition of the response element, is an efficient way 
to overcome the specificity problem with low affinity constants for each single 
DBD. The structural data also show that the extended conformation is recognized 
and maintained during the subsequent step, namely coactivator binding.

Future Directions

A combination of structural methods has elucidated the architecture of full-
length RAR-RXR complexes bound to DR5 or DR1 RARE. However, the pre-
cise structural organization of RAR-RXR-coregulator complexes on consensus 

Fig. 2.6  Functional implication of the conserved relative positions of RAR and the bound coac-
tivator. The model of RAR-RXR bound to the RARβ2 promoter illustrates the importance of the 
DNA sequence in orienting the protein complex and its association with coactivator to the tran-
scriptional initiation complex. To begin transcription, eukaryotic RNA polymerase II (RNA Pol 
II) requires the general transcription factors (TFs) to be associated at the promoter. The promoter 
contains a DNA sequence called the TATA box, located 25 nucleotides away from the site where 
transcription is initiated (TSS), that is recognized by the TATA box binding protein (TBP). The 
rest of the general transcription factors (TFs) as well as the Mediator assemble at the promoter. 
Docking of the complex RAR-RXR-DNA on a nucleosome of the RARβ2 promoter using exper-
imental DNA protection data shows that the position of the RAR LBD orients the bound coacti-
vator (CoA) allowing its association with the transcription machinery
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and non-consensus DR and IR elements has not been determined. The polarity 
of the DNA molecule raises several questions in relation to the specific sequence 
of the target elements and their relative position on DR or IR. A complete under-
standing of the role and more specifically, the allosteric effects of DNA bind-
ing elements will require further data regarding the structure and organization of 
individual domains and full length NRs bound to different elements in different 
functional states. The capacity of NRs to specifically interact with numerous part-
ners, such as DNA and protein cofactors, has functional consequences which are 
driven by mechanisms that are yet to be revealed. NRs and their coregulators are 
subject to post-translational modifications, including phosphorylation, acetyla-
tion, methylation and sumoylation that allosterically influence their functions. The 
physico-chemical details underlying the assembly and coordination of these large, 
transient, dynamic macromolecular complexes and the impact of post-translational 
modifications are yet unknown. Future studies will utilize multiple structural 
approaches to assemble information on complexes in multiple functional states, a 
first step towards “cellular structural biology”.
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Abstract In the form of heterodimers with retinoid X receptors (RXRs), retinoic 
acid receptors (RARs) are master regulators of gene expression in humans and 
important drug targets. They act as ligand-dependent transcription factors that regu-
late a large variety of gene networks controlling cell growth, differentiation, survival 
and death. The biological functions of RARs rely on a dynamic series of coregulator 
exchanges controlled by ligand binding. Unliganded RARs exert a repressor activity 
by interacting with transcriptional corepressors which themselves serve as docking  
platforms for the recruitment of histone deacetylases that impose a higher order 
structure on chromatin which is not permissive to gene transcription. Upon ligand 
binding, the receptor undergoes conformational changes inducing corepressor 
release and the recruitment of coactivators with histone acetylase activities allow-
ing chromatin decompaction and gene transcription. In the following, we review the 
structural determinants of the interaction between RAR and either type of coregula-
tors both at the level of the individual receptor and in the context of the RAR-RXR 
heterodimers. We also discuss the molecular details of the fine tuning of these asso-
ciations by the various pharmacological classes of ligands.
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Abbreviations

AF  Activation function
CoRNR  Corepressor/nuclear receptor
DBD  DNA-binding domain
HAT  Histone acetyltransferase
HDAC  Histone deacetylase
LBD  Ligand-binding domain
LBP  Ligand-binding pocket
N-CoR  Nuclear receptor corepressor
NR  Nuclear receptor
NTD  N-terminal domain
PPAR  Peroxisome proliferator-activated receptor
RAR  Retinoic acid receptor
RXR  Retinoid X receptor
SMRT  Silencing mediator for retinoid and thyroid hormone receptors

A Brief History of Nuclear Receptor Coregulators

Squelching experiments led to the prediction that additional factors were assisting 
NRs in transmitting the hormone-induced signal to the transcription machinery. 
Squelching occurs if a receptor inhibits the activity of the same (autosquelching) 
or a different (heterosquelching) receptor that is competing to bind to a common 
and limiting interacting protein [5, 50, 72]. Experiments in yeast confirmed that 
core polymerase proteins and additional helper proteins facilitate communication 
between transcription factors and the polymerase II complex [4, 63]. Biochemical 
and expression cloning approaches showed that some factors interact with NRs in 
either a ligand-independent or ligand-dependent manner, and cotransfection assays 
demonstrated that many of these factors could potentiate NR activity. Numerous 
cell culture and animal model studies carried out with each class of coregulatory 
protein have elucidated their biological roles [26, 59].

The discovery of coactivators (Fig. 3.1a) and corepressors (Fig. 3.1b) revealed 
that NR-mediated transcription is subject to both positive and negative regula-
tion (Fig. 3.1c). Factors such as the steroid receptor coactivator  (SRC-1 [56]) 
and the transcriptional intermediary factor 2 (TIF-2 [77]) have been shown to 
serve as coactivators. The observation that unliganded thyroid hormone recep-
tor could function as a transcriptional repressor [2, 3] led to the characterization 
and cloning of corepressor factors, including the Nuclear receptor CoRepressor 
(N-CoR/NCoR1/RIP13 [30]) and the Silencing Mediator of Retinoic acid receptor 
and Thyroid hormone receptor (SMRT/NCoR2/TRAC [11]).

When NR coregulatory proteins were first described, it was predicted that only a 
few coactivators and corepressors were interacting with NRs. However, contrary to 
prediction, approximately 350 coregulators have been reported to date (http://www. 

http://www.NURSA.org
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NURSA.org). Interaction of NRs with this vast array of coregulators provides a 
complex regulatory framework for controlling the transcription of target genes. 
High-throughput mass spectrometric analyses of coregulator complexes have 
revealed that coregulators do not work alone, but instead function as multicompo-
nent protein complexes [34, 46]. The primary amino acid sequences of these pro-
teins indicate a wide range of enzymatic functions that control transcription [48, 49]. 
Thus, coregulators are not merely “bridging” agents, but are a vast enzymatic tool 
chest necessary to execute the many steps of transcription [44, 68].

Coactivators can be subdivided into two groups. Secondary coactivators represent 
a subgroup of molecules that are constituents of multisubunit coactivator complexes 
and that also contribute to the enhancement of NR-mediated transcription, but that do 
not directly contact the NRs. Primary coactivators, such as those of the TIF-2/SRC-
1/RAC3 (p160) family, mediate the interaction of coactivator complexes with NRs. 
CBP, p300, P/CAF, and some p160 coactivators themselves are reported to act as 

Fig. 3.1  Functional organization of coactivators and corepressors. a The functional domains of 
the members of the SRC-1/p160 family of coactivators illustrated are: LXXLL motifs belong-
ing to the NR and CBP-interaction domains; a basic helix-loop-helix domain (bHLH) at the 
N-terminus and a glutamine rich region at the C-terminus. b The corepressors (N-CoR and 
SMRT) functional domains illustrated are: C-terminal CoRNR boxes I, II and III including the 
LXXI/HIXXXI/L motifs mediating NR interactions; RI, RII and RIII representing domains that 
harbor intrinsic repression activity when tethered to the DNA-binding domain of GAL4; the two 
SANT domains (a and b). c Model for the exchange of a corepressor (CoR) complex with a 
coactivator  (CoA) complex. In the absence of ligand, the RAR/RXR heterodimer interacts with a 
corepressor complex via ligand-independent interactions with LXXIXXL motifs of CoR, induc-
ing gene repression. In the presence of agonist ligands, RXR/RAR recruits the coactivator com-
plex through interaction with the LXXLL helices of coactivators, resulting in transcriptional 
activation

http://www.NURSA.org
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histone acetyltransferases (HATs) [26, 43]. They are capable of acetylating specific 
residues in the N-terminal tails of different histones, a process that is believed to play 
an important role in the opening of chromatin during transcription activation [10, 33].

Corepressors N-CoR and SMRT have been shown to reside in, or recruit, high 
molecular weight complexes that display the opposite activity of coactivator com-
plexes. While coactivator complexes acetylate histones, thereby weakening the 
interaction of the N-terminal histone tails with the nucleosomal DNA, corepres-
sors recruit histone deacetylases (HDACs) that reverse this process (illustrated in 
Fig. 3.1c) [29, 53]. Deacetylated histones are associated with silent regions of the 
genome, and it is generally accepted that histone acetylation and deacetylation 
shuffle nucleosomal targets between a condensed and relaxed chromatin configu-
ration, the latter being requisite for transcriptional activation. Interestingly, some 
histone-modifying enzymes other than HATs and HDACs, such as chromatin  
remodelers and histone chaperones, have recently been documented to serve as 
NR coregulators (for review, see [35]).

Discovery of the Basic Principles of NR-Coregulator 
Interaction

Cloning of NR coregulators was rapidly followed by the characterization of 
coregulator/NR consensus sequence signature boxes. The amino acid sequence 
motif, LxxLL, where L represents leucine and x is any amino acid, was found to 
be embedded in a short α-helical peptide of coactivator proteins such as SRC-1 
and TIF-2 (Fig. 3.2a) [28, 40, 73, 76]. Early functional and biochemical studies 
established that these motifs are important for coregulator interaction with NRs 
and inferred a putative interaction site [18, 20]. It is now well established that NR 
boxes are necessary and sufficient for ligand-dependent direct interaction of coac-
tivators with a cognate surface in the NR LBD that constitutes the transcriptional 
activation function, AF-2. Different coactivators, including closely related ones 
from the TIF-2/SRC-1/RAC3 family, are observed to display some degree of NR 
selectivity [13, 18, 47]. The fact that some coactivators contain multiple LxxLL 
motifs (four in SRC-1 and three in TIF-2, Fig. 3.2a), most of which appear to be 
functional in terms of NR binding in vitro, brings up the still unsolved question 
of whether this multiplicity reflects redundancy or confers some specificity to the 
interface.

Three conserved corepressor/NR signature box motifs (CoRNR box 1–3) 
LxxI/HIxxxI/L have been identified in SMRT and N-CoR (Fig. 3.2b) [31, 54, 60]. 
They were predicted to adopt a longer amphipathic helical conformation than the 
LxxLL motif and bind to a receptor surface that overlaps the coactivator recogni-
tion surface. It was also discovered that CoRNR boxes are not equivalent, as for 
example, RAR interacts strongly with CoRNR1 but very weakly with CoRNR2. 
Further biochemical studies revealed that residues flanking the core helical 
sequence determine NR specificity [32, 60, 82].
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Current Structural View of RAR-Coregulator Interactions

Overall Structure of the RAR Ligand-Binding Domain

Similar to all other NRs, the LBD of RARs is organized as an antiparallel α-helical 
sandwich with 12 conserved helices arranged in three layers with a β-turn (S1 and S2) 
situated between helices H5 and H6 [25, 36, 37, 41, 64]. Helices H4, H5, H8, H9 and 
H11 are sandwiched between H1, H2 and H3 on one side and H6, H7 and H10 on 
the other side (Fig. 3.3). In contrast, H12 is flexible and can adopt various conforma-
tions depending on the ligation state. This LBD architecture generates a ligand-binding 
pocket (LBP) primarily made up of hydrophobic residues that are present in helices 
H3, H5, H11 and the β-sheet segment (Fig. 3.3). Crystallographic studies have revealed 
that bound ligands, such as all-trans-retinoic acid (RA), are stabilized in the RAR LBP 
through extensive van der Waals contacts and a network of ionic and hydrogen bonds 
between the carboxylate moiety of RA, a conserved arginine in H5, and water molecules 
[7, 42, 64]. The shape of the LBP matches the volume of the ligand, maximizing the 
hydrophobic contacts and contributing to the selectivity of ligand binding [22, 36, 37].

Fig. 3.2  Corepressor and coactivator receptor interaction motifs. a Amino acid sequence align-
ment of the NR boxes present in two coactivators, SRC-1 and TIF-2. b Amino acid sequence 
alignment of the three CoRNR motifs of the two corepressors, SMRT and N-CoR. Residues of 
the consensus motifs are highlighted. Secondary-structure (Sec. str.) elements as observed in the 
crystal structures are indicated
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Structural Basis for RAR-Coactivator Interaction

Based on available crystal structures, recruitment of coactivators by RAR occurs 
when a ligand-induced receptor surface is formed that accommodates coactiva-
tor binding via interactions between RAR and the protein’s LxxLL NR signa-
ture box motif [41, 57, 62, 79]. Structural analyses of RAR bound to an agonist 
and a coactivator peptide fragment containing the LxxLL motif indicate that the 
C-terminal, H12 helix seals the LBP (Fig. 3.4a). This particular position of H12 

Fig. 3.3  Structural and functional organization of nuclear receptors. Like other nuclear recep-
tors, retinoic acid receptors (RARs) and retinoid X receptors (RXRs) consist of six structural 
and functional domains (A–F) based on regions of conserved sequence and function. The DNA-
binding domain (DBD) is composed of two zinc-finger motifs and mediates sequence-specific 
DNA recognition. The ligand-binding domain (LBD) mediates ligand binding, dimerization and 
a ligand-dependent transactivation function (AF-2). The N-terminal A/B region contains a ligand-
independent activation function (AF-1). The region D corresponds to a linker allowing the proper 
orientation of DBDs and LBDs within DNA-bound dimers. The F region is not present in all 
receptors and its function is poorly understood. The model of the full-length RXR-RAR heter-
odimer bound to DNA was virtually reconstituted from the crystal structures of the DNA-bound 
and 9-cis-retinoic acid-bound RAR-RXR DBD (Protein Data Bank code 1dsz) and LBD (Protein 
Data Bank code 1xdk) heterodimers, respectively. LBDs and DBDs are represented as ribbons. 
The dimerization interface comprising helices H7, H9, H10 and H11 as well as loops L8-9 and 
L9-10 of each LBD is colored in orange. The rest of RXR LBD and RAR LBD are colored in 
gray and green, respectively. Helix H12 of each monomer is highlighted in red. The coactivator 
peptides interacting with the heterodimer are drawn in yellow and the agonist ligand (9-cis-RA) 
is drawn as pink sticks. Dotted lines denote regions with unresolved structures
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defines a hydrophobic surface comprising the C-terminal part of helix H3, helix 
H4, and the L3–4 loop linking H3 and H4. This region accommodates the short 
LxxLL-containing helical motif of coactivator proteins. The coactivator helix is 
held in place by interactions of the leucine residues with the hydrophobic groove 
and by hydrogen bonds with a lysine at the C-terminus of H3 and a glutamate in 
H12 which together form a “charge clamp” (Fig. 3.4a). It is noteworthy that this 
so-called holo-LBD conformation is displayed by all agonist-bound NRs and thus, 
corresponds to the canonical active form of these receptors.

Structural Basis for RAR-Corepressor Interaction and the 
Coregulator Exchange

In the absence of ligand or in the presence of so-called inverse agonists, RAR exhib-
its strong repressive activity that is brought about by the recruitment and bind-
ing of corepressors and establishment of a corepressor complex in the promoter 
region of target genes [26, 48] (Fig. 3.1b, c). Subsequent condensation of chroma-
tin is believed to cause the gene repression. The molecular basis of the repression 

Fig. 3.4  Crystal structures of RAR LBD in various functional states. a Overall structure of the 
RAR LBD/SRC-1 NR2/AM580 (agonist) complex (Protein Data Bank code 3kmr) [41]. Helix 
H12 (red) is positioned into the so-called active position, allowing the formation of a surface 
specifically recognized by short LXXLL motifs (yellow sticks) contained in coactivators (CoA, 
yellow). Lys238 (H3) and Glu412 (H12) which generate a charge clamp interacting with the 
LXXLL helical motif of CoA are highlighted as yellow sticks. b Overall structure of the RAR 
LBD/N-CoRNR1/BMS493 (inverse agonist) complex (Protein Data Bank code 3kmz) [41]. The 
inverse agonist ligand stabilizes the interaction between RAR and the corepressor (CoR, blue) 
that involves an antiparallel β-sheet interface comprising S3 from RAR (purple) and β1 from 
the CoR (blue). The remaining of N-CoRNR1 folds as a four-turn α-helix which docks into 
the coregulator groove of RAR through the conserved LXXXIXX(I/V)IXXX(Y/F) motif (blue 
sticks). c Overall structure of the RAR LBD/BMS614 (antagonist) complex (Protein Data Bank 
code 1dkf) [8]. Neutral antagonist binding forces a displacement of H12 helix (red) that prevents 
coactivator recruitment and maintains the receptor in an inactive state
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function of RAR has been revealed through crystallographic studies of RARα LBD 
in complex with the inverse agonist BMS493 and a peptide containing the CoRNR1 
sequence of N-CoR [41]. The structure reveals that RARα, interacting with a four-
turn helical motif, LxxxIxxxIxxxF/Y, in the CoRNR1 corepressor, docks to a hydro-
phobic surface of the NR that is formed by residues from helices H3 and H4 and an 
N-terminal extended β-strand (β1) forming a specific antiparallel β-sheet with spe-
cific RAR residues (S3 in Fig. 3.4b). Interestingly, the RAR residues that adopt the 
S3 β-strand conformation in the corepressor-bound structure belong to helix H11 in 
the agonist-bound structure (Fig. 3.4a). This secondary structure change from α-helix 
to β-strand has also been observed in the structure of the heme receptor RevErb 
bound to CoRNR1 of N-CoR [61], but not in other reported NR-corepressor com-
plex structures obtained with receptors devoid of constitutive repression function 
[45, 78, 82]. These latter receptors have been shown to interact rather weakly with 
the shorter CoRNR2 motif of corepressors and only in the presence of an antagonist. 
The functional implication of the specific β-sheet interface between RAR and core-
pressors has been further validated experimentally by structure-guided mutagenesis. 
Mutations affecting specifically the integrity of either the β1 or S3 β-strands abro-
gated corepressor interaction and transcriptional repression by RAR [41].

A Working Model for RAR-Coregulator Complex Formation 
and Action

Comparing the structures of RAR in complex with coactivator and corepressor 
fragments provides a structural basis for the ligand-induced coregulator exchange. 
The repressive activity of RAR is conferred by a structural element consisting 
of an extended β-strand that forms an antiparallel β-sheet with specific corepres-
sor residues. Agonist binding induces a β-strand to α-helix transition that allows 
helix H11 formation, which in turn provokes corepressor release, the reposition-
ing of helix H12, and coactivator recruitment. Thus, it appears that the second-
ary-structure transition from β-strand S3 to α-helix H11 is the master regulator of 
corepressor dissociation from RAR, whereas H12 is primarily involved in the NR 
interaction with coactivators.

Coregulator Recruitment to RAR-RXR Heterodimers

RARs bind to DNA as heterodimers with RXRs [8, 62, 71]. Several studies, 
describing RAR and RXR LBDs in the presence of several combinations of RAR 
and RXR agonists and antagonists [8, 62, 71], have identified the structural organi-
zation of RAR-RXR heterodimers and the differential involvement of each subu-
nit in the modulation of their activity. These structures (Fig. 3.3) show that the 
dimeric arrangements of these heterodimers are closely related, with residues from 
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helices H7, H9, H10, as well as loops L8–9 and L9–10 of each protomer  forming 
an interface comprising a network of complementary hydrophobic and charged 
residues that are further stabilized by neutralized basic and acidic surfaces.

In vitro, RAR and RXR ligands are able to individually bind to their correspond-
ing receptors and as such activate RAR-RXR heterodimers. However, it appears 
that in the usual cellular environment, and in the absence of RAR agonist, RXR-
specific ligands (rexinoids) are unable to do so [24, 51, 62]. Thus, in heterodimers, 
RAR agonists autonomously induce the recruitment of coactivators and activate 
transcription (Fig. 3.5a, b), while RXR agonists only induce activation when an 
agonist occupies the RAR LBD (Fig. 3.5c). The biological significance of this RXR 
“subordination” or “silencing” is presumably to avoid confusion between multiple 
RXR-partner signaling pathways. In the case of RAR-RXR, it is due to the ina-
bility of rexinoids to induce corepressor dissociation from heterodimers [24] and 
thus to induce the recruitment of coactivators because of the inaccessibility of the 
mutually exclusive binding site of the two coregulator types (Figs. 3.4a, b and 3.5f). 
Indeed, corepressors interact essentially with the RAR subunit through formation of 
the specific β-sheet interface described above (Fig. 3.5a). Thus, the conformational 
change from β-strand S3 to α-helix H11 upon RAR agonist binding switches the 
RAR-RXR heterodimers from an “off” to an “on” state which can be further acti-
vated by addition of rexinoids (Fig. 3.5b, c) [41].

The only way for RXR to modulate transactivation in response to its own ligand 
in RAR-RXR heterodimers is through synergy with RAR ligands. A structural and 
functional study of the RAR-RXR heterodimer in the presence of 9-cis retinoic acid 
and a coactivator fragment containing three LxxLL motifs [62] suggested that the 
synergy between receptor agonists would result from the enlargement of the con-
tact area between the heterodimer and the coactivator through formation of one 
interacting surface on each heterodimer subunit (Fig. 3.5c). Thus, two LxxLL motifs 
would mediate the optimal assembly of one coactivator onto heterodimeric recep-
tors. However, a study with a fragment of the coactivator Med1 containing several 
LxxLL motifs argued against this ‘deck model’ [65]. The data obtained using small 
angle X-ray scattering (SAXS) suggested that Med1 binds exclusively to the RAR 
partner (Fig. 3.5d). This observation was further supported by the report of an allos-
teric mechanism controlling coactivators recruitment by NRs whereby ligand and/
or coregulator binding to one monomer could affect ligand and coregulator bind-
ing to the second monomer of a dimer [57]. In this model, binding of a coactivator 
LxxLL motif to one subunit would promote formation of a nonsymmetrical dimer 
in which the cofactor binding site of the unbound receptor would be negatively 
affected through the dimer interface. This phenomenon would generate a negative 
cooperativity between the two binding sites of the dimer resulting in the formation 
of a single contact point between the dimer and the coactivator. Interestingly, RAR 
antagonists can also synergize with rexinoid agonists and can activate transcription 
of endogenous target genes [41]. In fact, neutral antagonists (e.g. BMS614) prevent 
binding of both coactivators and corepressors to RAR by relocalizing helix H12 in 
the coregulator groove (see text below and Fig. 3.4c) and thus may allow some acti-
vation by rexinoids [24] (Fig. 3.5g).
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Relevance of the Field to Our Understanding of Retinoid 
Biology and Chemistry

Over the years, a plethora of synthetic ligands with a wide range of activities have 
been developed for potential therapeutic use. These compounds include agonists, 
antagonists, inverse agonists and partial agonists [1, 6, 14–17, 74, 75]. Structural stud-
ies on RXR-and RAR-coregulator interactions have provided deep insight into ligand 

Fig. 3.5  Modulation of RAR-RXR coregulator interactions by ligands. a In the absence of 
ligand, RAR/RXR exists as a complex with a corepressor (CoR, blue) bound to RAR subunit 
through one CoRNR box (blue square). b A RAR agonist induces an allosteric change of RAR 
such that the CoR binding is disrupted and a novel surface is created to which a coactivator  
(CoA, yellow) can bind through its NR box (yellow square). c Further addition of a RXR ago-
nist generates a CoA binding surface at the RXR subunit. Then in the so-called deck model, it 
could allow the CoA to bind cooperatively to the heterodimer using two of its NR box inducing 
a higher activation of transcription. On the contrary, in the asymmetric model, the CoA could not 
bind to the RXR subunit. d This asymmetric model was confirmed by the solution structure of 
the RXR (gray)/RAR (green)/DR5 (cyan)/Med1 (yellow) complex solved using SAXS experi-
ment [65]. e A RAR inverse agonist stabilizes the heterodimer-CoR interaction through RAR 
subunit, thus leading to enhanced repression. f A RXR agonist induces a potential CoA bind-
ing surface at RXR subunit but the rexinoid does not, under normal conditions, induce CoR dis-
sociation. Owing to steric interference, CoA cannot bind to the heterodimer, accounting for the 
phenomenon of RXR subordination. In some particular circumstances (see text), a rexinoid alone 
can transactivate. g A RAR neutral antagonist destabilizes the CoR interface without generating 
the surface for CoA binding, leading to derepression. Subsequent addition of RXR agonist allows 
the recruitment of CoA by RXR subunit, resulting in transcriptional activity
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action, revealing how different classes of ligands allosterically remodel the receptor 
surface to increase or reduce interaction with a given type of coregulator. The struc-
tures have indicated that ligand interactions with helices H11 and H12, or residues 
in their proximity, are primary determinants of helix H12 position, and that H12 can 
adopt not only the active and inactive positions, but also several intermediary posi-
tions and dynamics. This implies that relatively subtle ligand modifications have 
the capacity to significantly alter the conformation of the LBD, thereby generating 
distinct coregulator binding surfaces. Based on this knowledge, it is now possible to 
rationally design and synthesize function-specific ligands with tissue-selective activi-
ties originating from the divergent expression levels of coactivators and corepressors.

Full and Partial Agonists

As described, agonists induce the repositioning of H12 which contributes in a 
critical manner to the surface recognized by the LxxLL boxes of coactivators. In 
the active conformation, H12 docks against helices H3 and H11 to form one side 
of the coactivator-binding site (Fig. 3.4a). In contrast to full agonists, “weak ago-
nists” are able to bind to retinoid receptors with high affinity, but even so, they 
incompletely stabilize the active form. The “partial” or “mixed” agonist/antago-
nist activity of these ligands is a consequence of the lowering of the interaction 
strength between H12 in the active position and the H3/H11 surface that renders 
the activation helix more dynamic. The consequence in this case, is that the asso-
ciation with coactivators is weaker than the agonist-bound situation [55, 58]. The 
presence of coactivators helps stabilize the active conformation so that the tran-
scriptional outcome of partial agonist binding depends on the intracellular con-
centration of coregulators. Hence such ligands can act as cell-selective modulators 
with agonist or antagonist properties depending on the cellular context.

Neutral Antagonists and Inverse Agonists

Both neutral antagonists and inverse agonists bind to the same cavity as all-trans-
retinoic acid, but these ligands prevent RARs from adopting an active conformation. 
The crystal structure of the BMS614-bound RARα LBD complex [8] revealed that 
the neutral antagonist BMS614 harbors a large ‘antagonistic’ extension that can-
not be contained within the buried LBP so that helix H12 is displaced to allow the 
bulky extension of the ligand to protrude between H3 and H11 (Fig. 3.4c). Due to 
its amphipathic character, H12 adopts an “antagonist conformation” by docking its 
hydrophobic inner face into the coregulator recognition cleft, thereby preventing 
interaction with both coactivators and corepressors. In contrast, inverse agonists, 
such as BMS493, inhibit coactivator binding to RAR, but favor interaction with core-
pressors and enhance transcriptional silencing [23, 24, 38, 70]. The structural basis 
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for inverse agonism was recently provided by resolution of the structure of RAR in 
complex with BMS493 and the CoRNR1 sequence of N-CoR [41] (Fig. 3.4b). This 
structural study revealed that strengthening of the RAR-corepressor interaction relies 
on the stabilization of the β-sheet S3/β1 interface. In contrast with agonists that 
disrupt the RAR-corepressor interface by inducing S3 destabilization and forma-
tion of helix H11, inverse agonists act by stabilizing the β-strand S3 conformation. 
Moreover, contrary to what is seen in the BMS614-containing structure, helix H12 in 
the BMS493-bound complex has no defined position, thus rendering the coregulator 
recognition groove of RAR available for docking of the helical motif of CoRNR1.

Future Directions: What Is Still Left to Do

Progress in NR structure research has revolutionized our view on how NRs in gen-
eral and retinoid receptors in particular act as essential regulators of fundamental 
cellular processes. The structural principles of the interaction of receptors with their 
DNA response elements, ligands and coregulators have been decoded through crys-
tallographic and other biophysical approaches revealing the link between NR con-
formation, ligand-induced allosteric changes and the resulting abilities of RARs and 
RXRs to communicate with the intracellular components. Notably, these studies 
have revealed the chemical and structural features of agonists, neutral antagonists, 
inverse agonists and partial agonists that all induce particular receptor-coregulator 
interactions and specific biological outcomes. Since NRs are primary drug targets, 
this information can be directly translated into the design of novel selective mod-
ulators with impact on drug development. However, despite this enormous gain in 
knowledge, substantial challenges remain.

Whereas detailed structural information is available on the isolated DBD and 
LBD domains, little is known about the interdomains that connect the DBD and 
LBD, or about the overall topology of the full-length receptors. The recently 
reported low resolution solution structure of RARα-RXRα heterodimer bound to 
its cognate response element [65] displays an elongated conformation with sep-
arated DBD and LBD domains lacking interdomain contacts. This model some-
how contradicts the crystal structure of PPARγ-RXRα heterodimer in which a 
more compact organization is observed, with the relative arrangement of receptor 
domains positioning the PPARγ LBD so that it contacts both receptor DBDs [9]. 
Therefore, there is still a need for high-resolution structures of full-length RAR-
RXR heterodimers in different functional states in order to unravel the relevant 
conformational states and the role of DNA in the heterodimer organization. In 
the same vein, high-resolution structural information on bound coactivators and 
corepressors is so far limited to peptides containing one NR or CoRNR box. Here 
again, there is a need for structural determination of RAR-RXR heterodimers in 
presence of full-length interaction domains of coactivators and corepressors.

Indeed, the relative contribution of RAR and RXR in the recruitment of coac-
tivators also requires some clarification. Although both functional and structural 
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data agree well on the fact that RAR is the prime contact point with corepressors 
within the RAR-RXR heterodimers, the involvement of RXR in the recruitment of 
coactivators is still in debate. This is a particularly important question especially in 
the case of heterodimers whose activity can, in principle, be fine-tuned by combi-
natorial sets of RAR and RXR ligands, thus providing interesting pharmacological 
opportunities. Many interaction and transcription regulation studies have provided 
evidence for a synergistic effect of RAR and RXR ligands in the recruitment of 
coactivators [12, 24, 62, 69, 81]. Because heterodimers contain two coactivator 
binding sites (one on RAR and one on RXR), it was hypothesized that the syn-
ergy between receptor agonists would result from the enlargement of the contact 
area between the heterodimer and the coactivator through formation of one LxxLL 
interacting surface on each heterodimer subunit. However, the only structural 
study reported to date suggests that the agonist-bound RXR subunit plays a minor 
role in the interaction [65]. Additional structural and biophysical experiments are 
thus needed to reconcile these seemingly conflicting observations.

In contrast to the DBD and the LBD, there are still no high-resolution struc-
tures available for the N-terminal AF-1 domain (NTD) of RARs. Several biochem-
ical and structural studies coupled to structure prediction algorithms suggested that 
the NTDs of RARs, as well as any member of the nuclear receptor family, are of 
naturally-disordered structure [39, 80]. It has emerged that unstructured proteins 
or domains may be functional, undergoing transitions to more ordered states or 
folding into stable secondary or tertiary structures upon binding to DNA response 
elements or to coregulatory proteins [19]. Moreover, disordered domains provide 
the flexibility that is needed for modification by enzymes such as kinases and 
ubiquitin-ligases [19]. Such modifications may induce changes in the structural 
properties of the domain with profound impacts on its interactions with coregula-
tors and/or on the dynamics of adjacent structural domains. Indeed, although the 
biological activity of RARs is primarily regulated by binding of a ligand, these 
receptors also serve as integrating platforms for a variety of post-translational 
modifications. As an example, phosphorylations of both the AF-1 and AF-2 of 
RARs have been shown to modulate transcriptional activity [21, 66], but it is still 
unknown whether or not these protein modifications induce local or global confor-
mational changes in the receptors. Further investigation will be required to define 
the structural mechanism underlying this signal propagation. Finally, very little is 
known about the possible effects of ligand binding on the N-terminal activation 
function AF-1, while its existence and synergy with AF-2 has been confirmed [52].
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Abstract Retinoic acid (RA) is a vitamin A-derived morphogen controlling  important 
developmental processes in vertebrates, and more generally in chordates, including 
axial patterning and tissue formation and differentiation. In the embryo, endogenous 
RA levels are controlled by RA synthesizing and degrading enzymes and the RA sig-
nal is transduced by two retinoid receptors: the retinoic acid receptor (RAR) and the 
retinoid X receptor (RXR). Both RAR and RXR are members of the nuclear receptor 
superfamily of ligand-activated transcription factors and mainly act as heterodimers to 
activate the transcription of target genes in the presence of their ligand, all-trans RA. 
This signaling pathway was long thought to be a chordate innovation, however, recent 
findings of gene homologs involved in RA signaling in the genomes of a wide variety 
of non-chordate animals, including ambulacrarians (sea urchins and acorn worms) and 
lophotrochozoans (annelids and mollusks), challenged this traditional view and sug-
gested that the RA signaling pathway might have a more ancient evolutionary origin 
than previously thought. In this chapter, we discuss the evolutionary history of the RA 
signaling pathway, and more particularly of the RARs, which might have experienced 
independent gene losses and duplications in different animal lineages. In sum, the avail-
able data reveal novel insights into the origin of the RA signaling pathway as well as 
into the evolutionary history of the RARs.
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Abbreviations

ADH  Alcohol dehydrogenase
AF  Activation function
BCO  β-carotene 15,15′-monooxygenase
BMP-1  Bone morphogenetic protein-1
CRABP  Cellular retinoic acid binding protein
CRBP  Cellular retinol binding protein
CYP  Cytochrome P450
CYP26  Cytochrome P450 subfamily 26
DBD  DNA binding domain
DR  Direct repeat
FRET  Fluorescence resonance energy transfer
HPLC  High performance liquid chromatography
LBD  Ligand binding domain
RA  Retinoic acid
RALDH  Retinal dehydrogenase
RAR  Retinoic acid receptor
RARE  Retinoic acid response element
RDH10  Retinol dehydrogenase 10
RXR  Retinoid X receptor
SDR  Short-chain dehydrogenase/reductase
USP  Ultraspiracle

Introduction

Retinoic acid (RA) is a fat-soluble morphogen derived from vitamin A that, in ver-
tebrates, controls the organization of the anteroposterior axis and the formation 
and differentiation of various tissues during development. It is well known that 
one of the major actors of the RA signaling pathway is the retinoic acid recep-
tor (RAR), a member of the nuclear receptor superfamily of ligand-activated 
transcription factors. RARs mainly act as heterodimers with the retinoid x recep-
tors (RXRs) to activate the transcription of target genes in the presence of their 
ligand, all-trans RA (reviewed in [36]) (Fig. 4.1). In most vertebrates, including 
human and mouse, there are three rar genes (rarα, rarβ and rarγ) and three rxr 
genes (rxrα, rxrβ and rxrγ) (Fig. 4.2), each encoding several isoforms (reviewed 
in [51]). In fact, at the origin of vertebrates two whole genome duplications took 
place [4, 21, 57, 82] giving rise to the multiple RAR and RXR paralogs in ver-
tebrates. Thus, a number of different heterodimers can be formed between these 
receptors and it is believed that there are more than thirty different RAR-RXR 
heterodimer associations, taking into account the many RAR and RXR isoforms 
produced, that transduce signals in the presence of all-trans RA [51, 59]. It is 
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Fig. 4.1  RA signaling pathway. a Schematic representation of RA metabolism and signaling. 
Retinol is converted to RA in two steps, first retinol (vitamin A) is oxidized into retinal by a 
reversible reaction and then retinal is oxidized into RA. RA is transported into the nucleus 
where it binds to the retinoic acid receptor (RAR), which forms a heterodimer with the retinoid 
X receptor (RXR). Upon binding of RA, the RAR-RXR heterodimer will recruit co-activators 
and activate the transcription of target genes. The colors represent the evolutionary conserva-
tion: RXR and RALDH are in red because they are present in all metazoans and CYP26 and 
RAR are in orange because they are absent in ecdysozoans and cnidarians. ADH alcohol dehy-
drogenase; CRBP cellular retinol binding protein; CRABP cellular retinoic acid binding protein; 
CYP26 cytochrome P450 subfamily 26; RA retinoic acid; RALDH retinaldehyde dehydroge-
nase; RAR retinoic acid receptor; RARE retinoic acid response element; RXR retinoid X recep-
tor; SDR short chain dehydrogenase/reductase. b Overview of the structure of the RAR protein: 
N-terminal ligand-independent transcriptional activation domain (AF-1), a centrally located 
DNA-binding domain (DBD) consisting of a highly conserved core region, which contains two 
zinc finger modules, a hinge that allows flexibility between the N- and C-terminal portion of the 
molecule and a C-terminal ligand binding domain (LBD), which interacts with the ligand, allow-
ing receptor dimerization and additionally serving as a ligand-activated transcriptional activation 
function (AF-2) domain
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also important to mention that RXR is believed to be a receptor for a specific RA 
 isomer, 9-cis RA, although the in vivo relevance of this observation is still debated 
([11, 47, 68] and references therein). Moreover, other ligands such as docohexae-
noic acid or phytanic acid, among others, have been proposed as ligands for RXR 
[22, 60]. The functional role of RXR in the heterodimer is outside the scope of 

Fig. 4.2  Evolution of RAR. Schematic phylogenetic distribution of RARs and RXRs in bila-
terian animals: RARs are generally present in chordates (vertebrates, tunicates and cephalo-
chordates) and have recently been identified in the genomes of ambulacrarians (hemichordates 
and echinoderms) and lophotrochozoans (annelids and mollusks). In general, RARs seem to be 
absent from ecdysozoan genomes. RAR might thus have already been present in the last com-
mon ancestor of deuterostomes and protostomes, called Urbilateria [12]. Given the absence from 
ecdysozoan genomes, RAR might have secondarily been lost in this lineage. Moreover, RAR 
has probably also been secondarily lost in a tunicate lineage, the appendicularians. In verte-
brates, the rar genes have been duplicated, with, for example, Homo sapiens possessing three 
rar paralogs (rarα, rarβ and rarγ). In contrast, RXRs are present in all metazoan lineages. In 
addition, rxr genes have also been duplicated in vertebrates as, for example, Homo sapiens pos-
sessing three rxr paralogs (rxrα, rxrβ and rxrγ). The presence of a functional retinoic acid (RA) 
signaling pathway is indicated by a + or − sign, however, in many lineages this has not been 
determined (?). Numbers indicate the number of RAR and RXR coding genes in a given line-
age. The red dot indicates the probable origin of rar and the yellow triangle indicates the whole 
genome duplication that took place in the vertebrate lineage and the purple x indicates the loss of 
RAR. Protein accession numbers: (source http://www.ncbi.nlm.nih.gov/, excepting the Capitella 
teleta sequence, which is accessible at: http://genome.jgi-psf.org/Capca1/Capca1.home.html): 
Homo sapiens RARα (P10276), RARβ (P10826), RARγ (P13631), RXRα (P19793.1), 
RXRβ (P28702.2) and RXRγ (P48443.1), Ciona intestinalis RAR (NP_001072037) and RXR 
(NP_001071809), Polyandrocarpa misakiensis RAR (BAA25569) and RXR (BAA82618), 
Botrylloides leachi RAR (DQ523226) and RXR, Branchiostoma floridae RAR (AAM46149) and 
RXR (AAM46151), Saccoglossus kowalevskii RAR (XP_002742241) and RXR (ADB22634), 
Strongylocentrotus purpuratus RAR (XP_779976) and RXR (XP_784246), Capitella teleta 
RAR (168520) and RXR (186691), Thais (Reisha) clavigera RAR (BAN82614.1) and RXR 
(E9RHD8), Drosophila melanogaster USP (AAF45707), Dirofilaria immitis USP (AAM08269) 
and Tripedaliacystophora RXR (AAC80008)

http://www.ncbi.nlm.nih.gov/
http://genome.jgi-psf.org/Capca1/Capca1.home.html
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this chapter, but it is nonetheless important to point out that RXR is not a passive 
partner, and the true nature of its in vivo role remains to be described (see [32] and 
references therein).

History: Production, Metabolism and Signaling  
by Retinoids in Vertebrates

The Structure of the RAR-RXR Heterodimer

Like other members of the nuclear receptor superfamily, RARs are modular 
 proteins, possessing several domains, which carry out specific functions required 
for their activities as ligand-regulated transcription factors (Fig. 4.1). The RAR-
RXR heterodimer binds to DNA on specific sequences called retinoic acid 
response elements (RAREs), which, most frequently, consist of direct repeats 
(DRs) [2, 15] (Fig. 4.1).

In the apo form, which corresponds to the receptor without the ligand, RAR, 
together with RXR, interacts with transcriptional co-repressors, such as NCoR 
or SMRT, and represses the transcription of target genes (reviewed in [36]). 
Following ligand binding, the LBD undergoes a conformational change during 
which the most C-terminal helix (H12) forms a lid that closes the hydrophobic 
pocket in which the ligand is buried (reviewed in [36]). It has been shown that 
this conformational change significantly alters the composition of the proteins 
that interact with the LBD. The conformational change causes dissociation of 
the co-repressors and the binding of co-activators, such as the members of the 
p160 proteins (SRC1, 2 and 3) that induce histone acetylation and subsequently, 
transcriptional activation (reviewed in  [66]. This is, however, an oversimplified 
presentation of RAR-RXR functions, as many different types of co-repressors, 
co-activators and chromatin remodeling complexes work together to orchestrate 
the remodeling of chromatin linked to transcriptional regulation [3, 34]. Recently, 
older models of unliganded RAR action have been challenged by new genome-
wide analyses of RAR target genes (see Chaps. 9 and 10). It has become clear that 
ligand binding generally increases the ability of RAR-RXR to interact with the 
regulatory regions of at least some target genes [10, 67, 69].

Regulation of Endogenous RA Levels

Many studies have thoroughly characterized the function of RAR in vertebrates, 
focusing mainly on developmental and physiological aspects [35, 86]. Other studies 
have characterized the biochemical pathways that produce RA in vivo. These data 
have revealed that the RA precursor, retinol (which is vitamin A), is catabolized to 

http://dx.doi.org/10.1007/978-94-017-9050-5_9
http://dx.doi.org/10.1007/978-94-017-9050-5_10
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retinal in a reversible manner by alcohol dehydrogenase (ADH) [8, 54, 103] or the 
short-chain dehydrogenase/reductase (SDR) enzymes, such as RDH10 [102]. This 
reaction is followed by an irreversible oxidation step of retinal to RA by retinal 
dehydrogenases (RALDHs), which is the rate-limiting step of this pathway [25]. 
There are three RALDH enzymes in most vertebrates, and RALDH2 is the most 
relevant RALDH during embryonic development, with its expression allowing us 
to infer, at least grossly, the regions of the embryo characterized by high endog-
enous RA levels (see [78]). Importantly, this zone of high endogenous RA levels 
gives rise to two RA gradients, one oriented anteriorly and one posteriorly in the 
embryo, as has recently been revealed in developing zebrafish using a visualization 
technique based on fluorescence resonance energy transfer (FRET) [91].

Within a target cell, retinol is associated with cellular retinol binding protein 
(CRBP), and RA is associated with the cellular retinoic acid binding protein 
(CRABP) [72]. Cellular and tissue concentrations of RA are generally regulated 
through homeostatic processes involving both RA production and degradation, 
with enzymes of the cytochrome P450 subfamily 26 (CYP26) principally mediat-
ing the catalysis of RA to inactive products like 4-oxo RA and 4-hydroxy RA [76]. 
Three genes encoding CYP26 enzymes (CYP26A1, CYP26B1 and CYP26C1) 
exist in vertebrates [99]. Moreover, in vitro experiments have identified further 
RA-degrading CYP enzymes that may also be involved in the RA catalysis pro-
cess, such as CYP1A2, 2A4, 2A6, 1B1, 2B1, 2B6, 2C3, 2C7, 2C8, 2C9, 2D6, 
2E1, 2E2, 2G1, 3A4/5, 3A6, 3A7, and 4A11. However, the in vivo functions of 
these enzymes remain unclear [37, 61, 81].

Development of the Field: Evolutionary Origins  
of RA Signaling

In contrast to the situation in vertebrates, where the roles and mode of action of 
RA are relatively well understood, very little is known about the origins of the RA 
signaling pathway. Only a few studies have focused on the functions of RAR in 
non-vertebrate animals. Among non-vertebrates, only representative RAR recep-
tors found in other chordates, i.e. in tunicates and cephalochordates, have been 
functionally characterized [27, 28, 30, 31]. However, the recent identification of 
some components of the RA machinery in the genomes of non-chordate animals 
has provided some useful hints that shed new light on the action of RA and the 
presence of a RA signaling pathway in metazoan animals. For example, homologs 
of rar, cyp26 and raldh have been identified in the genomes of ambulacrarians 
(sea urchins and acorn worms) and lophotrochozoans (annelids and mollusks) 
(Fig. 4.2) [1, 12, 13, 65, 92]. Our current understanding of the origin of RAR 
suggests the evolutionary history of RAR was influenced by specific losses and 
duplications in particular animal lineages. Altogether, this analysis allows us to 
conclude that, evolutionarily speaking, the RA signaling pathway is more ancient 
than originally thought.
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Current State of the Field: RA Signaling in Non-vertebrate 
Animals

Presence or Absence of RA-Signaling in Metazoan  
Genomes: Chordates

The RA signaling pathway was long thought to be vertebrate-specific. However, it 
is now well established that most of the components of the RA machinery are pre-
sent and functional in all chordate phyla. More particularly, single rar homologs 
have been identified and functionally characterized in the following chordates 
(Fig. 4.2): Ciona intestinalis [31], Botrylloides leachi [80] and Polyandrocarpa 
misakiensis [40] (all of which are ascidian tunicates), as well as in the cephalo-
chordate Branchiostoma floridae also referred to as amphioxus [28]. 

As previously mentioned, vertebrates possess at least three RARs, RARα, 
RARβ and RARγ (Fig. 4.2), but as indicated, only one RAR is present in chor-
dates (cephalochordates and ascidian tunicates) (Fig. 4.2). The evolution of the 
chordate RA signaling pathway has been studied extensively [27, 30, 31, 88]. In 
amphioxus it has been shown that RAR and RXR are able to heterodimerize, bind 
RA and activate the transcription of genes upon RA binding [28]. Moreover, it was 
shown that the amphioxus RAR has a ligand-binding pocket structure similar to 
RARβ [27]. RA functions have been described in the embryonic development of 
amphioxus. For example, it has been shown that RA regulates the anteroposterior 
patterning of the CNS and neuronal specification in a hox-dependent manner [88]. 
RA also mediates the patterning of the ectoderm and the formation of the tail fin 
in this specie [14]. In addition, orthologs of cyp26, rdh and raldh have been identi-
fied in the genome of amphioxus, however, their function remains to be assessed. 
In contrast, there is no evidence of the existence of genes coding for proteins 
responsible for retinol storage, transport and cellular uptake, suggesting that these 
might have appeared specifically in the vertebrate lineage [14].

Components of the RA machinery have been identified in tunicates. It was 
shown that RARs are present in Ciona intestinalis [31], Botrylloides leachi [80] 
and Polyandrocarpa misakiensis [40] that bind and are activated by RA. However, 
the function of the enzymes involved in RA synthesis and metabolism has not 
been assessed yet in these animals [14]. In addition, RA signaling has been sec-
ondarily modified in different lineages [14]. For example, there is a partial loss 
of the RA-dependent regulation of the hox code in ascidians [14], but the appen-
dicularian tunicate, Oikopleura dioica, stands out as an exception because it lacks 
the genes coding for the main actors of the RA signaling pathway, such as, rar, 
aldh1 and cyp26 [13]. In the course of evolution, these genes were very likely sec-
ondarily lost in this animal since these gene are present in all the other urochor-
date species studied, such as Ciona intestinalis [31], Botrylloides leachi [80] and 
Polyandrocarpa misakiensis [40]. Of interest, it seems that the anterioposterior 
patterning of O. dioica during embryonic development may be RA-independent, 
although detailed characterization of the developmental pathways used by this 
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species is still lacking. These observations suggest that anteroposterior patterning 
can be achieved using many different signaling pathways and is not necessarily 
dependent on RA.

In conclusion, the RA signaling pathway is present and functional in chordates, 
however, it should be noted that, compared to the situation in vertebrates, very 
little is known about the regulation of this signaling cascade and its function in 
invertebrate-chordates.

Presence or Absence of RA-Signaling in Metazoan Genomes: 
Non-chordates

Bioinformatic analyses have revealed that genes involved in the RA signaling 
machinery are present in the genomes of a variety of non-chordates (ambulacrarians 
and lophotrochozoans) [1, 12, 13, 65, 92]. Based on phylogenetic analysis of the 
nuclear hormone receptor superfamily, it was hypothesized that a proto-RAR might 
have been present in Urbilateria, the last common ancestor of all bilaterians [4].

Homologous genes of rar have so far been identified in the genomes of the fol-
lowing non-chordate invertebrates (Fig. 4.2): the ambulacrarians Saccoglossus 
kowalevskii (a hermichordate) and Strongylocentrotus purpuratus (an echinoderm) 
[13, 65] and the lophotrochozoans Lottia gigantea (a mollusk) and Capitella tel-
eta (an annelid, formerly Capitella capitata) [12]. The phylogenetic analyses per-
formed and the surprisingly high degree of amino acid conservation of the RARs 
found in these species indicate that these receptors may be bona-fide RARs that 
might be able to bind RA [12]. These findings allow us to conclude that the gene 
encoding RAR has a much more ancient evolutionary origin than previously 
believed. In particular, the fact that a clear rar ortholog is found in lophotrochozo-
ans (annelids and mollusks) strongly suggests that a rar gene was already present in 
the ancestor of all bilaterians. This has important implications for the evolution and 
diversification of metazoan animals, since it indicates that functional roles for RA 
in developmental patterning might be evolutionarily much more ancient than origi-
nally thought (reviewed in [12]). However, recently, the characterization of a RAR 
from the mollusk Thais clavigera showed that this receptor is unable to bind RA 
[97], raising the question of the function of RAR and RA in non-chordate animals. 
Thus, the unambiguous experimental demonstration of a functional RAR and of a 
functional RA signaling cascade outside the chordate phylum still remains elusive.

In contrast, previous in silico analyses did not identify rar homologs in appen-
dicularian tunicates (see above), ecdysozoans (arthropods and nematodes), and 
cnidarians (Fig. 4.2). These results allow two tentative conclusions: (1) if the 
absence of rar from cnidarian genomes is confirmed, for example by the analy-
sis of other genomes, the origin of RAR and RA signaling can probably firmly 
be placed at the base of bilaterian animals and not at the base of metazoan ani-
mals. Given that anteroposterior patterning is an important feature of bilaterians, 
it is tempting to speculate that RAR might have played a role in the emergence of 
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 bilaterian body axes and, particularly, in the evolution of anteroposterior patterning 
systems, but this remains speculative given the very limited amount of data cur-
rently available on the role of RA outside chordates (see below); (2) the absence 
of rar in appendicularian tunicates and ecdysozoans suggests that these genes have 
been independently lost in these animal lineages and indicate that a complex anter-
oposterior patterning system can be established in the absence of RAR.

Homologs of the enzymes involved in RA metabolism, such as RALDH 
and CYP26 have also been identified in non-chordate animals. For exam-
ple, raldh homologs have been identified in the genome of ambulacrarians 
(Strongylocentrotus purpuratus and Saccoglossus kowalevskii), lophotrochozo-
ans (Lottia gigantea and Capitella teleta), ecdyzosoans (Caenorhabditis elegans, 
Daphnia pulex and Drosophila melanogaster) and cnidarian (Nematostella vect-
ensis) [1, 12, 13, 65, 92]. In contrast, cyp26 homologs have only been identified 
in lophotrochozoans and ambulacrarians [1, 12, 13, 65, 92]. Altogether, these data 
reinforce the notion that the RA signaling pathway might have been present in 
Urbilateria, the last common ancestor of protostomes and deuterostomes. However, 
the unambiguous experimental demonstration of a functional RAR and of a func-
tional RA signaling cascade outside the chordate phylum still remains elusive.

In contrast, rxr homologs have been identified in the genomes of various non-
chordate phyla including lophotrochozoans [9], ecdysozoans [104] and basal 
metazoan species, such as cnidarians [29, 55] and sponges [100]. Therefore, RXR 
seems to have a more ancient evolutionary origin than RAR. Apparently, the RXR 
receptors have also experienced a complex evolutionary history. For example, 
in vertebrates, several paralogs of RXR were acquired following whole genome 
duplication events [77] and in insects, ligand recognition by USP (i.e. RXR) has 
been altered independently in different lineages [16, 44, 46]. For instance, it was 
shown that the USP from Tribolium castaneum does not have a ligand-binding 
pocket and, thus, does not bind and is not activated by RXR ligands despite the 
high degree of identity between these receptors [46]. In addition, in mecopteridan 
USPs, the ligand-binding pocket is very large and is occupied by a phospholipid 
[6, 17]. These data reveal the evolutionary plasticity of the ligand binding pocket 
of nuclear hormone receptors and highlight the requirement for experimental anal-
yses of divergent receptors.

RA Derivatives in Non-chordate Invertebrates

In vertebrates, RAR is able to bind at least two different isomers of RA, all-trans RA 
and 9-cis RA, whereas RXR only binds to 9-cis RA in vitro. Moreover, many studies 
have shown that treatment of vertebrate species with all-trans RA or 9-cis RA causes 
developmental defects and malformations [79]. In an effort to better understand the 
biological roles of each RA isomer, efforts have been made to measure the presence 
of these compounds in different organs of vertebrates. The presence of all-trans RA 
during development was detected, for example, in mouse, rat and human serum, 
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liver, kidney, brain and testis [39, 48, 87]. The concentration of all-trans RA in these 
tissues was between 7 and 10 nM, however, it was lower in the serum [48].

In contrast, far less is known about the metabolism of 9-cis RA and the pres-
ence of 9-cis RA in vivo. Until recently, the biological significance of this isomer 
remained controversial. In fact, 9-cis RA was first detected by high performance 
liquid chromatography (HPLC) in mouse liver and kidney [39] and rat epididy-
mal tissue [75] at concentrations two or three times lower than those of all-trans 
RA. Subsequent analytical assays, however, failed to detect this isomer in liver, 
kidney and other murine tissues (reviewed in [47]). This failure to detect 9-cis RA 
in vivo has contributed to the controversy about the biological relevance of this 
RA isomer. In contrast, by using liquid chromatography/tandem mass spectrom-
etry a recent study has revealed the presence of 9-cis RA in mouse pancreas [49]. 
This work further established that 9-cis RA is able to attenuate glucose-stimulated 
insulin secretion in the pancreas [49]. These data not only show that 9-cis RA is a 
naturally-occurring RA isomer in the pancreas, but also that 9-cis RA is biologi-
cally active. In fact, it is possible, and even likely, that 9-cis RA can simply not be 
detected in other tissues, because its levels are below the limit of detection of the 
employed analysis methods.

In addition to mice, rats and humans, endogenous RA levels have also been 
measured in a number of other animals. But before reviewing these data, it has 
to be mentioned that derivatives of retinol, generally termed retinoids, are also 
involved in the visual cycle and that in particular 11-cis retinaldehyde plays a cru-
cial role in vision. This aspect is not considered in the following discussion, but it 
is nonetheless important to be aware of the retinoid derivatives that participate in 
vision as it helps to explain the wide distribution in metazoan animals of various 
enzymes able to act on retinoid compounds. For example, 9-cis RA was detected 
in the regenerating limb of urodele amphibians [98], all-trans RA was detected in 
budding tunicates [52] and both all-trans RA and 9-cis RA were detected in the 
chordate amphioxus [20].

In non-chordates, endogenous all-trans RA and 9-cis RA were detected by 
HPLC in the central nervous system and the hemolymph of the mollusk Lymnea 
stagnalis [23]. All-trans RA concentrations were higher than those of 9-cis RA 
with all-trans RA concentrations estimated at 693 nM in the central nervous sys-
tem and 155 nM in the hemolymph, whereas, for 9-cis RA, the estimated concen-
trations were 380 nM in the central nervous system and 120 nM in the hemolymph 
[23]. These values are thus relatively high, when compared to the values typi-
cally reported in mammals, but the significance of this difference is still unclear. 
Similarly, in the locust embryo, both all-trans RA and 9-cis RA were detected [74]. 
The all-trans RA concentration in the whole embryo was estimated to be 3 nM and 
the 9-cis RA concentration in the locust embryo was around 1.5 nM [74]. All-trans 
RA and 9-cis RA were also detected in limb blastemas of the fiddler crab during 
regeneration. Here, all-trans RA concentrations were 19 pg/µg protein/blastema 
and 9-cis RA concentrations were 83 pg/µg protein/blastema [41].

There are other RA isomers, such as 9,13-di-cis RA and 13-cis RA, that, 
at least in vertebrates, are characterized by reduced or absent biological activ-
ity [43, 95]. Interestingly, these RA isomers are distributed relatively widely in 
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different mammalian tissues, for example, serum, brain, liver, kidney, adipose 
tissue,  muscle, spleen and testis [50]. Moreover, they have also been detected in 
invertebrates, including sponges, which are basal metazoans. Sponges contain both 
retinyl esters and 13-cis RA and are able to accumulate β-carotene [5, 71]. In addi-
tion, retinol and retinyl esters have been detected in mollusks, which also possess 
some kind of capacity to endogenously store retinoids [33].

In nematodes, the only evidence of a possible action of RA has been reported 
in the parasitic nematodes Brugia malayi and Onchocerca volvulus [94, 101]. In 
both worm species only retinol could be detected [94, 101] and it was shown that 
Brugia malayi worms were able to take up and accumulate all-trans RA in their 
tissues [101]. In addition, it was shown that the development of the parasitic nem-
atode Litomosoides carinii in vitamin A-deficient cotton rats was delayed [93]. 
Together, these data suggest that retinoids may play a role in the development 
of parasitic nematodes, however, it is important to stress that there is no RAR in 
nematodes and that a homolog of USP (i.e. RXR) has only been identified in a sin-
gle species of parasitic nematodes [90].

Role of RA Derivatives in Non-chordate Invertebrates

As discussed above, in vertebrates, both RA isomers, all-trans RA and 9-cis RA, 
are not only present, but also biologically active. In fact, it is known that RA con-
trols many developmental processes of vertebrates [79]. Indeed, exposure of devel-
oping embryos to exogenous RA causes severe defects in vertebrates and more 
generally in chordates. However, outside chordates, evidence for biological func-
tions of RA is scarce and only a few studies have addressed the impact of RA on 
embryonic development. For example, in many mollusk species, such as, Lymnaea 
stagnalis, Physa fontinalis and Bithynia tentaculata, constant treatment starting at 
gastrulation with all-trans RA (100 nM) affects eye formation [19]. In addition, 
the use of higher concentrations of all-trans RA (1 μM) on Lymnaea stagnalis 
embryos causes various malformations, for example, eye and shell defects and, at 
times, growth arrest [19]. Moreover, it was shown that RA treatments were only 
effective during gastrulation as treatment of embryos after gastrulation did not 
cause any evident developmental defects [19]. This suggests that RA might con-
trol specific developmental events in this species, which is reminiscent of the role 
played by RA during vertebrate development.

Treatment of cultured neurons from the mollusk Lymnaea stagnalis with all-
trans RA (100 nM) induces neurite outgrowth and growth cone turning [23, 24]. 
A comparable effect was observed in vertebrates with a similar RA concentra-
tions [18]. 9-cis RA treatments also have an effect on mollusks. For example, in 
the mollusk Thais clavigera, the injection of 9-cis RA (1 μM) causes imposex, 
i.e. the development of male organs in females [73]. Taken together, although the 
available evidence is still very fragmentary and based mainly on morphological 
observations, these data on effects of RA treatments in mollusks are nonetheless 
indicative of possible functional roles of RA derivatives in mollusks. However, 
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recently a RAR from the mollusk Thais clavigera has been characterized and it 
was shown that this receptor is unable to bind RA [97], thus suggesting that effects 
of RA on mollusks might be RAR independent.

Data are also available that describe the effects of treatments with RA deriva-
tives in echinoderms. For example, treatment of micromere-derived cells from the 
sea urchin Hemicentrotus pulcherrimus with all-trans RA (100 nM) induces pseu-
dopodial cable growth [56]. Intriguingly, no effect was observed after treatment of 
embryos of the sea urchin Paracentrotus lividus with all-trans RA (20 μM). The 
embryos seem to develop normally, although their development is delayed [89].

Finally, there is growing evidence for a role of RA derivatives in tissue for-
mation and regeneration of a wide variety of animals, including platyhelminthes 
[83], insects [38], crustaceans [42], cnidarians [70] and sponges [45]. This role 
might be related to the known effect of retinoids in controlling fin regeneration in 
zebrafish [7] and limb regeneration in urodeles [98]. In addition, retinoids appear 
to be implicated in regulating tissue regeneration in the fruit fly Drosophila mela-
nogaster [38]. Mutations in the genes coding for enzymes responsible of retinoid 
metabolism, such as BCO (β-carotene 15,15′-monooxygenase) and a retinal-
dehyde dehydrogenase, generated a delay in tissue regeneration in this species. 
A similar effect was observed when flies were deprived of caroteinoids, a natu-
ral source of retinoids, and the normal timing was restored by supplementation of 
retinoids [38]. These results are very surprising because in the fruit fly retinoids 
were thought to be involved exclusively in vision. Moreover, there is no RAR in 
the fruit fly genome and USP (i.e. RXR) is unable to bind retinoids (see [46] and 
references therein).

Moreover, in the platyhelminthe Girardia tigrina, treatment with exogenous 
all-trans RA (0.5 mM) disrupts anterior but not posterior regeneration [83]. In the 
fiddler crab Uca pugilator, treatment of regenerating limb buds with high concen-
trations of all-trans RA (50 μM) causes growth delay and malformations of the 
limb bud [42]. In the cnidarian Hydractinia echinata, treatments with retinol, reti-
naldehyde and all-trans RA (1 nM to 1 μM each) increase the regeneration rate, 
number of tentacles and budding rate [70]. Sponges are also affected by treat-
ment with all-trans RA (50 μM), which causes morphogenetic malformations of 
buds and gemmules [45]. In addition, it was shown that treatment with all-trans 
RA (1 mM) upregulates the expression of the gene encoding the BMP-1 (bone 
morphogenetic protein-1) homolog in the sponge Suberites domuncula [71] and 
downregulates the expression of the c-myb gene in the sponge Geodia cydonium 
[5]. Altogether, these observations suggest that RA might have various pleiotropic 
effects in metazoan animals that may range from organ formation to regeneration.

Relevance

It is important to point out that from these experiments we cannot formally con-
clude that endogenous retinoids play physiological roles in these different ani-
mals. In fact, some of the effects observed upon RA exposure might be caused 
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exclusively by the toxicity of the molecule at high dose or by its transformation 
into a different active compound. In addition, even if, in a given animal, the mol-
ecule acts on a specific target at a relatively weak concentration, one cannot nec-
essarily conclude that the relevant metabolic pathway exists endogenously in that 
animal [62]. The case of bisphenol A is exemplary for this situation: bisphenol A 
is an artificially produced molecule that has been shown to exert very strong hor-
monal effects in mammals by regulating the activity of estrogen receptors [84]. 
Although these effects inadvertently exist in vivo, bisphenol A is certainly not an 
endogenously-produced hormone.

Coming back to RA, its derivatives and their potential biological functions, 
the solution of the problem seems rather straightforward: the receptors need to be 
characterized in full, including both molecular capacities and physiological func-
tions, and the data hence obtained need to be correlated with the in vivo retinoid 
content of a given species. Of course, this work approach will not yield insights 
into retinoid functions that are not mediated by RAR and/or RXR. Even so, to date 
we completely lack a functional characterization of non-chordate RARs and we 
have thus no indication whatsoever of the possible ligand of these RARs. It could 
be all-trans RA, another RA isomer or some other compound of unknown nature. 
Therefore, we cannot conclude that the effects observed upon RA treatment are 
indeed RAR-dependent or even RA signaling-dependent.

Future Directions

With the sequencing of the genomes of many different animal species, it has 
become evident that the RA signaling pathway, that was initially thought to be 
chordate specific, has a much wider phylogenetic distribution than originally 
thought. In fact, some of the components of this pathway are found in the genomes 
of a wide variety of non-chordate taxa. For example, many components of this 
signaling pathway, such as the homologs of rar, raldh and cyp26 have been identi-
fied in the genomes of ambulacrarians and lophotrochozoans [1, 12, 13, 65, 92]. 
Although an experimental validation of the biological functions of these receptors 
and metabolic enzymes is still lacking, these data nonetheless suggests that some 
kind of RA signaling pathway was probably already present in the last common 
ancestor of all bilaterian animals: Urbilateria [12].

Recent data have highlighted that RAR, in addition to being a classical nuclear 
receptor regulated by the binding of its ligand is also a protein whose activity can 
be controlled by phosphorylation [86]. Several studies have shown that these phos-
phorylation events are important for the full regulatory potential of RARs. It is still 
unclear how this level of regulation evolved but a recent phylogenetic analysis has 
shown that some, but not all, of those sites, are conserved between RARs from 
various taxa, including vertebrates and invertebrates [85]. This is, in particular, 
the case of the serine phosphorylation site located in the N-terminal A/B region 
of the receptor that is present in the RARs of vertebrates, amphioxus and ascidian 
tunicates (such as Ciona intestinalis) and that may also be present in protostome 
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RARs. It will therefore be of great interest to study how the regulatory logic 
 controlling these invertebrate receptors has been set up. Similarly, recent work 
has revealed the evolutionary conservation in vertebrates of RAR targets through 
the conservation of direct repeats DR5, DR2 and related elements in target gene 
promoter regions [58]. Again, almost nothing is known about RAR target genes 
outside of vertebrates, but it can be anticipated that studies in non-vertebrates will 
yield exciting insights into the evolutionary diversification of the gene regulatory 
network controlled by RA and its receptors.

The RA signaling pathway has evolved differently in chordates, lophotrocho-
zoans, ambulacrarians and ecdysozoans. The receptor controlling this pathway in 
vertebrates, RAR, is present in all these groups except in ecdysozoans where it 
seems to have been lost. However, it should be noted that, given the limited num-
ber of species studied and the intriguing biological effects of RA derivatives in 
insects and crustaceans, one should not conclude that this pathway was lost alto-
gether in ecdysozoans. Moreover, although lophotrochozoans and ambulacrarians 
posses an evident rar homolog, there is still no experimental evidence showing 
that these genes encode bona-fide RARs that are capable of binding RA and of 
activating transcription in a ligand-dependent fashion.

Thus, it is important to be cautious and to remember that the presence of the 
ortholog of a given vertebrate gene in a distant organism does not necessarily 
imply the presence of the identical function known for the product of this gene in 
vertebrates [62]. For example, an ortholog of the estrogen receptor is present in 
annelids and mollusks, but several studies have shown that the mollusk orthologs 
do not bind estrogens [96], whereas the annelid othologs are able to bind estrogens 
at high concentrations [53]. In addition, it seems that estrogens might not even 
be present endogenously in these species [26, 63, 64]. Therefore, future research 
should focus on a detailed characterization of the functions of the components of 
the RA signaling pathway in a wide variety of different metazoan species.
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Abstract Retinoid X Receptors (RXR) were initially identified as nuclear 
 receptors binding with stereo-selectivity the vitamin A derivative 9-cis retinoic 
acid, although the relevance of this molecule as endogenous activator of RXRs is 
still elusive. Importantly, within the nuclear receptor superfamily, RXRs occupy a 
peculiar place, as they are obligatory partners for a number of other nuclear recep-
tors, thus integrating the corresponding signaling pathways. In this chapter, we 
describe the structural features allowing RXR to form homo- and heterodimers, 
and the functional consequences of this unique ability. Furthermore, we discuss 
the importance of studying RXR activity at a genome-wide level in order to com-
prehensively address the biological implications of their action that is fundamental 
to understand to what extent RXRs could be exploited as new therapeutic targets.
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Introduction

In living organisms, cells need to adapt their intracellular activities to  environmental 
conditions in order to control development, homeostasis and metabolism. One 
family of proteins playing a key role in the cellular response to internal and exter-
nal stimuli is the nuclear hormone receptor superfamily, which includes Retinoid 
X Receptors (RXRs). RXRs occupy a central position within the nuclear recep-
tor (NR) superfamily, serving as obligatory partners for numerous other NRs. 
This property sets RXRs at the crossroads of multiple signaling pathways where 
NRs play a coordinating role. The functionality of NRs is facilitated by two con-
served domains in the proteins: the central DNA-Binding Domain (DBD) and the 
C-terminal Ligand-Binding Domain (LBD). The DBD is required for NR binding to 
specific DNA sequences and is folded into two small structural motifs called “zinc 
fingers”. In the absence of a ligand, NRs physically interact with transcriptional 
corepressors, such as Nuclear receptor Co-Repressors 1 and Silencing Mediator of 
Retinoid acid and Thyroid hormone receptor (NCOR1 and SMRT) [26, 52], that 
trigger the repression of gene expression when they are bound to DNA. Upon ligand 
binding, the receptors undergo a conformational change that can influence their 
intracellular localization and/or their affinity for coregulator proteins, thus increas-
ing the recruitment of transcriptional coactivators and the release of corepressors. 
These events promote interaction of NRs with the transcription initiation complex 
which leads to the transcription of target genes. In this way, NRs are able to modu-
late gene expression in response to a variety of stimuli.

History: RXRs—Central Players Within the NR 
Superfamily

First Evidence for a New Receptor for Retinoids

The cloning of the first NR, the glucocorticoid hormone receptor, dates back to 
almost three decades ago [46, 101, 136]. Thereafter, many other hormone-depend-
ent transcription factors sharing similar structure and properties have progressively 
enriched this superfamily of proteins. Humans express 48 NR genes, some of them 
generating more than one isoform (Table 5.1). RXRs were first described in 1990 
by Mangelsdorf et al. [93] as NRs able to respond to vitamin A metabolites with a 
peculiar ligand specificity for 9-cis retinoic acid (9cis-RA).

Early work in this field showed that NRs, such as the estrogen receptor (ER), 
bind to target DNA in the form of homodimers. New evidence generated in the 
early 1990s suggested there might also be heterodimer interactions between differ-
ent NRs [44]. In particular, it became evident that nuclear extracts from different 
cell types contained proteins that were necessary for NRs, including Retinoic Acid 
Receptors (RARs) [45], Thyroid hormone Receptors (TRs) [18, 103], and Vitamin 
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D Receptors (VDRs) [86], to bind DNA with high affinity. After the identification 
and first characterization of RXRs, several groups independently demonstrated 
that RXRs were indeed the common missing factors that were forming heterodi-
meric complexes with RARs, TRs and VDRs [17, 70, 82, 95, 133, 144, 147].

The ability of RXRs to form heterodimers was determined using Electrophoretic 
Mobility Shift Assay (EMSA). This technique evaluates the ability of protein 
complexes to bind to specific DNA sequences in an in vitro context (Fig. 5.1). 
Continued reports showed that RXRs are also able to form homodimers [54, 
147] as well as to heterodimerize with Chicken Ovalbumin Upstream Promoter 
Transcription Factors (COUP-TFs) [6, 69], Peroxisome Proliferator-Activated 
Receptors (PPARs) [5, 40, 64, 71], Farnesoid X Receptors (FXRs) [37], Liver X 
Receptors (LXRs) [138], Nerve Growth Factor-induced protein I-B (NGFI-B) and 
transcriptional inducible NUclear Receptor Related (Nurr1) [111]. Thus, RXRs 
appear to play a unique role in integrating the action of several NRs by the form-
ing heterodimers with multiple partners. Other work has shown that RXRs can also 
form homodimers [54, 147].

Classification of Nuclear Receptors

To unify the nomenclature of all NRs, a classification according to their  phylogeny 
was adopted in 1999 (Nuclear Receptors Nomenclature [29]). However other cri-
teria, more related to their functionality, are often used to categorize NRs [4]. For 
instance, when NRs are ordered based on ligand binding properties, they fall into 
three groups (Table 5.1). The first class is composed of the “classic” hormone 
receptors, including ERs, Androgen Receptor (AR), Mineralocorticoid Receptor 

Fig. 5.1  Traditional techniques employed to evaluate RXR functionality. a In transactivation 
assays, the LBD of RXR or other NR is fused with the DBD of Gal4, a yeast-derived transcrip-
tion factor. This construct is transfected in cells together with a vector expressing a reporter 
gene under the control of a series of Gal4 responsive elements (UAS). In the presence of the 
NR ligand, the transcriptional activity of Gal4 is enhanced and the expression reporter gene is 
increased. b In electrophoretic mobility shift assays (EMSA), a radiolabeled DNA probe is incu-
bated with the NR of interest and loaded on a gel. If the NR binds to the DNA probe, the migra-
tion of the DNA is delayed and we observe the shift (RXR-bound probe). The formation of a 
heterodimer complex is also revealed (heterodimer-bound probe)
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(MR), Glucocorticoid Receptor (GR), TRs, VDR and RARs. The receptors 
belonging to this group can bind DNA in form of homodimers, like the ER and the 
GR, or in form of heterodimers with RXR, like RARs, VDR and TRs. The pecu-
liarity of these NRs is their ability to bind a narrow range of small molecules with 
very high affinity, thus mediating a corresponding endocrine function.

By contrast, receptors belonging to the so-called metabolic sensors bind, with 
relatively low affinity, a large number of molecules, which are often intermedi-
ate or final metabolites of different metabolic pathways. Within this group are 
PPARs, LXRs and FXRs, which are activated by a broad spectrum of fatty acids, 
cholesterol and bile acid derivatives, respectively. Due to the nature of their acti-
vators and due to their target genes, these receptors regulate energy metabolism 
at multiple levels, but also cell proliferation, cell differentiation and cell survival 
(reviewed in [20, 30, 35]). Other members of this group are the pregnane X recep-
tor (PXR) and the constitutive androstane receptor (CAR), which both induce 
cellular pathways important for detoxification [58, 140]. Most of the metabolic 
sensors bind DNA in the form of heterodimers with RXRs.

A third group is composed of “orphan” receptors that so far have no identi-
fied ligand. A number of studies have proposed putative ligands for some of these 
receptors [19, 68, 78, 92], that, thereafter, are now referred as “adopted” NRs. In 
contrast, for some others, such as Nurr1, the lack of a ligand binding pocket large 
enough to accommodate a ligand suggests that such receptors may have no ligand 
at all [135]. The orphan NRs are the most varied in terms of DNA-binding prop-
erties: indeed, they can act in the form of homodimers, such as the Hepatocyte 
Nuclear Factor 4 (HNF4), heterodimers with RXR, like COUP-TFs, or monomers, 
such as NGFI-B. Furthermore, the atypical receptor, Small Heterodimer Partner 
(SHP), lacks a DBD and cannot bind DNA.

The central role of RXRs as heterodimerization partners for NRs belonging to 
all three classes sets them apart from the above-described functional classifica-
tion scheme. Complete occupation of the ligand-binding pocket by high-affinity 
ligands is a typical feature of classic NRs, a property exhibited by RXR, which has 
a small ligand binding cavity (between 400 and 500 Å) [51] that tightly accom-
modates 9-cis RA. Nonetheless, it is not possible to strictly categorize the RXRs 
as classic NRs because a physiological role for 9-cis RA has yet to be confirmed 
in vivo, and other natural ligands have much lower affinities for the receptor (see 
“Relevance: Endogenous and Synthetic RXR Ligands”).

RXR Isotypes

In both humans and mice, there are three RXR isotypes, RXRα (NR2B1), RXRβ 
(NR2B2) and RXRγ (NR2B3), that are encoded by separate genes sharing strong 
sequence homology [82, 91]. Each gene can further give rise to different isoforms 
by means of alternative splicing and/or alternative promoter utilization. In mice, 
three RXRα isoforms (RXRα1, 2 and 3), differing in the N-terminal domain, 
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have been functionally characterized [16], and a fourth possible isoform has been 
 predicted. Four RXRβ and two RXRγ isoforms have been identified [80, 89].

RXR isotypes and isoforms have a specific tissue distribution with partially 
redundant functions. In mice, RXRα1 is most abundant in the liver, but is also 
highly expressed in kidney, spleen, placenta and epidermis. RXRα2 and 3 are 
found in adult testis [16]. RXRβ is ubiquitous, with higher levels present in the 
central nervous system. RXRγ1 is expressed in skeletal muscle, olfactory bulb and 
pituitary gland, while RXRγ2 appears in both cardiac and skeletal muscle [10]. 
In humans, the tissue expression profile is more ubiquitous for RXRα and RXRβ, 
while RXRγ is predominantly in pineal gland (http://biogps.org [139]).

Development of the Field: RXR Behavior as Partners  
of Different Functional Complexes

How RXR-Containing Heterodimers Bind DNA

Many factors contribute to determining the recognition of the response element by 
the NR dimer in a specific target promoter, including the properties of the DNA con-
sensus motif, its polarity, the NR ligand, and the DNA itself. The ligand may alter the 
DNA binding properties of a given NR heterodimer [146], and reciprocally, the DNA 
may itself play a role in the allosteric regulation of NR activity [54, 114, 120, 146].

NRs bind to specific DNA sequences, called consensus motifs. The DNA 
sequence recognized by NR dimers consists of two copies of a derivative of the 
consensus hexamer AGGTCA. Orientation and spacing of these two motifs are 
important determinants of their specificity toward each receptor dimer. Most of 
the consensus sequences for homo- or heterodimers containing RXRs are direct 
repeats of the core motif, with one to five nucleotides spacing (DR1 to DR5). In 
particular, RXR-homodimers and PPAR/RXR heterodimers preferentially bind to 
DR1, RAR/RXR complexes can bind to DR2 or DR5, whereas VDR/RXR and 
TR/RXR favor binding to DR3 and DR4 respectively. However, the rule underly-
ing the recognition of a response element by NR heterodimers is difficult to deci-
pher, due to some heterogeneity. For instance, RAR/RXR was also observed to 
associate with DR1 motifs, in some specific promoter contexts [119]. TR/RXR 
[34] and FXR/RXR [75] may also bind to inverted repeats (IR).

Another crucial feature of the heterodimer interaction with DNA is its polarity (see 
Chap. 3 and [77]). DR motifs are asymmetrical and can be read correctly only from 
one direction [90, 104]. This property provides a further level of specificity as gene 
regulatory responses may differ depending on whether RXRs occupy the 5′ upstream 
or 3′ downstream half-site [71, 73, 74, 94]. For instance, when complexed with 
RARs, RXRs always occupy the 3′ half-site in a DR1 but the 5′ half-site in a DR5. 
This difference in position influences the ability of the NR   complex to be activated 
by the ligand. In contrast, PPARs always binds to the 5′ extended half-site of the DR1, 

http://biogps.org
http://dx.doi.org/10.1007/978-94-017-9050-5_3
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while RXRs occupy the 3′ half-site [53]. This was confirmed by the crystal structure 
of the heterodimer PPARγ/RXRα complexed with its DNA response element [25].

Many  homo/heterodimers compete for the same DR elements (for example, 
PPAR/RXR, HNF4/HNF4, and RXR/RXR bind to DR1; TR/RXR and LXR/RXR 
bind to DR4). This may have a strong functional impact depending on the pro-
tein abundance of RXRs and/or their partners and the heterodimer associating with 
DNA. As a consequence, the resulting expression of target genes may be signifi-
cantly different. Alternately and not exclusively, the importance of promoter con-
text may be a key determinant.

Structural Basis of Hetero- and Homo-Dimer Formation

As described, RXR is a peculiar member of the NR family since it can form 
homodimers or heterodimers with many different NRs. The first crystal structure 
of a RXR-dimer to be obtained was the RXR-LBD homodimer [12]. The analy-
sis of its structure showed that both DBD and LBD are involved in dimerization. 
However, the LBD is more crucial due to a larger and stronger dimerization inter-
face that is composed of amino acids arranged in a hydrophobic cluster and sur-
rounded by polar residues. For example, the short region of RXRα between amino 
acids 387 and 429, called the I-box, has been shown to be required for heterodi-
merization [112]. A similar I-box, with a number of highly conserved amino acids, 
is also present in all RXR heterodimerization partners. Other crystal structures of 
RXR/partner LBD have been resolved, including RAR/RXR [13, 113], CAR/RXR 
[126, 142], LXR/RXR [59, 127] and PPAR/RXR [39, 47, 141]. The overall struc-
ture of these different heterodimers is highly similar, but within the molecules, 
there is variability between the different heterodimer interfaces, suggesting that 
some partners have a higher affinity for RXR than others.

More recently, thanks to tremendous progress in development of the tech-
niques used to analyze protein structure and protein-protein interactions [i.e. Cryo 
Electron Microscopy (EM), nuclear magnetic resonance (NMR), small angle 
X-ray and neutron scattering (SAXS and SANS) and FRET (fluorescence reso-
nance energy transfer)], the structures of intact heterodimers bound to DNA in their 
native environment have been reported (see Chaps. 2 and 3 and reviewed in [15]).

In 2008, the crystal structure of the full-length PPARγ /RXRα complex bound 
to ligands, coactivator peptides, and DNA was resolved, fully highlighting the 
domain–domain interactions involving these intact NRs. The heterodimer formed 
by PPARγ and RXRα is asymmetric, allowing the PPARγ-LBD to lie at the center 
of the complex and to make direct contacts with multiple domains in both pro-
teins. Three distinct heterodimerization interfaces are formed between RXRα and 
PPARγ and, interestingly, some of them are DNA-dependent [25].

A different conformation was observed by Rochel et al. [117], who noticed that, in 
solution, the structure of several heterodimer complexes bound to DNA (VDR/RXR 
bound to a DR3, RAR/RXR to a DR5, RAR/RXR to a DR1 and PPAR/RXR to a 

http://dx.doi.org/10.1007/978-94-017-9050-5_2
http://dx.doi.org/10.1007/978-94-017-9050-5_3
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DR1) is characterized by an asymmetric open conformation with separate DBDs and 
LBDs, connected by extended hinges. Subsequent analyses of the full VDR/RXR 
visualized the hinge domains of both receptors that stabilize the complex in a precise 
conformation [109]. Besides these physical interactions, an extensive communication 
throughout the heterodimer, influenced by the recognized sequence of DNA, has been 
documented by Hydrogen/Deuterium Exchange (HDX) experiments [146].

Based on these results, the currently accepted model for heterodimerization is 
that, first, RXR and the partner NR form a complex through their dimerization 
interfaces, and second, some remodeling of the formed heterodimer occurs once 
the complex recognizes the response element.

Functional Behavior of RXR-Containing Complexes

In the last twenty years, a great effort has been made to understand the behavior 
of the different RXR-containing complexes, namely homotetramers, homodimers 
and heterodimers, and the specific role of RXR proteins within the heterodimer. 
Unexpectedly considering the behavior of most members of the nuclear hormone 
receptor family, RXRs are able to self-associate in solution and form transcrip-
tionally inactive homotetramers [38, 65, 66]. Upon ligand binding, these tetramers 
dissociate, allowing the formation of homo- and heterodimers, exhibiting tran-
scriptional activity [28]. The function of RXR homotetramers is not completely 
understood. A first hypothesis regarding the role of these complexes was that they 
could act as structural elements able to fold the DNA, in order to approach distant 
RXR response elements [143]. Subsequently, it was proposed that homotetramers 
could function as a way for RXR molecules to be stored and then be mobilized for 
formation of heterodimers, depending on the ligand availability for the partner [36, 
131]. No further evidence has been reported and we are left with only hypotheses.

Besides aggregating as homotetramers, RXR can homodimerize. 9-cis RA 
induces RXR homodimer formation in vitro, suggesting the existence of a reti-
noid response pathway distinct from that activated by the heterodimer RAR/RXR 
[147]. In cells and in animals treated with 9-cis RA, the actual presence of 
RXR homodimers on specific DNA response elements was subsequently dem-
onstrated by in vivo chromatin immunoprecipitation (ChIP) studies that are 
extremely powerful in indicating whether a protein is recruited to specific DNA 
binding sites in a given cell [54] (the principles of the technique are presented in 
Fig. 5.2). Additionally, analysis of fluorescence fluctuation brightness in living 
cells expressing RXRs labeled with molecules that emit fluorescence showed that 
homodimerization is triggered by 9-cis RA binding to RXR [27] (Fig. 5.3). This 
event induces the recruitment of coactivators, such as Steroid Receptor Coactivator 
1 (SRC-1) and Transcriptional Intermediary Factor 2 (TIF2), thus stabilizing the 
association of the complex to DR1 elements on the DNA. However and as men-
tioned, all these experimental studies were performed in the presence of 9-cis RA. 
Thus, the physiological role of RXR homodimers, which seems to highly depend 
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on the presence of RXR ligand, will remain an open question until the existence 
and nature of endogenous ligands for RXR is revealed [54].

First attempts to understand the functional consequences of heterodimeriza-
tion were based mostly on transient transfection experiments in which RXR pro-
teins and their partners were overexpressed and activated by their respective ligands 
(Fig. 5.1a). These studies highlighted two categories of functionally distinct RXR 
partners, so-called permissive and non-permissive partners. The activity of a non-
permissive NR partner is enhanced by its own agonist, but is unaffected by the 
RXR-agonist. Non-permissive partners include hormone receptors with a high affin-
ity for their ligands, such as TRs, RARs and VDR. In contrast, permissive RXR 
heterodimers can be activated by either an RXR and/or the NR partner agonist. 

Fig. 5.2  Chromatin Immunoprecipitation (ChIP). In ChIP assays, NR proteins are cross-linked 
with formaldehyde to regions of DNA that have recognition sites (red) for the proteins (NR). In 
the following step, DNA is fragmented in short pieces (300–1,000 bases). Fragments of DNA 
that are associated with the protein of interest are then captured using an antibody (blue inverted 
Y) that specifically recognizes the NR. In the last step, cross-linking is reversed in the captured 
DNA-NR fragments: the DNA is detached from the NR and the captured DNA fragments are 
identified by amplifing in a PCR or by DNA sequencing

Fig. 5.3  Fluorescence resonance energy transfer (FRET). FRET assays evaluate the interaction 
between two proteins (i.e. heterodimer partners). The two NR are linked to two different fluo-
rophores (F1 and F2). If the two partners do not interact, the excitation of the F1 fluorophore at 
the appropriate wavelength (λ1) results in energy emission (λ2). If the two partners interact, the 
interaction brings the fluorophores in tight proximity, and, in this case, excitation of the F1 fluo-
rophore results in an energy transfer to the F2 fluorophore, which gets excited and emits energy 
at wavelength λ3
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Permissive partners are typically metabolic sensors like PPARs, LXRs, FXRs, PXR 
and CAR, that sense mainly small lipid molecules with low affinity. One attractive 
hypothesis to explain the appearance during evolution of these two classes of recep-
tors is that non-permissive RXR partners diverged from permissive receptors as 
they acquired the ability to recognize high-affinity hormonal ligands. In parallel, the 
amino acid sequence of permissive partners evolved to allow them to communicate 
trough allosteric mechanisms with RXR. Thus, the evolutionary process allowed 
NRs to differentially couple metabolic and endocrine regulation [123].

The molecular mechanisms underlying the allosteric coupling of partners in per-
missive heterodimers are still poorly understood. A crucial element underlying the 
functional synergy of activation could reside in the recruitment of coactivators. Several 
reports indicate that, upon ligand binding, a single coactivator molecule binds to 
receptor heterodimers [84]. Each heterodimer partner can be autonomously anchored 
to one of the LXXLL signature motifs that are present in the coactivator [50, 137]. In 
the presence of both ligands, synergy would originate from the cooperative binding 
of one coactivator molecule with the two heterodimer partners, through the simulta-
neous establishment of two NR-coactivator interfaces [41]. For permissive heterodi-
mers, such as LXR/RXR, the existence of allosteric interactions, which can influence 
the activity of the protein complex in response to the binding of the RXR ligand, 
was demonstrated by recent structural data [124]. The RXR region mediating these 
interactions can be different depending on the partner. As an example, the RXR-AF2 
region is necessary for RXR-mediated activation of PPARβ, but not of PPARγ [21]. 
Such allosteric interactions seem to be excluded within the complex RAR/RXR, in 
agreement with the non-permissiveness of this heterodimer [113]. In contrast, and 
quite unexpectedly, the non-permissive partner TR is needed to specifically activate 
the prolactin promoter in response to 9-cis RA in cells [24]. Taken together, these 
observations suggest that the mechanisms underlying the molecular crosstalk between 
the partners are strongly specific for each heterodimer and, for a given heterodimer, 
these mechanisms may differ depending on the evaluated target gene.

Therefore, to deeply understand RXR biology, it will be fundamentally impor-
tant to couple the innovative techniques used to analyze protein structure and 
interactions with new genome-wide approaches as this will allow comprehensive 
evaluation of RXR binding and its effects on the expression of all target genes. 
Noteworthy, the physiological relevance of the distinction between non-permissive 
and permissive partners may have to be revisited once the nature of the natural 
ligand for RXR in vivo is elucidated.

Regulation of RXR Activity Through Post-Translational 
Modifications

The dynamic assembly/disassembly of retinoid receptors to promoters of tar-
get genes is regulated by proteasome-mediated degradation. Both partners within 
DNA-bound RXRα/RAR heterodimers can be degraded in response to retinoids 
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acting either on RXR or on RAR (9-cis RA or derivatives and all-trans-retinoic 
acid) [11, 42, 43, 72, 130]. The impact of the ubiquitin-proteosome machinery on 
heterodimer activity appears to be isoform specific. It has been shown in different 
cell lines and adipose tissue that RXRα is degraded by this process, but RXRβ is 
not [79].

Proteasome-mediated degradation of RXRα is linked to its phosphorylation 
at specific serine residues by mitogen-activated kinases (MAPK) and/or protein 
kinase C (PKC) that can interfere with its function [1, 43, 97]. These post-trans-
lational modifications seem to be important for the potential involvement of RXRs 
in cell proliferation and in cancer development. RXR in tumors can be degraded 
by cathepsin L and calpain producing a fragment of 44KDa which goes to the 
cytosol and activates a cancer cell survival pathway [129, 148]. Thus, RXRα may 
also have extra-nuclear action and mechanisms governing its cellular localization 
could control its transcriptional activity, further complicating RXR biology.

Current State of the Field: Addressing RXR Functions  
on a Global Level

Targeted Gene Disruption: RXR-Null Mice

The generation of mice carrying RXR gene deletions or mutations has been a val-
uable tool to investigate the impact that RXR has on the biological functions of 
other NRs and the specific role, if any, of each RXR isotype. As expected, pheno-
typic characterization of the mutant mice demonstrated that RXR is involved in 
a plethora of developmental and physiological pathways. The analysis of RXRβ 
mutants revealed a reduction of spermatid formation in the mice [63]. Specific 
ablation of RXRγ impaired cholinergic responses in nigrostriatal pathways [118] 
and caused important metabolic effects, including an increased metabolic rate with 
an accompanying resistance to gain fat mass in response to high-fat feeding [49].

Whereas the RXRβ and RXRγ null mice had only mild developmental defects, 
ubiquitous inactivation of RXRα resulted in embryonic lethality at mid-gestation 
due to hypoplastic development of the ventricular myocardium [62, 125]. To 
bypass this lethality, several conditional, tissue-specific, RXRα knockout mice 
have been generated. Conditional hepatic ablation of RXRα results in alteration of 
fatty acid oxidation and hepatocyte lifespan suggesting that the absence of RXRα 
in the liver cannot be compensated for by RXRβ or RXRγ. This supports the 
hypothesis that each isotype may have specific functions [56, 134]. Tissue-specific 
deletion of RXRα in adipose tissue resulted in resistance to diet-induced obesity in 
these mice, due to impaired adipocyte differentiation, likely reflecting an altered 
PPARγ function [55].

More recently, characterization of mice lacking RXRα in myeloid cells 
has demonstrated an important role of RXRα in the innate immune response to 
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inflammatory stimuli. Interestingly, this function seems to be mediated by RXR 
homodimers, evidence that supports the existence of an RXR signaling pathway in 
vivo [108].

In most cases, the phenotypes observed in RXR mutant mice can be related to 
alterations in pathways regulated by other NRs (reviewed in [31]). It remains dif-
ficult to unambiguously define the functions of individual heterodimers in regulat-
ing signaling pathways that influence the expression of specific genes via direct 
and/or indirect regulatory loops. Thus, much is left to be learned about the func-
tional roles of RXRs in vivo. Besides a thorough investigation using tissue-specific 
knockout models, the systematic analysis of transcriptional programs regulated by 
agonists for RXRs or their partner is essential to bring new insight into the com-
plex field of RXR biology.

Global Analyses of RXR-Dependent Transcriptional 
Programs

With the rapid development of quantitative PCR and microarray technologies, the 
evaluation of how the expression of large gene sets is affected by different experi-
mental conditions has become routine. These approaches are suitable in order to 
identify potential target genes of transcription factors, including NRs. The applica-
tion of such techniques has elucidated tissue- and gene-specific differences in the 
permissiveness of RXR-heterodimers, by using synthetic ligands.

One study performed in rats showed that, in adipose tissue, the effect of the 
RXR-specific agonist LG268 was not the same as that of the PPARγ-specific ligand 
rosiglitazone, suggesting that in this tissue, the PPARγ/RXR heterodimer is not per-
missive [2]. Differently, in mouse liver, the rexinoid bexarotene induced the expres-
sion of LXR-target genes that participate in lipogenesis, but did not affect those 
involved in cholesterol homeostasis. The latter findings support the concept that the 
permissivity of LXR/RXR heterodimers also depends on the target gene [76].

A systematic analysis of the different transcriptional programs induced by per-
missive and non-permissive heterodimers was performed in monocyte-derived 
dendritic cells, as a case study [128]. To comprehensively address all aspects of 
RXR signaling, the global gene expression profile was evaluated in cells treated 
with RXR ligands (LG628 and 9-cis RA), ligands for the non-permissive part-
ners RAR and VDR (AM580 and 1,25-vitamin D, respectively), or ligands for 
the permissive partners PPARγ, PPARβ/δ and LXRs (rosiglitazone, GW1516 
and GW3965, respectively). The results showed that RXR ligands regulated only 
a few of the target genes of the non-permissive partners, while most of the LXR 
and PPAR responsive genes were also induced by RXR-agonists, albeit to a lesser 
degree than was observed with LXR and PPAR agonists. While confirming the 
different functional behaviors of permissive and non-permissive heterodimers, 
this report also emphasized the fact that RXR-mediated activation on permissive 
heterodimers may have specific outcomes. For example, the combination of RXR 
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and PPARγ agonists had a differential effect depending on the PPARγ targets: 
either synergism (most of the PPARγ/RXR responsive genes) or negative interac-
tion, resulting in a reduced induction compared to that triggered by the PPARγ 
ligand alone (for example, the Fatty acid binding protein 4 (FABP4) gene), were 
observed [128]. Similar observations were made for other permissive heterodi-
mers, such as FXR/RXR [61], strongly indicating that the heterodimer activation 
state is strongly dependent not only on the tissue, but also on the gene.

The molecular mechanisms underlying this differential tissue- and gene-
dependent regulation are far from being understood. Presently, the most likely 
hypothesis is that cofactor availability in different cell types could be the deter-
minant in such activities. The observation that the coactivator recruited on 
PPARγ/RXR heterodimers is different if induced by RXR or PPAR agonists [84] 
supports this hypothesis. This suggests that the amount of each cofactor in given 
cells and the nature of the available ligand influence RXR effects on target gene 
activation and expression.

Taken together, these observations underscore the existence of very intricate 
RXR signaling mechanisms. Further, this highlights the importance of performing 
analyses in different tissues or cell-types to fully decipher RXR behavior, espe-
cially in view of potential therapeutic uses of RXR-specific activators.

RXR Cistrome

In recent years, key technological advancements have allowed chromatin immune-
precipitation to be coupled, initially with tiled oligonucleotide microarray (ChIP-
chip) and later on with ultra high-throughput sequencing (ChIP-seq), providing a 
valuable tool to identify the NR cistrome, namely all DNA binding sites (referred 
to as cis as these sites are located on the DNA strand) recognized by a particular 
DNA-binding factor or complex (referred to as trans-acting factors), analyzed at 
the whole genome level. The first NR whose DNA binding sites were character-
ized genome-wide was the ER [22]. Thereafter, dozens of studies reported the cis-
trome of NRs in different cell lines or tissues. Currently, the landscape of RXR 
binding sites has been elucidated in combination with PPARγ during adipogenesis 
[106], with VDR in osteoblasts [99], with the oncofusion protein PML-RARα in 
an acute promyelitic leukemia cell line [96], with LXRβ in human keratinocytes 
[121] and with PPARα and LXR in the liver [9]. Most of these studies were pri-
marily aimed at gaining a better understanding of the biology of the partner NR, 
rather than RXR, but nonetheless, they did highlight several features that are rel-
evant to RXR, both as a NR and as a common heterodimerization partner.

One surprising finding that came out of analyzing the RXR-heterodimer cistrome 
was that the number of DNA binding sites was one, or even two, orders of magnitude 
greater than the number of effective target genes (Fig. 5.4). This difference can be 
partially explained by an underestimation of the ligand-regulated gene number due 
to confounding effects, such as RNA abundance and stability, which can influence 
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the sensitivity of microarrays. However, the disparity is pronounced and raises the 
 question of the functional significance of RXR, and more generally, NR, binding to 
these numerous binding sites that are apparently not related to transcriptional regula-
tion. Unexpectedly, the analysis of NR binding sites localization showed that most of 
them (>60 %) are located in distal intergenic regions or within introns, whereas only 
a few sites are found in the proximal promoter region. This observation correlates 
well with the fact that only 16 % of the chromatin regions that are open and more 
accessible to transcription factors are located in promoter regions, as demonstrated 
by DNAse I hypersensitivity assays coupled to DNA sequencing [14]. Accordingly, 
the identified binding sites for RXR and LXR in the liver, in the absence of specific 
ligands, are located within open chromatin regions, whereas treatment with ligands 
enables LXR and RXR to bind also to less accessible sites [9].

As expected, RXR binding sites are more numerous than those for a particular 
partner. Intriguingly, RXR binding to sites recognized by one heterodimer is not 
strictly dependent on the presence of the partner. For instance, many binding sites 
that are co-occupied by RXR and PPARγ in mature adipocytes, are already bound 
by RXR in preadipocytes, possibly in the form of a homodimer or as a heterodi-
mer with PPARβ [106] or another unidentified partner. Similarly, VDR binding 
sites pre-marked by the presence of RXR have been identified in osteoblasts [99].

Fig. 5.4  The number of NR binding sites to DNA is one or two orders of magnitude higher 
than the number of their target genes. Upon ligand treatment, ChIP on chip or ChIP-seq experi-
ments were performed to identify genome-wide DNA binding sites of RXR with VDR in murine 
osteoblasts, with LXR in mouse liver, and with PPARγ in murine adipocytes. Compared to a set 
of thousands of putative target genes that were proposed for each heterodimer based on several 
criteria, including proximity of the RXR/partner binding site to the transcription start site (TSS), 
the global gene expression analysis indicated that only hundreds of genes (effective target genes) 
were modulated by the treatment
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The constant recruitment of RXR on a number of DNA binding sites that are 
shared with other NRs was observed also in mouse liver [9]. The characterization 
of RXR binding sites in LXR double knockout mice livers reveals that, despite 
LXR absence, RXR is still binding to the majority of the shared LXR/RXR 
binding sites identified in the wild type mice. Interestingly, when a motif search 
was performed on sequences under the LXR/RXR peaks, it turned out that they 
were not only enriched in DR4 motifs, which are the canonical binding sites for 
LXR/RXR and TR/RXR heterodimers, but they were also enriched in other DRs, 
Inverted Repeats (IR1) and Everted Repeats (ER2), which suggests that differ-
ent homo/heterodimers may bind to these regions. Indeed, a sub-group of these 
sites can be bound also by PPARα, HNF4α, FXR, and Reverbα, suggesting the 
existence of NR “hot spot” sequences, to which multiple NRs bind depending on 
the precise signaling acting within the cell at a certain moment. Notably, while 
LXR binds to sequences containing DR1 elements in vivo, it fails to bind the same 
sequences in vitro, indicating the chromatin context plays a major role in deter-
mining the recognition of a certain response element. The functional outcome of 
this extensive crosstalk appears to also be determined by the context of the sin-
gle genomic binding sites. The observation that a very low percentage of RXR 
binding sites are overlapping in different tissues (i.e. only 12 % of RXR bind-
ing sites are common between adipocytes and liver) further supports the impor-
tance of the chromatin context in determining NR recruitment on specific DNA 
regions. However, the molecular mechanisms underlying the promiscuity and the 
regulation of the activity of individual receptors at particular sites are not yet fully 
understood.

The global maps of RXR binding sites obtained to date have been valuable 
tools for identifying novel transcription factor binding sites. With respect to RXR 
biology, the comparison of different global genome-wide binding profiles has clar-
ified genomic regions occupied by different partners. Future work will reveal new 
levels of regulation by individual heterodimers that are strictly dependent on the 
chromatin context.

Relevance: Endogenous and Synthetic RXR Ligands

Given the widespread relevance of the superfamily of NRs to multiple aspects of 
human physiology and etiopathogenesis and the role of RXR as partner for many 
of these receptors, a detailed characterization of RXR ligands and their effects has 
major implications for the understanding of retinoid biology, as well as for the 
development of new potential drug treatments.

The physiological ligand for RXR is still unknown. A study performed in mouse 
epidermal keratinocytes demonstrated the concomitant presence of a transcrip-
tional repressor complex composed of RXRα heterodimerized with unliganded 
RARγ and an active heterodimer PPARβ(δ)/RXRα. The induced expression of the 
target gene 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 (hmgcs2) indicates that 
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the RXR agonist must have been present in these cells [21]. These results imply 
that the ligand for RXR must be different from the ligand for RAR. This excludes 
9-cis RA from the possible candidates since this molecule also activates RAR.

More recently, other vitamin A metabolites acting as ligand for RXRs have 
been detected in vivo, such as dihydroretinoids [102], all-trans-retinaldehyde 
[149] and b-apo-14′-carotenal [150]. A group of flexible unsaturated fatty acids, 
either endogenously produced or derived from the diet, can act as RXR ligand. 
Two monocyclic terpenoid compounds, methoprenic acid and phytanic acid have 
been shown to be highly selective RXR ligands, albeit at much higher concen-
trations than 9-cis-RA [48, 67, 83]. In addition, the structural analysis of RXR-
RAR LBD led to the identification of an oleic acid molecule into the RXR ligand 
binding pocket [13]. Docohexanoic acid (DHA) can also be accommodated in the 
LBD of RXRs and activate the receptors, similarly to other n-3 PUFA, such as 
docosatetraenoic acid (C22: 4 all-cis-Δ7,10,13,16) or arachidonic acid (C20: 4 all-
cis-Δ5,8,11,14) [33, 132]. These findings suggest that RXRs, besides regulating 
metabolic homeostasis in association with their heterodimerization partners, can 
also directly act as intracellular sensors.

Besides natural ligands, many synthetic compounds target RXRs (reviewed in 
[23, 110]. Several environmental pollutants, such as the organotin tributyltin chlo-
ride (TBT), activate RXRs and other NRs, thus interfering with the physiological 
activity of these receptors [60].

An interest in RXR ligands as potential pharmacological treatments arose 
some time ago from the observation of their strong apoptotic effect [98, 105]. 
Accordingly, an RXR selective ligand, bexarotene (LGD1069, Targretin®) [8], has 
been successfully used in the therapy of refractory or persistent cutaneous T-cell 
lymphoma. Preclinical studies have shown that rexinoids are also promising drugs 
for acute promyelocytic and myeloid leukemias [3, 145], and clinical trials have 
demonstrated their efficacy in the treatment of non-small-cell lung cancer [7, 115], 
as well as in the prevention of both lung and mammary tumors [85, 87, 88].

Given their pro-apoptotic effects and their multi-partnerships with NRs that 
act as metabolic regulators, rexinoids are clearly molecules with potential to exert 
broad impact on metabolic regulation. LG1069 administration to patients results 
in hypertriglyceridemia, hypercholesterolemia and hypothyroidism [32, 116]. The 
characterization of rexinoid effects in vivo showed that they mimic PPARγ ligands 
such as thiazolidinediones (TZDs), improving insulin sensitivity. However, while 
TZD acts primarily at the level of adipose tissue, RXR ligands exert their activity 
mainly at hepatic and muscular levels [2, 122], suggesting that PPARα, PPARβ(δ) 
and LXRs are likely the partners accounting for rexinoid action.

The multiple metabolic effects of rexinoids highlight their potential as drugs for 
complex disorders, such as the metabolic syndrome. The striking gain in knowl-
edge on how ligand binding influences RXR structure and the resulting ability of 
the complex to interact with cofactor proteins has made it possible to start design-
ing rexinoids with heterodimer selective activities, such as selective NR modula-
tors (SNuRM). Several reports describe rexinoids that are able to activate different 
combinations of heterodimers including HX630 (selective for PPARγ/RXR), PA024 
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(acting on both PPARγ/RXR and LXR/RXR) [107], and LG101506  (selectively 
activates PPARγ/RXR and not LXR/RXR or RAR/RXR) [81]. The distinct behav-
ior is reflected in the different patterns of gene expression induced by HX630 and 
PA024 when used in combination with an RAR agonist [57]. Rats treated with 
LG101506, which activates only PPARγ/RXR, have improved insulin sensitivity but 
unchanged triglyceride levels, likely due to a lack of LXR/RXR activation [100].

Future Directions

RXRs can form heterodimers with a number of NRs involved in the regulation of 
multiple cellular functions. This peculiar ability represents a formidable example 
of how activity of one single receptor can broadly modulate a very complex regu-
latory network. In recent years, striking technological advancements have made it 
possible to improve our understanding of RXR biology.

Significant steps forward have been made in our understanding of how changes 
in RXR three-dimensional structure are induced by ligands and in how the DNA 
consensus sequence affects the ability of the receptor to interact with cofactor pro-
teins. In parallel, the possibility to globally address the transcriptional effects of 
RXR activation, together with the genome-wide identification of DNA binding 
sites of RXRs and their partners, have highlighted an extremely intricate regula-
tory network in which multiple factors, such as cofactor availability, competition 
among possible partners, and ligand presence, play a role. All of this has led to an 
appreciation of the increasing levels of complexity that underly RXR biology.

There is a need for more in depth studies of the individual signaling pathways 
that are specifically activated by each RXR/partner NR heterodimer and/or sin-
gle RXR isoforms. New approaches and new concepts, particularly based on the 
development of bioinformatics and modeling, are also needed to push the field for-
ward and foster a way to grasp and control the inherent levels of complexity.

Such global analyses are essential in order to understand to what extent the 
unique properties of RXR signaling network can be exploited as a new therapeutic 
target for the treatment of diseases and metabolic disorders. Studies have paved 
the way for the design of pharmaceutical rexinoids with selective activities, and 
clinical trials have indicated their potential efficacy. But at the same time, the 
difficulty to keep in vivo responses to such promiscuous receptors under control 
speaks to a pressing need for additional research aimed at producing a deeper 
understanding of their direct and indirect actions.
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Abstract The nuclear retinoic acid receptors (RAR α, β and γ) and their  isoforms 
are ligand-dependent regulators of transcription, which mediate the effects of all-
trans retinoic acid (RA), the active endogenous metabolite of Vitamin A. They 
heterodimerize with Retinoid X Receptors (RXRs α, β and γ), and regulate the 
expression of a battery of target genes involved in cell growth and differentiation. 
During the two last decades, the description of the crystallographic structures of 
RARs, the characterization of the polymorphic response elements of their tar-
get genes, and the identification of the multiprotein complexes involved in their 
transcriptional activity have provided a wealth of information on their pleiotropic 
effects. However, the regulatory scenario became even more complicated once it 
was discovered that RARs are phosphoproteins and that RA can activate kinase 
signaling cascades via a pool of RARs present in membrane lipid rafts. Now it 
is known that these RA-activated kinases translocate to the nucleus where they 
phosphorylate RARs and other retinoid signaling factors. The phosphorylation 
state of the RARs dictates whether the transcriptional programs which are known 
to be induced by RA are facilitated and/or switched on. Thus, kinase signaling 
pathways appear to be crucial for fine-tuning the appropriate physiological activ-
ity of RARs.
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Abbreviations

CAK  Cyclin-dependent kinase (CDK)-activating kinase
ChIP  Chromatin immunoprecipitation
ChIP-seq  ChIP coupled with deep sequencing
CRABP  Cellular retinoic acid binding protein
DBD  DNA binding domain
DR  Direct repeat
Erks  Extracellular-signal-regulated kinases
ES cells  Embryonic stem cells
FABP  Fatty acid binding protein
HAT  Histone acetyltransferase
HDAC  Histone deacetylase
HMT  Histone methyl transferase
iLBP  Intracellular lipid binding protein
IR  Inverted repeat
LBD  Ligand binding domain
LBP  Ligand binding pocket
MAPK  Mitogen activated protein kinase
MSK  Mitogen-and stress-activated protein kinase
N-CoR  Nuclear receptor corepressor
NMR  Nuclear magnetic resonance
NTD  N-terminal domain
PcG  Polycomb group proteins
PI3K  Phosphoinositide 3-kinase
Pin1  Protein interacting with NIMA (never in mitosis A)
PPAR  Peroxysome proliferator activated receptor
PRM  Proline rich motif
RA  Retinoic acid
RAR  Retinoic acid receptor
RARE  Retinoic acid response element
RNA-seq  high throughput qPCR sequencing
RXR  Retinoid X receptor
SAXS  Small angle X-ray
SH3  Src-homology-3
SRC  Steroid receptor coactivator
SMRT  Silencing mediator of retinoic acid receptor and thyroid hormone receptor
TBL1  Transducin beta like
TBLR1  TBL1-related protein 1
WW  Tryptophan-tryptophan
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History: The Canonical Model for the Regulation  
of RAR-Target Gene Expression

The Functional Domains of RARs

Like most nuclear receptors (NRs) [49–51], RARs and RXRs exhibit a well-defined 
domain organization consisting of a central conserved DNA binding domain 
(DBD) linked to a variable N-terminal domain (NTD), and a C-terminal Ligand-
Binding Domain (LBD) [10, 28, 73, 108] (Fig. 6.1a).

The structures of RAR and RXR LBDs are rather similar. This domain in each 
protein is composed of 12 conserved alpha helices and a beta-turn, separated by 
loops and folded into a three-layered, and parallel helical sandwich [20, 28, 103], 
with helices H4, H5, H8, H9 and H11 sandwiched between H1, H2 and H3 on one 
side, and H6, H7 and H10 on the other (Fig. 6.1a, b). In contrast, the C-terminal 
helix, H12, is more flexible and adopts conformations that differ from one RAR to 
the other. The conformation pf H12 also changes after RA binding.

The primary feature of the LBD is its functional complexity. It contains the 
Ligand-Binding Pocket (LBP) [19], the heterodimerization surface [21], and inter-
action surfaces involved in the binding of multiple coregulators (Fig. 6.1b). A 
well-described hydrophobic surface, generated by H3 and H4, is involved in the 
binding of corepressors/coactivators [57, 111] (see also Chap. 3 in this volume). 
The LBD also contains a recently described docking site for cyclin H, a subunit of 
the cyclin-dependent activating (CAK) sub complex of the general transcription 
factor, TFIIH, that is formed by loop L8-9 and the first amino acids of H9 [15] 
(Fig. 6.1b).

The DBD is composed of two zinc-nucleated modules and two alpha-helices 
[137, 138], which contribute to a second dimerization interface and define the 
contacts for specific DNA sequences, named RA response elements (RAREs). 
Classically, RAREs are composed of two direct repeats of a core hexameric motif 
(A/G) G (G/T) TCA separated by 1, 2 or 5 nucleotides and referred as DR1, DR2 
and DR5 [8, 10, 48] (Fig. 6.1c). However, recent genome wide chromatin immu-
noprecipitation coupled with deep sequencing (ChIP-seq) technology has allowed 
identification of new RAR binding loci [85, 91] and revealed that RARs can 
occupy a larger repertoire of sites with an unexpected diversity in the spacing and 
the topology of the DNA binding elements, including DR0, DR8 and IR0 (inverted 
repeats) elements (Fig. 6.1c). Recent structural studies have also indicated that 
the architecture of DNA-bound heterodimers is dictated by the DNA sequence 
(Fig. 6.1d) [22, 104] (see also Chap. 2 in this volume).

In contrast to the DBD and the LBD, the NTD is not conserved between RARs 
and RXRs and even between the different subtypes and isoforms. As yet, high-
resolution, three-dimensional structures of this region have not been produced 
[108]. Several biochemical and structural studies coupled to structure prediction 
algorithms suggest that the NTDs of RARs and RXRs, as well as of any member 
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of the NR family, are naturally disordered [74, 131]. An interesting feature of 
these NTDs is that they contain phosphorylation sites [105], which are conserved 
between RARs (Fig. 6.1a) [112]. Moreover, they contain proline-rich motifs 
(PRMs) which are well known to bind proteins with Src-homology-3 (SH3) or 
tryptophan-tryptophan (WW) domains. Phosphorylation prevents or favors these 
interactions [7].

Fig. 6.1  Structure of RARs and of their DNA binding sites. a RARs depict a domain organiza-
tion with an unstructured N-terminal domain (NTD), and two well structured domains: a central 
DNA binding domain (DBD) and a C-terminal ligand-binding domain (LBD). The phosphoryla-
tion sites located in the NTD and the LBD are shown. b Structural changes induced upon RA 
binding. The crystal structures of the unliganded RXRα and liganded RARγ LBDs are shown 
with the binding domains for corepressors, coactivators and cyclin H. Helices are represented 
as ribbons and labelled from H1 to H12. Adapted from Protein Data Bank 1lbd and 2lbd. c The 
retinoid response elements (RAREs) are composed of a direct repeat of the motif 5’- Pu G (G/T) 
TCA spaced by 0 (DR0), 1 (DR1), 2 (DR2), 5 (DR5) or 8 (DR8) base pairs. DR8 comprise three 
half sites with DR2 and DR0 spacing. Some RARE-associated genes are shown. d Binding of the 
RAR/RXR heterodimers to DR1 and DR5 RAREs (adapted from [104])
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RAR-Mediated Gene Expression

RAR/RXR heterodimers control transcription via several distinct mechanisms, 
including both repression and activation. According to the canonical model, the 
transcriptional regulation of RA-target genes relies not only on the binding of 
RAR/RXR heterodimers to specific RAREs, but also on corepressors that dis-
sociate and coactivators that associate with the LBD upon ligand-induced con-
formational changes [57, 81, 95, 133]. At the molecular level, the discrimination 
between corepressors and coactivators is governed by the ligand-induced, orienta-
tion of H12, which contributes in a critical manner to the generation or removal of 
cofactor interaction surfaces.

Repression of Transcription in the Absence of Ligand

In the absence of ligand and in a context of chromatin where the nucleosomes do not 
impede binding to RAREs, the RARα subtype is a strong repressor of target gene 
expression (Fig. 6.2a) [34]. In this unliganded state, H12 adopts an open confor-
mation that unmasks a hydrophobic groove generated by H3 and H4 [76] (see also 
Chap. 3 in this volume). This interface specifically binds an LxxI/HIxxxI/L motif in 
the extended alpha helix box of the corepressors, NCoR or SMRT [98]. NCoR and 
SMRT are genetic paralogs with multiple protein variants, but SMRT is the favored 
corepressor for RARs [90]. According to recent studies, SMRT is recruited by the 
heterodimer only through the RAR partner [76] (see also Chap. 3 in this volume).

SMRT does not have intrinsic enzymatic activity, but serves as an adaptor to 
recruit other high molecular weight complexes that are endowed with histone dea-
cetylase activity (HDACs) [95]. These complexes deacetylate lysine residues in the 
N-terminal tails of histones and maintain chromatin in a condensed and repressed 
state over the target promoter [34, 111] (Fig. 6.2a). The corepressor complexes also 
contain other components such as transducer β-like proteins (TBL1 and TBLR1), 
which serve as adaptors regulating corepressor assembly and function [94].

In contrast to RARα, the RARγ and RARβ subtypes poorly interact with corepres-
sors [39, 60, 102], most probably due to the fact that, in these receptors, H12 interacts 
with H3 even in the absence of ligand, thus occluding the corepressor docking site.

Initiation of Transcription in Response to the Ligand: 
A Process Governed by the LBD via the Exchange of 
Coregulators

According to the canonical model, ligand binding to RARs must be understood in 
terms of structural features (Fig. 6.1b). When entering the cavity of the RARa LBP, the 
ligand induces a β-strand-to-α-helix secondary structure switch [76], which induces 
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repositioning of H11 relative to H10 and a concomitant swinging of H12 inward to 
pack against H3 and H4 in a mouse trap model that locks RA in the LBP. Consequently, 
corepressors are released and a new hydrophobic cleft is formed between H3, H4 and 
H12 [28], with a charge clamp between a conserved glutamate residue in H12 and a 
lysine in H3. This charge clamp specifically grips the ends of the helix specified by the 
LxxLL motif of the p160 subfamily of steroid receptor coactivators, SRC-1, SRC-2 
and SRC-3 [81, 96]. The p160 coactivators have an intrinsic histone acetyl transferase 
(HAT) activity, and according to recent structural studies, only one coactivator molecule 
is recruited by the heterodimer through the RAR partner [22, 92].

When recruited to the LBD of the liganded RAR, the p160 coactivators initi-
ate a dynamic, ordered and coordinated recruitment of other proteins with HAT 
activity [p300/CBP (CREB binding protein) and p/CAF (p300/CBP-associated 
factor)] or with histone methyl transferase (HMT) activities, such as Coactivator-
associated arginine methyl-transferase 1 (CARM1) or Protein-arginine methyl 
transferase 1 (PRMT1) [57, 81, 111, 133] (Fig. 6.2b). Acetylation and methylation 
weaken histone DNA contacts and create marks forming an «histone code», which 
coordinates the recruitment of additional HATs or HMTs to histones for further 
chromatin decompaction. This code also orchestrates the recruitment of chromatin 
remodelers, which use the energy of ATP-hydrolysis to reposition nucleosomes by 
sliding them in cis or displacing them in trans, allowing the formation of nucleo-
some-free or nucleosome-spaced regions at the promoter.

The p160 coregulators also recruit large complexes which contain modules with 
other enzymatic activities, such as histone de-ubiquitinases [139] and histone lysine 
methyl transferases [42, 80]. Lysine methylation creates marks for the binding of other 
enzymes that erase repressive marks. According to a recent study, this step requires 
Poly (ADP-Ribose) glycohydrolase (PARG) which is corecruited at RAR-dependent 
promoters in response to RA [78]. Thus, due to their varied composition, the coactiva-
tor complexes provide an elegant mechanism to reorganize chromatin by writing acti-
vating histone marks, erasing repressive marks, and remodeling nucleosomes.

All of these steps pave the way for recruitment of the transcription machinery 
to the promoter region (Fig. 6.2c) [34, 111] including RNA Polymerase II, General 
Transcription Factors, and a specific subunit (DRIP205/TRAP220) of the multi-
subunit Mediator complex. According to recent studies, the transcription machin-
ery assembles sequentially with nucleotide excision repair (NER) factors, in order 
to achieve optimal histone modifications, and thus, efficient RNA synthesis [77].

According to recent chromatin conformation capture technologies, RARs that 
bind to different enhancer elements of a gene can form loops [25]. An emerg-
ing view is that RARs, similar to other TFs, promote the formation of long range 

Fig. 6.2  The classical model of activation of RA-target genes. a Repression in the absence of 
ligand. b Corepressors and coactivators exchange after ligand binding. c Recruitment of the 
transcription machinery and initiation of transcription. d End of the RA signal upon recruitment 
of non-conventional coativators such as RIP140, associated to large complexes with chromatin 
repressing activity. The end of the RA signal occurs also through the degradation of RARs by the 
ubiquitin proteasome system
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chromatin loops, bridging genomic loci located even on different chromosomes, 
thus creating hot spots of transcription [115].

Turn “OFF” of Transcription

After the “ON” switch, transcription of the RA target genes has to be termi-
nated. Several scenarios have been proposed, but it is still unclear whether termi-
nation activities are gene or cell-specific. One possibility is that liganded RARs 
recruit unconventional coregulators with LxxLL motifs which, in contrast to 
classical p160 SRCs, inhibit, rather than activate, the transcriptional activity of 
RARs (Fig. 6.2d). These coregulators include the receptor interacting protein of 
140 kDa (RIP140/NRIP1) [62], the preferentially expressed antigen in melanoma 
(PRAME) [38], and the transcription Intermediary factor-1 alpha (TIF1α/Trim24) 
[75]. The mechanism of TIF1α-mediated repression has not been elucidated yet 
[67], but the repressive activities of RIP140 and PRAME have been attributed to 
the recruitment of HDACs and PcG proteins, respectively [38, 132].

According to another scenario, an efficient way to limit RAR function and/or 
to signal the end of the transcriptional process would be the degradation of RARs 
and RXRs by the ubiquitin proteasome system [126] (Fig. 6.2d). Supporting such 
a hypothesis, RARs have been shown to be ubiquitinated and degraded by the pro-
teasome through the recruitment of TRIP1/SUG-1, which is a subunit of the 19S 
regulatory sub complex of the proteasome with an ATPase activity [41, 52].

Development of the Field: RARs also Have Non-canonical 
Extra-Nuclear Effects, Which Are Integrated in the Nucleus

RA Activates Kinase Signaling Pathways via a Pool of RARs 
Present in Membrane Lipid Rafts

It is now appreciated that RARs have additional extra-nuclear and non-transcriptional 
effects that activate kinase signaling pathways [4]. Studies from several laboratories 
have demonstrated that RA rapidly (within minutes after RA addition) and tran-
siently activates several kinase cascades. RA activates p38 mitogen activated kinase 
(MAPK) in fibroblasts, mouse embryo carcinoma cells, mammary breast tumor cells, 
and leukemia cells [5, 25, 52, 100]. RA activates the p42/p44 MAPKs (also called 
Erks) in neurons, Sertoli cells, and embryonic stem cells [30, 33, 59, 87, 123].

Since the RA-induced activation of the MAPK pathways occurs after the acti-
vation of upstream cascades involving RhoGTPases [5, 33, 100], PI3 kinase and/or 
protein kinase B (PKB)/Akt [31, 87, 93] in the cytosol, it has been suggested that 
the RA-induced cytosolic activities must involve an atypical, non-genomic event 
similar to that described for steroid NRs [82, 99]. In line with this concept, RARα 
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proteins have recently been found in lipid rafts isolated from the membranes of 
several cell types [87, 100] (Fig. 6.3). Moreover, the activation of p38MAPK has 
been shown to involve the interaction of RARα present in lipid rafts with Gαq 
proteins [100] (Fig. 6.3). However, the activation of Erks by RA did not involve 
Gαq proteins (Piskunov et al., unpublished results), but rather PI3K [31, 87, 93] 
or the Src kinase [33] (Fig. 6.3). Thus depending on the cell type, the extra nuclear 
effects of RA appear to involve different mechanisms and kinase cascades.

Once activated by RARα, p38MAPK and Erks translocate to the nucleus where 
they phosphorylate MSK1 (Fig. 6.3) [99]. Finally MAPKs and MSK1 phosphoryl-
ate several nuclear factors involved in the expression of RA-target genes, includ-
ing RARs themselves and their coregulators.

In the Nucleus, RARs Are Rapidly Phosphorylated  
by a Cascade of Kinases

A few years after the cloning of RARs, it emerged that these receptors are also 
phosphoproteins [45, 106, 107, 109, 110]. However, at that time, the analysis of 
RAR phosphorylation was a challenging task because of its highly dynamic nature 

Fig. 6.3  Activation of kinase cascades by an extra nuclear pool of RARs. A subpopulation of 
RARα is present in membrane lipid rafts. Depending on the cell type, in response to RA, this 
pool of RARα can either interact with Gαq proteins or with PI3K to activate the p38 or p42/p44 
MAPK pathways respectively. In other cell types, RARγ can also activate the p42/p44MAPK 
pathway via Src. Then the activated MAPKs translocate into the nucleus where they phosphoryl-
ate and activate MSK1
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and also because of the low ratio of phosphorylated versus non-phosphorylated 
RARs that are found in vivo [71]. The early studies of RAR phosphorylation 
required radioactive material and large amounts of recombinant NRs overex-
pressed in cultured cells or of bacterially expressed NRs purified and phospho-
rylated in vitro with different kinases. Though technically limited, these studies 
resulted in the identification of a number of phosphorylation sites in RARs and 
RXRs [1, 79, 105, 106, 110, 121]. Two main RAR phosphorylation sites were 
identified in intrinsically disordered regions; one in the loop between helices 9 and 
10 of the LBD (S369 in RARα) and the other one in the NTD (S77 in RARα) 
[25] (Fig. 6.1a). The serine located in the LBD belongs to an Arginine-Lysine-
rich motif and can be phosphorylated by several kinases such as the cyclic AMP 
dependent Protein Kinase (PKA) [110, 114] or MSK1 [25, 112]. In contrast, the 
serine located in the NTD belongs to a proline-rich motif and is phosphorylated 
by cdk7/cyclin H [106, 130], a kinase that belongs to the CAK subcomplex of the 
general transcription factor TFIIH. Most importantly, the correct positioning of the 
cdk7 kinase and thereby the efficiency of the NTD phosphorylation by cdk7 relies 
on the docking of cyclin H at a specific site in the LBD located in L8-9 and the 
N-terminal part of H9 [15] (Fig. 6.1b).

More recently, the emergence of new methods for enrichment of phosphopeptide 
samples, as well as the availability of phosphospecific antibodies, made it possible 
to analyze endogenous RAR phosphorylation. These studies revealed that the ser-
ines located in the LBD and in the NTD are both rapidly phosphorylated in response 
to RA via a cascade of kinases (Fig. 6.4). First, RA-activated MSK1 phosphorylates 
RARα at the serine located in the LBD [25]. Then, phosphorylation of this residue 
promotes phosphorylation of the serine located in the NTD through subtle con-
formational changes [25, 43]. Molecular dynamic simulations of the RARα LBD 
showed that phosphorylation of S369 (located in loop L9-10) leads to changes in the 
structural dynamics of the cyclin H binding site (composed of loop L8-9) situated 
at a 30 Å distance. This change in dynamics has been correlated with an increase in 
cyclin H binding and phosphorylation of the NTD at S77 by cdk7 [29, 112]. Thus, 
the coordinated phosphorylation of RARα results from a coordinated cascade that 
can be explained by changes in the structural features of the molecule.

This phosphorylation cascade has been described in cells that respond to RA 
via the activation of p38MAPK [25]. Whether it also occurs in cells that respond 
via the activation of Erks requires further investigations. Remarkably, the two 
phosphorylation sites are conserved between the mammalian RAR subtypes (α, 
β and γ) [112] (Fig. 6.1a) and the RARγ subtype is also phosphorylated at the 
same residues [9, 70, 110] through a similar cascade (our unpublished results). It 
is interesting to note that the serine residue located in the NTD has been conserved 
during evolution of chordates, indicating that the phosphorylation of this residue 
is likely important for RARs activity. In contrast, the serine residue located in the 
LBD is not present in non-mammalian RARs, suggesting that in other vertebrates, 
the phosphorylation cascade described above does not occur. Consequently, in 
other vertebrates, the phosphorylation of the NTD would be controlled by differ-
ent regulatory circuits [112].
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Consequences of RARs Phosphorylation at the NTD: 
Dissociation of Coregulators and Degradation  
by the Proteasome

The NTD is an intrinsically disordered region [74, 131], but the serine residue of 
this domain belongs to a PRM (Fig. 6.1a), which can form polyproline helices and 
bind proteins with SH3 or WW domains [65, 84, 136]. Recently, our laboratory 
identified vinexinβ as a new binding partner for the RARγ PRM [17]. Vinexinβ is 
an adaptor protein characterized by the presence of three SH3 domains, the third 
C-terminal one interacting with the PRM of RARγ. Recently, the combination of 
nuclear magnetic resonance (NMR), Circular dichroïsm, small angle X-ray scat-
tering (SAXS) and molecular dynamics simulations revealed that phosphorylation 
of the serine residue located in the PRM of RARγ changes the global hydrody-
namic behavior of the polyproline helix and decreases the propensity of the PRM 
to bind SH3 domains (Kieffer et al., unpublished results). Consequently, vinexinβ 
dissociates from RARγ [70] (Fig. 6.4).

In addition, at the end of the transcriptional process, phosphorylation of the 
N-terminal serine residue of RARγ and of an additional one located at position -2 
has been shown to promote the ubiquitination of the receptor and its subsequent 
degradation by the proteasome [52, 68]. This is a typical example of interplay 
between different posttranslational modifications [118].

Fig. 6.4  RARs are phosphorylated by a cascade of cascades. Activated MSK1 phosphoryl-
ates RARs at a serine residue located in the LBD (loop L9-10). Phosphorylation of this residue 
induces conformational changes in loop L8-9, which promote the binding of the cyclin H subunit 
of the CAK subcomplex of TFIIH. Consequently the cdk7 kinase can phosphorylate the serine 
residue located in the NTD. In the case of RARγ, phosphorylation of the NTD induces the dis-
sociation of vinexin β. Finally the phosphorylated RAR can be recruited to response elements 
located in the promoters of target genes
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The N-terminal PRM of RARα has been shown to bind the proline isomerase, 
Pin1, in a phospho-dependent manner [23, 53]. Pin1 is a WW domain-containing pro-
tein that is well known to induce cis-trans isomerization of proline residues that fol-
low phosphorylated serines, and in so doing, to create new specific recognition sites 
for other interacting factors [135]. Pin1 interaction has been correlated with the degra-
dation of RARα by the proteasome and the inhibition of RARα activity [53]. However 
the mechanism of the Pin1-mediated degradation of RARα remains to be defined.

Not only RARs but also Several Other Proteins Integrate MAPK 
Signaling and Become Phosphorylated in Response to RA

RA-activated MAPKs and MSK1 also phosphorylate other factors involved in RA 
target gene transcription, their phosphorylation favoring programs induced by the 
ligand. MSK1 is recruited at RAR-target promoters where it phosphorylates his-
tone H3 tails at serines S10 and S28 (Fig. 6.5a). H3S10 phosphorylation has been 
correlated with the recruitment of HATs and the SWI/SNF ATP-dependent chro-
matin-remodeling complex [25, 99], while H3S28 phosphorylation induces the 
displacement of PcG complexes that maintain chromatin in a repressive state [47].

In addition, MSK1 and the upstream kinases, p38MAPK and Erks, phospho-
rylate several other actors in RA signaling, including RXRs, corepressors and 
coactivators. The important point is that phosphorylations alter protein structure, 
protein-protein interactions and protein activity, thus constituting an important cel-
lular integration mechanism.

As an example, RA-activated p38MAPK rapidly phosphorylates rapidly RXRα 
at three residues located in the NTD [24, 128] by an as yet, unknown mechanism. 
MAPKs also phosphorylate components of corepressor complexes, such as SMRT 
and TBLR1 (Fig. 6.5b). Phosphorylation of SMRT induces its release from RARα 
[64] and disrupts its interaction with HDACs and other proteins in the corepressor 
complexes [129]. Consequently, the architecture, composition, and function of the 

Fig. 6.5  Working models for the role of phosphorylations in the activation of RAR-target 
genes. When RARs already occupy RAREs in the absence of ligand, the RA-activated MAPKs 
phosphorylate components of the corepressor complexes such as SMRT and TBLR1. (b) 
Phosphorylation promotes their dissociation and their degradation by the proteasome, thus facili-
tating their exchange for coactivators. Then the coactivators such as SRC3 become also phospho-
rylated (c). Subsequently, they dissociate from RARs and are degraded, allowing the recruitment 
of other coregulators. Histones are also phosphorylated (a) and their phosphorylation induces the 
recruitment of HATs and remodeling complexes. Altogether these events cooperate to decompact 
chromatin at the promoters and pave the way for the recruitment of the transcription machin-
ery (g). When RAREs are not occupied, phosphorylation of histones (a) and RARs (d) cooper-
ate for the recruitment of RARs at their response elements (e). Next, liganded and DNA bound 
RARs recruit coactivator complexes, which decompact further chromatin. As above, coactivators 
phosphorylation (f) leads to their dissociation and degradation by the proteasome, thus facilitat-
ing the dynamics of coregulators exchange and the recruitment of the transcription machinery 
(g). Finally, RARs are degraded by the ubiquitin-proteasome system
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corepressor complexes are disrupted. A current model of TBLR1phosphorylation is 
that this adaptor mediates recruitment of the ubiquitin proteasome system to ubiq-
uitinate and degrade NCoR, SMRT and HDACs [94, 97]. It has been proposed that 
the phosphorylation-dependent dissociation and degradation of components of the 
corepressor complexes mediates the exchange of corepressors with coactivators.

Coactivators are also phosphorylated in response to RA [54]. The p160 coac-
tivator, SRC-3, is phosphorylated by p38MAPK at a serine residue located in 
the vicinity of the RAR binding domain. Phosphorylation of this residue results 
in dissociation of SRC3 from RARα. It also marks SRC-3 for ubiquitination and 
degradation by the proteasome [40] (Fig. 6.5c). This phosphorylation-ubiquitina-
tion-degradation process facilitates the dynamics of RARs-mediated transcription 
by allowing other coregulators to bind. The other components of the coactivator 
complexes, such as p300/CBP, can be also phosphorylated by several kinases in 
response to several signaling pathways [94, 96, 97], but whether they are phos-
phorylated in response to RA requires further investigation. Overall, coregulators 
respond to several signals that fine-tune their functional interactions with RARs 
and thus, their ability to modulate RAR transcriptional activity.

Current State of the Field

The RA-Induced Kinases and RAR Recruitment to DNA

Recent ChIP-seq profiles have confirmed that the occupancy of many RAREs is 
increased in response to RA [25, 70, 85, 89], and that there is a significant correla-
tion between transcription activation and the binding of RAR/RXR heterodimers to 
DNA [89]. Though the mechanism of RAR/RXR recruitment to DNA in response 
to RA is still ill-defined, one cannot exclude a role for phosphorylation processes.

In the absence of RA, many RAREs are inaccessible due to a compact epige-
netic landscape of chromatin. This implies that RAR binding requires an initial 
rapid modification of the chromatin environment in order to alleviate compaction 
and make the RAREs accessible. Among the candidates for chromatin reorgani-
zation, there are the RA-activated kinases. Indeed, RA-activated MSK1 is rapidly 
recruited to RAR-target genes promoters and phosphorylates histones H3 at ser-
ines S10 and S28 [25, 47]. Once phosphorylated, these serine residues are marks 
that induce the recruitment of remodeling complexes and the displacement of 
repressive complexes [47, 55, 56].

Another possibility is that the phosphorylation state of RARs themselves con-
trol their recruitment to DNA. To validate such a hypothesis, RNA-seq and ChIP 
experiments were performed with mutant mouse embryonic stem cell (mESC) lines 
expressing RAR phosphomutants in a RAR null background. Such experiments high-
lighted direct target genes whose expression is controlled by phosphorylation of the 
N-terminal serine residue of RARγ [2]. These studies also revealed that only RAREs 
with specific spacings recruit the phosphorylated form of RARγ in response to RA [2].
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Then, the question was how phosphorylation of the N-terminal serine could 
promote recruitment of RARγ to specific RAREs in response to RA. It must be 
noted that this serine belongs to a PRM that is located in the vicinity of the DBD 
and which interacts with vinexin β, a repressor of RARγ-mediated transcription 
(see discussion, above). Remarkably, vinexin β bound to the nonphosphorylated 
form of RARγ prevents DNA binding, while vinexin β dissociation upon RARγ 
phosphorylation allows the binding of the receptor to DNA [70] (Fig. 6.4). Thus 
phosphorylation of the NTD that occurs in response to RA would promote DNA 
binding via the dissociation of proteins that occlude the DBD.

A Working Model for the Role of Phosphorylation in the 
Activation of RAR-Target Genes

RA-induced phosphorylation processes play an important role in the expression of 
RAR-target genes through modulating RAR recruitment to DNA, the sequential 
recruitment of the different classes of coregulators, and also the stability of the 
target proteins, thus constituting an important cellular integration mechanism. Two 
models can be proposed for the role of phosphorylation in the activation of RAR 
target genes. One for RARs already bound to DNA and another for RARs that are 
recruited to RAREs in response to RA (Fig. 6.5).

When RARs are constitutively bound to their DNA targets, ligand binding is 
the crucial molecular event that switches transcription from repression to activa-
tion via coregulator exchanges and chromatin reorganization. However it is now 
evident that RA-activated kinases provide additional layers of regulation for this 
switch through a phosphorylation code examplified by the phosphorylation of the 
corepressors and coactivators that promotes their dissociation from RARs and their 
degradation by the proteasome (Fig. 6.5b, c). Such a code facilitates the exchange 
of coregulator complexes and the reorganization of the epigenetic landscape. The 
kinases also phosphorylate histones, introducing additional marks for the recruit-
ment of activating complexes and dissociation of repressive cofactors (Fig. 6.5a).

Not all RAREs are occupied in the absence of RA due to a compact genetic 
landscape. In this case, it is hypothesized that RA-activated kinases promote 
recruitment of RARs to DNA by first, phosphorylating histones, a process that 
alleviates chromatin compaction (Fig. 6.5a). The RA-activated kinases also phos-
phorylate RARs, but this process controls the recruitment of the receptors only to 
a subset of RAREs with a specific spacing (Fig. 6.5d, e). Additional approaches 
are required to investigate why phosphorylation controls RARs recruitment only to 
certain RAREs and not to the others. When RARs are recruited to DNA, it is evi-
dent that phosphorylation of the different coactivators also facilitates the dynamics 
of their association-dissociation for further chromatin decompaction and recruit-
ment of transcription machinery (Fig. 6.5f, g). Finally, the phosphorylation of 
RARs signals their degradation by the ubiquitin proteasome system in order to 
stop the transcriptional process [16] (Fig. 6.5g).
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Relevance: In vivo Relevance of the Cross Talk Between the 
Nuclear and Extra-Nuclear Effects of RARs

Embryonic Development and cell differentiation

Several genetic approaches performed in animals demonstrate that RARs and 
RXRs are the conductors of RA signaling during development [86, 113]. However, 
without further development of appropriate technology, current animal models 
cannot be used to study the role of RAR and RXR phosphorylation due to the 
complexity of the processes and signaling pathways. Instead, cell differentiation 
models have provided interesting tools to study the influence of RAR phospho-
rylation. These have included mouse embryo carcinoma cells (F9 cell line) which 
markedly resemble embryonic cells from the blastocyst and differentiate into 
primitive, parietal or visceral endoderm-like cells [18] after RA addition. They 
also included mouse embryonic stem cells that are pluripotent cells which self-
renew indefinitely and have the propensity to differentiate in vitro into a larger 
variety of cell types [58, 134], such as neurons in response to RA [13].

Experiments from our laboratory revealed that differentiation of F9 cells into 
primitive endoderm [125] and ES cells into neurons [2] involves the RARγ2 
subtype. Most interestingly, the generation of stable rescue cell lines expressing 
RARγ2 phosphomutants in a RARγ null background indicated that phosphoryla-
tion of the RARγ2 NTD is critically required for the RA-induced differentiation of 
these cells [2, 125]. Moreover, recent genome wide RNA-seq analysis experiments 
highlighted a subset of genes belonging to early phosphoRAR-regulated gene pro-
grams that are critical for triggering the effects of RA [2, 3]. These data suggest 
an important role for RAR phosphorylation in RA signaling, and pave the way for 
further investigations during embryonic and tissue development.

Cancer and Diseases

Available evidence suggests that the integrity of signaling pathways is required 
for the proper activity of RARs. Consequently, one can speculate that deregula-
tion of the “kinome” would have deleterious downstream effects. Accordingly, in 
Xeroderma Pigmentosum patients, who are characterized by mutations affecting 
subunits of the general transcription factor, TFIIH, cdk7 does not efficiently phos-
phorylate RARα. This deficient phosphorylation has characteristic downstream 
consequences on the expression of RAR target genes [66] and has been correlated 
at least in part, to clinical abnormalities observed in patients.

In addition, in several cancers characterized by amplified or deregulated cyto-
solic kinase cascades [14], ending at Akt or MAPKs [119, 127] RARα has been 
shown to be aberrantly phosphorylated [121, 122]. Moreover, the RA-induced 
activation of the MAPK pathway is abrogated [100]. Subsequently, RARα is 
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degraded and/or its transcriptional activity is suppressed. Similarly, in hepatocellular 
carcinoma, RXRα is aberrantly phosphorylated in its LBD, with characteristic 
inhibition of its transcriptional activity [88]. Thus, one can postulate that aberrant 
kinome signaling and RAR/RXR phosphorylation and activity may correlate with 
tumoral growth and/or RA resistance [37].

There is an increasingly body of evidence indicating that RA signaling plays an 
important role in brain function, such as synaptic plasticity and learning and mem-
ory via transcriptional effects [72], as well as through non genomic effects involv-
ing a pool of RARα present in dendrites that becomes phosphorylated in response 
to RA [6, 30, 101]. An interesting observation is that RA signaling is also involved 
in the pathophysiology of Alzheimer’s disease [72]. Alzheimer’s disease is com-
plex, but its striking and increasingly important characteristic is the aberrant expres-
sion and activity of several protein kinases [35, 61]. Therefore, one can suggest that 
in this disease, aberrant phosphorylation of RARα could have consequences on 
both its transcriptional activity and its extra nuclear effects on synaptic plasticity.

In conclusion, RA signaling and RAR phosphorylation represent potentially 
exploitable pathways for devising novel therapies in several diseases, including the 
Alzheimer disease [120].

Relevance in the Biology of Other Nuclear Receptors

According to the classical model, all-trans RA is channeled to RARs in the 
nucleus via the cellular RA-binding protein CRABPII, which is a small cytosolic 
protein belonging to the family of intracellular lipid binding proteins (iLBP) [26, 
32, 36]. Such a process markedly facilitates formation of the liganded recep-
tor. However, recent studies revealed that in certain CRABPII-deficient, cell 
types, such as brain, adipose tissue, skeletal muscle and skin, RA binds another 
fatty acid-binding protein of the iLBP family, FABP5. The interesting point is 
that upon RA binding, FABP5 does not deliver the ligand to RARs, but to the 
Peroxisome Proliferator-Activated Receptor β/δ (PPARβ/δ), another nuclear recep-
tor, resulting in the regulation of genes that are not direct RAR targets [11, 116, 
117]. Consequently, new functions of RA in the regulation of energy homeosta-
sis and insulin responses were revealed [12]. PPARs are also known to be phos-
phoproteins [27] and to have nongenomic effects [83], but the β/δ subtype is the 
least studied in terms of phosphorylation. Whether it becomes phosphorylated in 
response to RA requires further investigation.

Some in vitro studies suggest that RA signaling could be mediated by other 
nuclear factors such as the Retinoic acid receptor related Orphan Receptor beta 
(RORβ) [124], the Chicken Ovalbumin Upstream Promoter Transcription Factor 
(COUP-TFII) [69] or the Testicular Receptors (TR2/4) [140], which are also able 
to integrate several signaling pathways [46, 63]. However, the in vivo relevance of 
such observations remains to be determined as well as whether these receptors can 
be also phosphorylated in response to RA.
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Future Directions: What Is Still Left to do

The regulation of RAR-target gene activation by RA is controlled not only by sim-
ple on/off conformational switches of RARs, but also by kinase signaling pathways. 
Importantly, these signaling pathways target several actors in retinoid regula-
tory processes through phosphorylations that fine-tune the RA response via rapid 
changes in chromatin organization, RAR dynamics, coregulator interactions, and 
structural and functional shifts in protein-DNA interactions. The future challenges 
are to connect these data directly with new highly sensitive, real-time or large-scale 
technologies in order to get novel, critical information about the influence of phos-
phorylations on the regulation of RARs and RXRs activity. The last-generation dual 
linear ion trap mass spectrometers coupled with the Orbitrap technology should 
allow the identification of new phosphorylation sites in endogenous RARs, RXRs 
and their coregulators, and should provide information about their regulation by 
RA. Biophysical approaches, such as NMR, coupled to molecular dynamics simu-
lations are other promising tools to investigate how phosphorylations fine-tune the 
structure of RARs and RXRs to control their recruitment to RAREs with specific 
spacings, but not to others with different spacings and/or sequences.

Finally, the recent TALEN (Transcription Activator-like Effector Nucleases) or 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-based tech-
nologies [44] should make possible the generation of point mutations at phospho-
rylation sites in vivo, providing a more powerful tool than the classical re-expression 
of a mutant in a null background. These tools coupled to RNA-seq, ChIP-seq and 
quantitative proteomics should provide interesting information about downstream 
gene expression and changes in protein complexes induced by RAR phosphoryla-
tion. Large-scale and quantitative phosphorylation screens of RARs, combined with 
other large-scale data sets, should pave the way to breakthroughs in disease-related 
research. In conclusion, further insights into the effects of RA will likely continue to 
reveal new targets and mechanisms that will help explain their pleiotropic effects and 
how these features might be manipulated in the treatment of metabolic disorders.
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Abstract Epigenetics is “the branch of biology which studies the causal interactions 
between genes and their products which bring the phenotype into being” as defined 
by Conrad Waddington in 1942 in a discussion of the mechanisms of cell differentia-
tion. More than seven decades later we know that these mechanisms include histone 
tail post-translational modifications, DNA methylation, ATP-dependent chromatin 
remodeling, and non-coding RNA pathways. Epigenetic modifications are powerful 
drugs targets, and combined targeting of multiple pathways is expected to signifi-
cantly advance cancer therapy.
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RAR  Retinoic acid receptor
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PRC  Polycomb repressive complex
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HSCs  Hematopoietic stem cells
TRAIL  TNF-related apoptosis-inducing ligand
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PP  proximal promoter

Standardized Gene Names/Nomenclature

KDM1  LSD1/2
KDM4A  JMJD2A
KDM5A  Jarid1A/B/C/D
KDM6  JMJD3/UTX/(UTY)
KAT3A/B  CBP/p300
KAT6A  MOZ
KAT6B  MORF
MT2A  MLL1
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Introduction

What determines whether a given piece of DNA along the chromosome is  functioning, 
since it’s covered with the histones? You can inherit something beyond the DNA 
sequence. That’s where the real excitement of genetics is now.
—James Watson, 2003

The term “epigenetics” was coined by Conrad Waddington in 1942 in a discussion 
of the mechanisms of cell differentiation. Waddington defined epigenetics as “the 
branch of biology which studies the causal interactions between genes and their 
products which bring the phenotype into being” [97]. The specific epigenetic 
mechanisms that regulate genetic programming were not discovered until dec-
ades after Waddington first coined the term [30, 73]. These mechanisms are now 
known to include histone tail post-translational modifications, DNA methylation, 
ATP-dependent chromatin remodeling, and non-coding RNA pathways [88]. With 
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these discoveries, Waddington’s original definition of “epigenetics“ has changed 
and evolved to the currently accepted view that “epigenetics (epi—being a Greek 
prefix for “on top of”) refers to “the study of heritable changes in genes that are 
not the result of changes in the DNA sequence” [74].

Dr. James Watson won the Nobel Prize for his seminal role in discovering the structure 
of the DNA double helix structure in 1953, but 50 years later he acknowledged that DNA 
is not the sole regulator of gene inheritance and expression. Instead, epigenetic changes 
that occur “above” the DNA may be just as or more important than genetics in terms of 
their effects on development and disease state. Retinoic acid (RA), a vitamin A derivative 
that functions as the active metabolite in cellular signaling, induces cell differentiation in 
stem cells and some cancer cells. Along with the more well known effects of RA signal-
ing on cell lineage specification through transcriptional activation of retinoic acid recep-
tor (RAR)-regulated genes, recent studies are demonstrating that RA also mediates cell 
differentiation via rapid, profound effects on the epigenome. This observation is opening 
up a new area of fundamental research into transcriptional regulation as well as pointing 
the way to new clinical applications of RA. The use of RA in combination with drugs that 
modify the epigenome is showing promise in the treatment and/or prevention of several 
types of cancer. This type of combination therapy is increasingly relevant, as many types 
of cancer exhibit aberrant levels of or mutations in epigenetic regulatory proteins.

History: Epigenetic Regulation Is Achieved by a Number 
of Different Mechanisms

Waddington nicely illustrated the idea of genotype-to-phenotype changes along cell 
development pathways by his drawing of an “epigenetic landscape” [96]. In this model 
specific epigenetic modifications are acquired as  progenitor cells, depicted as marbles, 
differentiate and commit to a specific cell fate,  conceptualized as marbles rolling down 
into one of several valleys. This idea has been substantiated by experimental findings 
where it has been demonstrated that commitment of cells into specific differentiation 
pathways is associated with  progressive epigenetic modifications [34].

Histone Protein Tail Modifications and Transcriptional 
Regulation

Cellular chromatin is composed of DNA-wrapped nucleosomes packed into regions 
of either compacted or loose nucleosomal structure, referred to as  hetero- and eu-
chromatin, respectively. In general, genes residing in heterochromatic regions are 
silenced, whereas genes located in euchromatic regions are actively transcribed.

The nucleosome is a histone octamer composed of two of each of the core  histones 
H2A, H2B, H3, and H4, and one auxiliary H1 linker histone [22]. The histone pro-
teins are each composed of a globular domain with an extended, positively charged 
N-terminal tail that interacts with the phosphodiester  backbone of the DNA. Histone 
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proteins were discovered in 1884, but it was not until 1963 that histone tails were shown 
to be post-transcriptionally modified [66]. Subsequently, the effects of these histone 
modifications on gene regulation began to be elucidated [2]. Importantly, the histones, 
in particular the lysine/arginine rich tails, were shown to be targets for extensive post-
transcriptional modifications. Recently, Yuan et al. [101] have shown that RA-mediated 
transcriptional activation of the Cytochrome P450 26a1 gene is associated with a loos-
ening of the chromatin structure, which is required for transcriptional activation.

Histone protein tail regulation is highly complex, and numerous post- 
translational modifications can regulate different aspects of gene transcription; 
these include phosphorylation, sumoylation, ubiquitination, ribosylation, neddyla-
tion, ADP-ribosylation, citrullination, and others [82, 100]. The enzymes that reg-
ulate these modifications can be divided into three groups of epigenetic regulators: 
“writers”, “readers”, and “erasers”.

Histone modifications are generated by “writer” enzymes, which include fami-
lies of lysine/arginine methyltransferases (KMTs/PRMTs), histone lysine acetyl-
transferases (KATs), and serine/threonine kinases. Methylation of histone tails, 
including trimethylation of histone 3 lysine 9 (H3K9me3) and 27 (H3K27me3), is 
generally associated with gene repression, whereas the acetylation of the same res-
idues (H3K9 and H3K27) correlates strongly with gene activation [31, 93]. There 
are also instances in which methylation of certain residues is associated with gene 
activation, such as methylation of H3K4 and H3K36 [79, 94]. Acetylation by KAT 
proteins, such as KAT3A (p300), KAT3B (CBP), PCAF, or KAT13B (pCIP), pro-
motes the activation of gene expression by neutralizing the positive charges of 
histone tails [93], leading to loosening of the negatively charged chromatin and 
subsequent binding of DNA binding factors that promote gene transcription.

The actions of “writer” enzymes are countered by a group of enzymes known 
as “erasers”. “Erasers” are responsible for the removal of specific histone modifi-
cations. This group includes lysine/arginine demethylases (KDMs/PRDMs), his-
tone deacetylases (HDACs), and serine/threonine phosphatases (summarized in 
Table 7.1). Typically, these “erasers” counteract the actions of “writer” enzymes, 
having direct effects on gene transcription. For example, “writer” enzymes of the 
KAT family mediate the deposition of acetylation marks onto lysine residues of 
histone tails, thereby neutralizing the attraction of positively charged histones with 
negatively charged DNA. This allows for the unraveling of DNA, thereby allow-
ing general transcriptional machinery and other proteins to bind that mediate gene 
activation. Conversely, “eraser” proteins of the HDAC family remove the acety-
lation mark. This allows the DNA to again wrap around histones, preventing the 
binding of general transcription machinery, thereby leading to gene repression.

“Reader” proteins specifically bind to post-translationally modified chroma-
tin, and recognize these specific histone modifications to alter chromatin structure 
and dynamics. Often, “reader” proteins are part of larger protein complexes that 
contain “reader” and/or “eraser” proteins. Without “reader” proteins, posttransla-
tional modifications would not be recognized, and the protein complex or specific 
 “writers” or “erasers” would not be recruited. Alternatively, “writer” or “eraser” 
proteins themselves can also serve as “readers” proteins. For example, KAT 
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proteins possess a bromodomain that recognizes and binds acetylated lysine resi-
dues on histone tails. This allows for KAT proteins to further mediate acetylation 
at these specific DNA regions. Because of this, these “reader” proteins also medi-
ate changes in transcription or DNA replication [14].

The distinction between “writers”, “readers”, and “erasers” is complicated by the 
fact that protein complexes that add marks (“writer” complexes) are frequently com-
posed of several subunits with different enzymatic properties. For example, the poly-
comb repressive complex 2 (PRC2) is comprised of at least four subunits which include 
the Suz12 (zinc finger), Eed, Ezh2 (SET domain with histone methyltransferase activ-
ity) and RbAp48 (histone binding domain) proteins. Importantly, the Ezh2 protein has 
enzymatic activity and can add methyl groups specifically to the H3K27 resulting in tri-
methylation of this histone residue. This posttranslational modification is deposited onto 
histone tails at lysine 27 by the PRC2 complex—a “writer”, but is recognized by the 
polycomb repressive complex 1 (PRC1)—a “reader” (Min et al. [59]. However, PRC1 
mediates the deposition of ubiquitin, another histone modification, onto histone 2A 
lysine 119. PRC1 can in other words “read” the H3K27me3 and “write” the H2A.
K119Ub, and can thus be considered both a “reader” and a “writer” enzyme [80]. 
Additional modifications of the histone tail (e.g. H3S28ph) proximal to the site of 
the initial modification (H3K27me3) add another layer complexity. In this example the 
recognition of H3K27me3 by the INHAT “reader” protein is prevented by phosphoryla-
tion of Serine 28 (H3S28ph) [44]. This illustrates how modification of nearby residues 
can interfere with the recognition of specific histone marks by “reader” proteins. The 
effect of combinatorial histone modifications is commonly referred to as the histone 
code, a term coined by Charles D. Allis in 2001 [38]. As exemplified above by the con-
text dependent recognition of H3K27me3, the emerging view is that the recognition by 
“reader” proteins is not dictated only by specific histone modifications, but rather by an 
interplay between different histone modifications.

Table 7.1  Groups of Epigenetic Modifiers and their functions

“Writers” are a group of enzymes that mediate the addition of epigenetic modifications 
(marks). “Erasers” are proteins with enzymatic activity that mediate the removal of these 
marks. “Readers” are proteins, generally with no enzymatic activity, that recognize and bind to 
 posttranslational modifications to mediate downstream effects
Key Lysine methyltransferase (KMT); protein arginine methyltransferase (PRMT); lysine acetyl-
transferase (KAT); serine/threonine kinases (S/T kinase); lysine demethylase (KDM); histone 
deacetylase (HDAC); DNA methyltransferase (DNMT); methyl-CpG-binding domain proteins 
(MeCP); chromobox homolog (CBX)

– Writer Eraser Reader

Histone marks
Lysine methylation KMT KDM CBX proteins
Arginine methylation PRMT 14-3-3-proteins
Lysine acetylation KAT HDAC
Serine/threonine phosphorylation S/T Kinase Phosphatase
DNA methylation
CpG (5meC) DNMT DNA demethylase MeCP

MBD1-4
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DNA Methylation and Gene Silencing

In contrast to histone modifications, which are relatively transient in nature, DNA 
methylation provides a more persistent, long-term gene silencing. DNA methyla-
tion occurs when a methyl group is deposited on the cytosine of a phosphodies-
ter-bonded cytosine-guanine dinucleotide (CpG) sequence. DNA methylation, 
e.g. the formation of 5-methylcytosine (5mC), was first proposed as a mechanism 
for changing gene expression in 1975 [35, 73]. CpG sequences are typically con-
centrated in large clusters called CpG islands, predominantly located at or near 
gene promoters, but CpG islands are also found in intergenic regions. Members 
of a family of DNA methyltransferase (DNMT) enzymes transfer methyl groups 
to DNA and this engenders stable, long term gene silencing [18]. DNA methyl-
ation is introduced by the recruitment of DNMT3a and 3b by sequence specific 
repressors that silence gene transcription [25]. Newly replicated DNA is tran-
siently hemi-methylated until DNMT1 uses the methylated parent strand to direct 
deposition of corresponding methylation on the daughter strand, thus maintaining 
the overall pattern of DNA methylation [48]. In the context of DNA methylation, 
the DNMTs function as “writers”, whereas methyl-CpG-binding domain proteins 
(MECP), which recognize methylated CpGs, function as “readers” [76]. Recently, 
researchers have determined that DNA methylation is reversible [47, 81], which 
suggests that DNA methylation is a dynamic process rather than a one-way mech-
anism of gene silencing, as was previously thought to be the case.

Selected groups of epigenetic regulators are listed in Table 7.1, where families 
of “writers”, “erasers”, and “readers” are listed for each type of epigenetic modi-
fication (individual rows). In Table 7.2 are listed a number of commonly investi-
gated epigenetic modifications (individual rows), and their effects on transcription.

Other Epigenetic Regulators of Gene Expression

ATP-dependent remodeling of chromatin structure and long intergenic non-coding 
RNAs (lincs) are other major epigenetic regulators of gene expression, but to date, 
little is known about their roles, if any, in RA regulated gene transcription. Here, 
we will focus on what is known about RA involvement in histone modifications 
and DNA methylation.

Development of the Field: Retinoids and RARs Mediate 
Histone Modifications

RA functions as the ligand for retinoic acid receptors (RARs), and can regulate 
 several developmentally important genes, including the Hox (homeobox) gene 
clusters [41, 42, 50]. At these gene clusters as well as at other RA regulated genes, 
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heterodimers of RARγ and retinoid X receptor α (RXRα) recognize and bind to 
RA responsive DNA elements (RAREs), then inducing epigenetic changes and 
transcriptional induction in response to RA (Fig. 7.1) [27, 28]. The transcriptional 
induction by RA is associated with increased levels of the co-activator proteins 
KAT3A (p300), KAT13B (pCIP), and of RNA polymerase II at target RAREs. 
Conversely, co-repressor proteins such as SUZ12, a key protein component of 
PRC2, are associated with specific RAREs, but dissociate in response to RA 

Table 7.2  Selected histone modifications and their enzymatic regulators

Specific histone marks involved in transcriptional regulation, and the enzymes that modify 
these marks. Activating marks are modifications that generally favor transcription (Activation), 
whereas repressive marks are modifications that favor transcriptional silencing (Repression). 
Examples are given of specific histone modifications (Histone marks), and of the specific 
enzymes depositing (“writers”) and removing (“erasers”) these marks. This is a not a comprehen-
sive list, but rather a list of the most well understood regulators of epigenetic changes
Key enhancer of zeste homolog 2 (EZH2); nuclear SET domain-containing protein (NSD3); 
lysine (K)-specific demethylase (KDM); SET domain, bifurcated (SETDB); methyltransferase 
variant (SUV39H12); SET domain (SETD); mixed-lineage leukemia (MLL); positive regula-
tory domain (PRDM); p300/CBP associated factor (PCAF); histone deacetylase (HDAC); lysine 
acetyltransferase (KAT); MAP-kinase-kinase-kinase; mitogen- and stress-activated protein kinase 
(MSK); aurora kinase (STK)

– Histone mark Writer Eraser

Repression H3K27me3 EZH2, NSD3 KDM6A/B (JMJD3)
H3K9me3 SETDB1/2 Lysine specific demethylase 

4A/B/C/DSUV39H1/2
Activation H3K4me1 SETD7 KDM1A

KDM5B
H3K4me2 NSD3 KDM5A/D

KDM1A
KDM5B

H3K4me3 MLL Lysine specific demethylase 
4A/B/C/DMLL3/4

PRDM9 KDM5B
SETD1A/B
SET AND MYND  

domain-containing protein 3
H3K36me3 SETD2 Lysine specific demethylase 4A

NSD2 Lysine specific demethylase 
NO66

H3K14Ac PCAF HDAC3
MYST3

H3K9Ac PCAF SIRT1
KAT13B (pCIP) SIRT6
KAT6A (Moz)

H3K27Ac KAT3A/B (P300/CBP) –
H3S28Ph MAPKKK-MLT –

MSK1/2
STK5
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(Figs. 7.1 and 7.2) [41, 51]. Furthermore, the re-association of SUZ12 with RAREs 
upon RA removal [27, 28] exemplifies the highly reversible nature of cofactor 
association. Extensive changes in histone marks can be observed in response to 
RA, as illustrated by a heat-map showing RA-associated changes in H3K27me3, 
H3K4me3, and H3 acetylation (acH3) levels at the Hoxa cluster (Fig. 7.1). 
Importantly, for the Hoxa cluster the levels of activating marks (H3K4me3 and 
acH3) increase, whereas the levels of repressive marks (H3K27me3) decrease in 
response to RA (Fig. 7.1) [41]. This is not the case for all RA inducible genes; 
for CoupTF1 (Nr2F1) the levels of both activating (H3K4me3) and repres-
sive (H3K27me3) marks show an initial increase in response to RA (Fig. 7.2). 
However, the H3K27me3 levels then start to decline, thereby increasing the extent 
of the induction [51]. The simultaneous presence of active H3K4me3 marks and 

Fig. 7.1  Epigenetic changes induced along the Hoxa cluster in response to RA. The epigenetic 
changes of the RA responsive Hoxa gene cluster are shown, with the locations of the Hoxa1 
proximal promoter (PP) and RA responsive element (RARE) indicated by arrows. The lev-
els of acH3, H3K4me3, and H3K27me3 determined by ChIP-chip are presented as heat maps, 
with rows representing individual timepoints for each genotype, and columns indicating specific 
genomic regions. The genotypes of the stem cell lines are as follows: Wild type (WT), RARE 
knockout (E-), and RARγ knockout (γ-). The cells were cultured in RA for 1, 8, and 24 h, as 
indicated. The color scale representing log2-transformed ChIP enrichment is indicated at the 
top of the figure. Note the reduced levels of acH3 and H3K4me3 at Hoxa1 PP and RARE in 
the RARγ–knockout cell line. Models for RA mediated transcription of RA target genes Hoxa1 
and Nr2F1. In the absence of RA, RARγ–RXRα heterodimers associated with Hoxa1 RAREs 
presumably associate with co-repressors, thereby generating a SUZ12-rich environment which 
represses transcription. Binding of the RA ligand causes a conformational change in the RARγ–
RXRα heterodimer bound to the Hoxa1 RARE. This results in the recruitment of pCIP/p300, 
which generates an euchromatic environment, presumably by acetylating the histone tails. This 
allows pol II to initiate transcription of Hoxa1. The Nr2F1 promoter region (PP) is bound by 
SUZ12 in the absence of RA. Upon exposure to RA the increase in activating marks is initially 
counteracted by a concomitant increase in SUZ12, which attenuates the transcription of Nr2F1. 
Eventually, the SUZ12 levels decline, allowing the increased transcriptional activation of Nr2F1 
(modified from Kashyap et al. [41] and Gillespie and Gudas [28])
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repressive H3K27me3 marks is referred to as a bivalent domain, and this chro-
matin structure can often be found at promoters of RA inducible genes [41, 51, 
56, 63]. The bivalent chromatin structure signifies that these genes are in a poised 
state in which changes in the H3K4me3/H3K27me3 ratio are associated with tran-
scriptional induction (presence of RA; H3K4me3 ↑, H3K27me3 ↓) or silencing 
(absence or removal of RA; H3K27me3 ↑, H3K4me3 ↓), as illustrated in Fig. 7.2 
[7, 41, 42, 50, 51].

Now the question is; what regulates the levels of histone marks? Since  histone 
marks are actually covalent modifications of histones, the levels need to be regu-
lated by enzymes located in proximity to the histone. This brings us back to the 
“writers”, “readers”, and “erasers” mentioned in the beginning of the chapter. The 
levels of the active H3K4me3 mark are regulated by lysine methyl transferases 
(KMT) “writers” and lysine demethylases (KDM) “erasers”. Specifically, MLL 
proteins, which are KMT “writers” of the trithorax family, trimethylate H3K4 
[64], and KDM5 proteins, which are H3K4me3-specific “erasers,” can subse-
quently convert the H3K4me3 mark into H3K4me2 [37, 46, 64]. Once H3K4me3 

Fig. 7.2  Epigenetic Signatures Associated with RA and RAR regulated transcription. Hoxa1 rep-
resents a group of direct target genes induced by RA (upper panel). The induction is characterized 
by dissociation of PRCs (ovals) and depletion of the H3K27me3 repressive mark (hexagons), and 
by increased levels of transcriptionally permissive marks, H3K4me3 (circle), H3K9ac (triangle), 
and H3K14ac (diamond). CoupTF1 represents a group of target genes with delayed transcrip-
tional induction by RA (middle panel). The induction is characterized by an initial increase of 
PRCs (ovals) and of the H3K27me3 repressive mark (hexagons), concurrent with increased lev-
els of transcriptionally permissive marks; H3K4me3, H3K9ac, and H3K14ac. The imprinted gene 
Mest is transcribed in the presence of RARα, but is silenced by DNA methylation upon knock-
out of RARα (lower panel). The transcriptional silencing of Mest is associated with increased 
DNA methylation, increased levels of the H3K9me3 repressive mark, and with decreased levels 
of transcriptionally permissive marks; H3K4me3, H3K9ac, and H3K14ac. Note that for Hoxa1 
and CoupTF1 (Nr2F1) the transcriptionally active state is shown to the right, whereas for Mest 
the transcriptionally active state is shown to the left (modified from Laursen et al. [51])
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has been converted to H3K4me2, the KDM1A/B “eraser” proteins can remove 
the remaining methyl marks, thus returning H3K4 to the  unmethylated state [12]. 
Pharmacological inhibition of KDM1A (LSD1) reactivates the RA differentiation 
pathway in leukemia cells [78], indicating that enzymatic conversion of H3K4 to 
the unmethylated state by KDM1A plays a key role in antagonizing RA signal-
ing. Curiously, H3K4me3 and H3K27me3 can be found on the same nucleosome, 
composed of eight histones, but not on the same histone tail [94]. Thus, each of 
the two histone 3 components of the nucleosome can be differentially modified. 
This specification of a histone as simultaneously activating and repressive is the 
core of the bivalent domains.

Conversely, the levels of the repressive H3K27me3 mark are regulated by 
Polycomb group proteins, which are H3K27me1/2 specific KMT “writers” 
[10, 49], and the H3K27me2/3-specific KDM “erasers” KDM6A/B [1, 53]. The 
antagonistic effects of H3K4me3 and H3K27me3 are supported by the observation 
that RA-induced transcription leads to a concomitant decrease in H3K27me3 levels 
as well as an increase in H3K4me3 levels along the Hoxa cluster (Fig. 7.2). In this 
respect, it is interesting that the MLL2 complex contains KDM6A, an H3K27 dem-
ethylase [1]. Consequently, the MLL complex combines methyltransferase activity 
targeting H3K4 with demethylase activity targeting the opposing H3K27me3 mark. 
A similar “push-pull” effect is observed with the PRC2 complex which contains 
EZH2, an H3K27 methyltransferase, and KDM5B, an H3K4 demethylase [104]. 
The depletion of H3K27me3 through knockdown of the EZH2 methyltransferase 
failed to induce Hoxa1 expression [53]. This suggests that without increased H3K4 
methylation the loss of H3K27 methylation is insufficient to induce transcription 
of Hoxa1. Consequently, the combined actions of H3K4 methyltransferases and 
H3K27 demethylases may be required for gene transcriptional activation of at least 
some genes. Also, the transcriptional activation of Hoxa1 precedes the removal of 
the H3K27me3 mark by many hours, showing that the removal of the H3K27me3 
mark is not required for Hoxa1 transcriptional activation by RA [41].

A different scenario of the “push-pull” effect is observed when RA induces 
the CoupTF1 (Nr2F1) gene. In this case, activating H3K4me3 and  repressive 
H3K27me3 marks are simultaneously recruited to the CoupTF1 promoter 
(Fig. 7.2), initiating a repressed or dampened induction characteristic of several 
late RA target genes [51]. While the functional depletion of PRC2 did not enhance 
RA induction of Hoxa5 and Hoxa1 (early genes), the depletion potently enhanced 
RA mediated induction of CoupTF1 and CoupTF2 (late genes) [51]. This finding 
is important since it provides a mechanistic rationale for distinguishing between 
early and late targets of RA induction. It has been shown that PRC2 can sense 
chromatin density, and thereby distinguish active chromatin (marked by H3K4me3 
and H3K36me2/3) from inactive chromatin, on which PRC2 will target H3K27 for 
methylation. This helps to explain how PRC2 maintains target genes in an inac-
tive, compacted chromatin state for long periods [101]. Taken together, these data 
further point to the presence of a combined “push-pull” effect, wherein the effects 
of specific KMTs are supported by the effects of specific KDMs, which together 
place and remove specific lysine methylation marks in a coordinated manner.
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RA induced transcription of the Hox genes increases not only histone H3K4 
methylation, but also histone acetylation [41] (Figs. 7.1 and 7.2). H3K27 for 
example can be modified by either acetylation or methylation, with oppo-
site effects on the chromatin environment, and thus on the transcriptional activ-
ity. Acetylation [20, 70] and methylation of H3K27 are mutually exclusive 
marks positioned by KAT3A/B (CBP/p300) and PRC2 (EZH2), respectively 
[65, 87]. H3K27 thus provides an example in which the enzymatic activities of 
KATs/KMTs and HDACs/KDMs converge in regulating gene activity. However, 
H3K27 is not the only target of acetylation; H3K9 and H3K14 are acetylated 
concurrently with RA induced transcriptional activation (Figs. 7.1 and 7.2) [41, 
42]. The RA-dependent recruitment of the acetyltransferases KAT3B (p300) 
and KAT13B (NCoA3, Actr, pCIP, Src3) to the RAREs of Hoxa1 (Fig. 7.1) and 
Cyp26a1 in F9 teratocarcinoma stem cells and embryonic stem (ES) cells sug-
gests that these KATs also play key roles in RA-induced transcription [27, 28, 
40]. Finally, KAT6A (Moz) is involved in H3K9 acetylation of the Hox gene loci, 
yet RA can activate the Hox loci independently of KAT6A [95]. The plethora 
of coregulators involved in RA induced transcription allows for fine-tuning of a 
highly gene  specific response (Fig. 7.1).

Current State of the Field: DNA Demethylation Is Involved 
in the RA Transcriptional Response

Passive DNA demethylation takes place when maintenance methylation is 
 inhibited during DNA replication, while active DNA demethylation requires spe-
cific enzymes and can occur without DNA replication [105]. Activation induced 
cytidine deaminase (AICDA, AID) is an active, reprogramming DNA demethylase 
expressed in ES cells and other cell types [61]. A second, more recently discov-
ered DNA demethylase family, Tet 1, 2 and 3, removes DNA methylation through 
oxidative demethylation, a mechanism also employed by JmjC proteins to dem-
ethylate histones [36, 81, 91]. Tet1 mediated hydroxylation of 5mC to 5-hydrox-
ylmethylcytosine (5hmC) is enhanced by AICDA, which generates 5hmC as a 
step towards the demethylation of 5mC. This requires thymine DNA glycosylase 
(TDG), a base excision repair enzyme, which excises the 5hmC [32]. Through 
the active prevention of DNA methylation, TDG maintains bivalent chromatin 
domains in ES cells [16]. Considering that several RA primary target genes reside 
in bivalent domains, it is worth noting that Um et al. [92]  identified interactions 
between TDG and the RARs/RXRs which may link RA to active demethylation 
of DNA. TDG forms a complex with AICDA and GADD45a, and is required for 
the recruitment of the coactivator protein KAT3B (p300) to the promoters of RA-
inducible genes [17]. Thus, a loss of TDG activity could result in a decrease in 
RAR/RA-associated gene transcription and a resultant block in cell differentia-
tion, which would be consistent with the observed increase in DNA methylation 
of the Mest promoter region in response to knockout of RARα [52]. This indicates 
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that RARα (and possibly other RARs) plays a direct role in maintaining gene 
expression by keeping specific promoters in a hypomethylated state, and con-
versely, underscores the fact that reduced expression of RARα can have adverse 
consequences, such as leukemogenesis [29]. A reduction in RARα signaling also 
impairs the survival of tumor reactive CD8(+) T-cells within the tumor microenvi-
ronment [33]. Whether this is related to RARα’s ability to control the methylation 
state of certain genes has not yet been elucidated.

During gametogenesis, maternal or paternal genomes can be modified so that 
one parental allele is expressed, whereas the other is transcriptionally silenced. 
This genomic imprinting typically occurs through DNA methylation of CpG 
islands [68]. An exciting, recent, finding suggests that RARα, independently of 
RA, maintains the DNA methylation status of specific imprinted genes [52]. This 
was highlighted by the identification of several aberrantly expressed, imprinted, 
genes in RARα knockout F9 stem cells [52]. Under normal conditions RARα 
associates with the promoter region of the paternally expressed gene, Mest; upon 
RARα knockout, resulting in the absence of RARα, the levels of H3K9me3 and 
the DNA methylation of the Mest promoter region significantly increase [52] 
(Fig. 7.2). Several of the changes in gene expression associated with the RARα 
knockout are similar to those observed during the differentiation of stem-like pro-
genitors to hypertrophic chondrocytes in the developing growth plate [15]. This 
similarity between the in vivo and in vitro data supports the idea that in vivo 
imprinting may be regulated by RARα, and highlights the important roles of spe-
cific RARs in regulating epigenetic changes during development. Further explora-
tion of this topic is expected to deepen our understanding of genomic imprinting 
and to expand the realm of RAR regulated transcription beyond the well-known 
ligand-induced regulation of gene activity.

Relevance: RA Regulated Epigenetic Changes  
in Carcinogenesis

Retinoid signaling is often disrupted during carcinogenesis, suggesting that 
 restoration of retinoid signaling may be a viable option for cancer prevention and/
or treatment [60, 85]. Synthetic retinoids modify the levels of the various RARs dur-
ing breast carcinogenesis [8], and RA inhibits the growth of human osteosarcoma 
by promoting cell differentiation [99]. In a glioma animal model, RA also promoted 
the differentiation of cancer stem cells [9]. As a result,  retinoids are currently being 
tested and/or used for treatment of many different cancers, including breast, ovarian, 
renal, head and neck, melanoma, leukemias, and prostate cancers. However, epige-
netic changes, such as histone modifications and DNA methylation, and subsequent 
changes in gene expression are also thought to play major roles in cancer initiation 
and progression. Therefore, in line with the aforementioned “push-pull” model, 
combination cancer therapies that include retinoids together with epigenetic thera-
peutic agents are believed to be more effective in treating different cancers.
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Histone deacetylase inhibitors, such as suberoylanilidehydroxamic acid 
(SAHA) have been extensively studied as potential cancer therapies, and are cur-
rently being used to treat multiple cancers, including cutaneous T-cell lymphoma 
and non-small cell lung cancer [3]. Chemoproteomics profiling of HDAC inhibi-
tors revealed selective targeting of histone deacetylase (HDAC) complexes as 
promising cancer therapies [3].

It is believed that treatment with HDAC inhibitors together with retinoid thera-
pies may be an even more effective treatment regimen for certain cancers. When 
combined with HDAC inhibitors such as Trichostatin A and valproic acid, RA can 
re-induce RARβ expression in kidney [89] or breast [60] cancers, and inhibit cell pro-
liferation in many types of cancers [13, 23, 43, 67, 69, 77, 86, 90, 98]. Furthermore, 
RA synergizes with valproic acid to promote the degradation of the PML-RARα 
oncoprotein, destroying the leukemia initiating cells in vivo [54]. Recently a phase I 
trial using valproic acid and liposomal RA for patients with solid tumors yielded pos-
itive results, suggesting that this therapy may be used for various solid tumors [21].

Another promising treatment approach is the co-administration of retinoids 
with DNA methyltransferase inhibitors. Mice treated with a combination of RA 
and the DNA methyltransferase inhibitor 5-Aza-2′-deoxycytidine (5-Aza) exhibit 
a decreased incidence of oral cancer after carcinogen treatment [84], and valproic 
acid, 5-Aza, and RA promoted growth arrest and cell differentiation of cultured 
human head and neck squamous cell carcinoma cells [26]. Additionally, a phase II 
clinical trial for patients with acute myeloid leukemia combining 5-Aza with RA 
was just completed with promising results [55].

Finally, other studies have examined the potential efficacy of treatments with 
RA, HDAC inhibitors, and DNA methyltransferases together. RA treatment in the 
presence of both valproic acid and 5-Aza promotes the re-expression of RARβ and 
inhibits cell growth in breast cancer cell lines [60]. Additionally, promyelocytic 
leukemia cells exhibit cell growth inhibition and increased granulocyte differen-
tiation after treatment with all three drugs [77]. Overall, these studies indicate that 
combinations of retinoids and epigenetic modulating drugs are promising treatment 
options for multiple types of cancer, in part because of their actions in promot-
ing cell differentiation and the inhibition of cell proliferation. Various epigenetic 
machinery inhibitors are being intensely studied as possible cancer treatments [75], 
and these could potentially be even more effective in combination with RA.

The Future: RA Action and Epigenetics, Cell Differentiation 
and Cancer

Further studies are needed to determine the roles and specificities of various KATs 
and KDMs with respect to RA transcriptional activation and to develop a better 
understanding of how RARα (and possibly other RARs) plays a direct role in main-
taining gene expression by keeping specific promoters in a hypomethylated state. 
Many different epigenetic changes must take place for stem cells to differentiate 
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properly, and when these changes do not proceed normally, increased tumorigenesis 
can result. Aberrant expression of the polycomb protein EZH2, a core component 
of PRC2, has been found in human breast, prostate, bladder, and colon cancers, and 
this overexpression is correlated with a poor prognosis [58, 72]. Overexpression of 
EZH2 in hematopoietic stem cells (HSCs) eliminates the exhaustion of the long-
term repopulation potential of these stem cells during multiple, sequential transplan-
tations [39]. EZH2 also enhances leukemogenesis by enhancing the differentiation 
block in acute myeloid leukemia [62, 83]. Thus, these epigenetic modifications by 
EZH2 have profound consequences in terms of reducing the ability of HSCs to dif-
ferentiate and enhancing tumorigenesis. Likewise, in prostate cancer EZH2 can 
block differentiation by affecting transcriptional regulation by the androgen receptor 
[19]. The recent development of EZH2 inhibitors for treatment of lymphomas shows 
the power of manipulating epigenetic modifications for cancer treatment [4].

DZNep, an S-adenosylhomocysteine (SAH) hydrolase inhibitor, can  eradicate 
tumor initiating cells in hepatocellular carcinoma cells and induce apoptosis in 
acute myeloid leukemia [11, 24, 103]. DZNep can also inhibit tumorigenicity and 
progression in prostate cancer [19]. The inhibition of SAH hydrolase causes an 
increase in SAH, resulting in inhibition of S-adenosyl-L-methionine dependent 

Fig. 7.3  Representation of RA and DZNep effects on apoptosis regulation in human colon cancer 
cells. Retinoic acid treatment promotes TRAIL-related apoptosis in RARβ / RARγ-positive HT29 
cells, but not in SW480 cells which express only low levels of RARβ / RARγ. The functional 
depletion of PRC2 by either inhibition with DZNep or by knockdown of SUZ12 increases TRAIL-
mediated apoptosis in both HT29 and SW480 cell lines. In this scenario the PRC2-mediated 
repression is alleviated, thereby activating TNFRSF10 even in the absence of RARβ /RARγ
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methyltransferases such as EZH2. We recently showed that human colon cancer 
cells, when exposed to RA, DZNep, or to a genetic knockdown of the PRC2 core 
protein SUZ12, exhibited enhanced PTEN mediated apoptosis, whereas the survival 
of ES cells was unaffected [6]. The apoptotic effects of RA, DZNep, or SUZ12 
depletion were further enhanced by combination with the TNF-related apoptosis-
inducing ligand (TRAIL) death receptor [5]. The synergy between TRAIL and RA 
was confirmed by another report in which the authors demonstrate that treatment 
with retinyl acetate (another vitamin A metabolite) in combination with TRAIL not 
only induced apoptosis specifically in intestinal polyps, but also inhibited tumor 
growth and prolonged survival in a murine model of human colon cancer [102]. 
These results suggest that one mechanism by which RA enhances TRAIL associated 
apoptosis is via removing PRC2 complexes from various genes involved in differen-
tiation and/or apoptosis (Fig. 7.3).

Research in this field will be enhanced by the recent development of more 
 specific EZH2 inhibitors [45, 57], and by the evaluation of new drug combinations 
that more efficiently target specific epigenetic regulators. The fact that so many 
different types of cancer exhibit altered epigenetic profiles and/or mutations in 
proteins that modify the epigenome indicates that this will be a fruitful area of 
research that will provide major benefits to cancer patients in terms of new combi-
nation therapies.
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Abstract MicroRNAs (miRNAs) are small noncoding RNAs acting as endog-
enous regulators of gene expression. Their discovery is one of the major recent 
breakthroughs in molecular biology. miRNAs establish a multiplicity of relation-
ships with target mRNAs and exert pleiotropic biological effects in many cell 
physiological pathways during development and adult life. The dynamic nature 
of gene expression regulation by Retinoic Acid (RA) is consistent with an exten-
sive functional interplay with miRNA activities. In fact, RA regulates the expres-
sion of many different miRNAs, thus suggesting a relevant function of miRNAs 
in RA-controlled gene expression programmes. miRNAs have been extensively 
studied as targets and mediators of the biological activity of RA during embryonic 
development as well as in normal and neoplastic cells. However, relatively few 
studies have experimentally explored the direct contribution of miRNA function 
to the RA signalling pathway. Here, we provide an overview of the mechanistic 
aspects that allow miRNA biogenesis, functional activation and regulation, focus-
ing on recent evidence that highlights a functional interplay between miRNAs and 
RA-regulated molecular networks. We report examples of tissue-specific roles of 
miRNAs modulated by RA in stem cell pluripotency maintenance and regenera-
tion, embryonic development, hematopoietic and neural differentiation, and other 
biological model systems, underlining their role in disease pathogenesis. We also 
address novel areas of research linking the RA signalling pathway to the nuclear 
activity of miRNAs.
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Abbreviations

Ago  Argonaute
ALDH1A2  Aldehyde dehydrogenase-1a2
AML  Acute myeloid leukemia
APL  Acute promyelocytic leukemia
C/EBPα  CCAAT/enhancer-binding protein-alpha
ceRNAs  Competing endogenous RNAs
DGCR8  DiGeorge syndrome critical region gene 8
ESC  Embryonic stem cells
HDAC  Histone deacetylase
Hox  Homeobox
HPCs  Hematopoietic progenitor cells
HSC  Hematopoietic stem cells
lncRNA  Long non-coding RNA
miRNAs  MicroRNAs
NFI-A  Nuclear factor I-A
PACT  Protein kinase R (PKR) activator
P-bodies  Processing bodies
PcG  Polycomb group proteins
Pitx3  Paired-like homeodomain transcription factor 3
pre-miRNA  MicroRNA precursor
pri-miRNA  Primary microRNA
PTB  Polypyrimidine tract binding protein
RA  Retinoic Acid
RALDH2  Retinaldehyde dehydrogenase 2
RAR  Retinoic acid receptor
RISC  RNA-induced silencing complex
RNA polymerase II  RNA polII
RXR  Retinoid X receptor
TF  Transcription factor
TRBP  Trans-activation response (TAR) RNA-binding protein
UTR  Untranslated region

It is now clear an extensive miRNA world was flying almost unseen by 
our genetic radar. As much as geneticists like to think that nothing can 
escape genetic analysis, the miRNA genes are so small that they almost 

escaped our notice [124].

History

The hypothesis of genomically-encoded regulators of protein expression acting in the 
cytoplasm as intermediate molecules between mRNA and proteins was formulated 
more than 50 years ago by Jacob and Monod. In a seminal paper they affirm that:
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…the most firmly grounded of these conclusions is the existence of regulator genes, 
which control the rate of information-transfer from structural genes to proteins…the reg-
ulator gene acts via a specific cytoplasmic substance whose effect is to inhibit the expres-
sion of the structural genes …the chemical identification of the repressor as an RNA 
fraction is a logical assumption. [62]

Thus, Jacob and Monod had already envisaged the existence of non-coding regula-
tory RNAs. More than 30 years later, in 1993, Victor Ambros’ laboratory cloned 
the first microRNA (miRNA), lin-4, in Caenorhabditis elegans, and identified 
Lin14 as one of its target mRNAs [81]. Seven years later, Gary Ruvkun’s group 
cloned the second miRNA, let-7, and reported the conservation of miRNAs across 
species [117, 122].

The canonical miRNA genes, lin-4 and let-7, were identified by genetic screen-
ing of mutant phenotypes that caused developmental timing defects in stage 
specific lineages of worm larvae [81, 122]. Since then, genetic cloning, bioin-
formatics, gene expression analysis and computational algorithms defining phy-
logenetic conservation and structural characteristics of miRNA precursors have 
allowed large-scale identification of miRNAs from various life forms, such as 
plants, Drosophila melanogaster, and vertebrates, including mammals. Animal 
viruses also use miRNA [2, 9, 77].

Global gene expression analyses have shown that miRNAs and their mRNA 
targets often have mutually exclusive expression in contiguous developmental 
stages or across tissues [38, 134, 137]. miRNAs participate in transcriptional 
programs that control development, cellular pluripotency, and differentiation. 
They affect expression levels of lineage-specific TFs in integrated transcriptional 
regulatory circuits, and, in turn, are regulated by the activities of these factors 
[39, 114, 151].

miRNAs are well-preserved in blood plasma or serum, urine, and formalin-
fixed tissue blocks, and can be measured with much greater sensitivity than pro-
teins [79, 103]. miRNA expression profiling is now considered to be a relevant 
approach in a broad range of biological and medical studies and may have many 
molecular diagnostic and therapeutic applications.

Development of the field

At present, the miRBase release 20 (June 2013) (http://www.mirbase.org/) reports 
24,521 entries of hairpin precursor miRNAs which give rise to 30,424 mature 
miRNA products. MiRBase estimates 1872 precursors and 2578 mature miRNAs 
in humans. Well over half of the human transcriptome is computationally pre-
dicted to be subjected to miRNA regulation [43]. Expression analysis of miRNAs 
by commercially available oligonucleotide microarrays or quantitative polymerase 
chain reaction (qPCR) arrays are now powerful approaches for monitoring tissue 
specific, developmental, physiological and disease state miRNA expression across 
the whole genome.

http://www.mirbase.org/
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The mechanisms related to miRNA biogenesis have been revealed in detail. 
Genes encoding miRNAs are an integral component of a cell’s genomic program, 
and are generally conserved through evolution [1, 38]. They can be encoded in 
intergenic transcription units, in polycistronic clusters, within intronic sequences 
of protein-coding genes, or within the introns and exons of non-coding RNAs 
[1, 72, 85, 123]. For genes sharing the same promoters, the “host” transcript and 
miRNAs usually have similar expression profiles [5, 123]. Moreover, sequence 
variations in miRNA genes potentially influence the processing and/or target rec-
ognition of miRNAs [101]. miRNA gene mutation or mis-expression have been 
observed in various human cancers and indicate that miRNAs can function as 
tumor suppressors and oncogenes [35].

Most miRNA genes are initially transcribed by RNA polymerase II (Pol 
II) as long primary transcripts (pri-miRNA) that contain one or more hairpin-
shaped structures (Fig. 8.1). The primary transcripts contain a 5′ cap and a 
poly(A) tail similar to that of mRNAs [15, 86]. RNA polymerase III can drive 
miRNA transcription from dense human clusters interspersed among repetitive 
Alu elements [13]. In the nucleus, the pri-miRNA is cleaved by a micropro-
cessor complex consisting of the RNase III enzyme, Drosha, and the double-
stranded RNA binding protein “DiGeorge syndrome critical region gene 8″ 
(DGCR8, also known as Pasha). Drosha and DGCR8 release an imperfect hair-
pin-structured precursor miRNA (pre-miRNA) of about 70 nucleotides [28, 55, 
83, 85].

The Drosha complex includes several auxiliary proteins, such as RNA bind-
ing protein fused in sarcoma (FUS), Ewing sarcoma breakpoint region 1 
(EWSR1), heterogeneous nuclear ribonucleoproteins (hnRNP), and DEAD 
(Asp-Glu-Ala-Asp) box helicases p68 (DDX5) and p72 (DDX17) [49]. Whereas 
some hnRNPs and p68/72 promote the fidelity and activity of Drosha processing, 
the exact role of these proteins in fine regulation of miRNAs expression is still 
largely unknown [50].

The Drosha-processed pre-miRNA is exported from the nucleus to the cyto-
plasm by the Exportin-5 [12, 93, 166]. The Exportin-5 recognizes the 2-nucleo-
tide 3′ overhang structure and the double-stranded stem of the pre-miRNA [109]. 
In the cytoplasm, the pre-miRNA is captured by a second RNase III enzyme, 
Dicer. Dicer and its related double-stranded RNA binding partners, the transac-
tivating response RNA-binding protein and protein kinase R activator, cleave 
the pre-miRNA at the stem-loop junction [20, 52, 61, 84, 95, 125]. This gener-
ates a miRNA:miRNA duplex of approximately 22 nucleotides with overhangs of 
2-nucleotides at their 3′ ends. Generally, the strand whose 5′ end has a less tight 
base pairing (also known as the “guide” strand) is favored for incorporation into 
a functional protein complex called “RNA-induced silencing complex” (RISC), 
which is active in the repression of mRNA function. Within this riboprotein com-
plex, miRNAs are driven to the target mRNA [129, 133]. The other miRNA strand 
[also known as “passenger” strand or star miRNA (miRNA*)] is usually degraded 
[100], although in some physiological conditions both strands of the miRNA 
duplex can be detectable in the RISC [111].
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The RISC contains a number of different proteins, including Argonaute (Ago) 
and Dicer proteins (Fig. 8.1). In humans, there is only one Dicer and four Ago pro-
teins (Ago 1, 2, 3, and 4) [102]. Human Ago2 is the only Ago protein embodying 
the endonucleolytic “slicer” activity of RISC which catalyzes the cleavage of tar-
get mRNA [132]. The structure of human Ago2 in complex with miRNA-20A was 
recently determined. The RNA confers remarkable stability to the enzyme, most 
likely as a consequence of multiple interactions that spread along the entire pro-
tein [31]. All four Ago proteins and other proteins, such as a trinucleotide repeat 

Fig. 8.1  miRNA biogenesis and function. miRNA genes are regulated by transcription fac-
tors (TF) and transcribed by RNA pol II and III into primary miRNA transcripts (pri-miRNAs). 
The pri-miRNA is processed into a precursor miRNA (pre-miRNA) stem-loop of ~70 nucle-
otides in length by the nuclear RNase III enzyme Drosha and its partner DiGeorge syndrome 
critical region gene 8 (DGCR8). Exportin-5 actively transports the pre-miRNA into the cytosol, 
where it is processed by the Dicer RNaseIII enzyme and its partner TRBP, into a double strand 
miRNA. The miRNA strand (in red) is recruited as a single-stranded molecule into the RNA-
induced silencing (RISC) effector complex and assembled through processes that are dependent 
on Dicer and other double strand RNA binding domain proteins (dsRBD), as well as on mem-
bers of the Argonaute (AGO) family. The other strand (miRNA*) is usually degraded. Mature 
miRNA guides the RISC complex to the 3′UTR of the complementary mRNA targets and repress 
their expression by several mechanisms: repression of mRNA translation, destabilization of 
mRNA transcripts through cleavage, de-adenylation, and localization in the processing body 
(P-body), where the miRNA-targeted mRNA can be sequestered from the translational machin-
ery and degraded or stored for subsequent use. Nuclear localization of mature miRNAs has been 
described as a novel mechanism of action for miRNAs
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containing 6 A, B and C subunits (TNRC6, also known as GW182) are essential 
in the silencing process facilitated by miRNAs in the cytoplasm [20, 54, 102, 110]. 
Some evidence also suggests that TNRC6A may direct Ago proteins into the nucleus 
via a nuclear localization signaling activity [107]. Indeed, miRNAs and Ago proteins 
have been found in the nucleus of human cells (see below) [8, 168, 169].

Mature miRNAs serve as guides, directing RISC to mRNAs containing their 
complementary sequences (Fig. 8.1). Ago proteins serve as platforms for interact-
ing proteins making base-specific contacts with the first nucleotides of the miRNA 
guide strand and, consequently, contributing to target recognition [110, 102]. This 
recognition between miRNA and mRNA targets mainly involves a limited base-
pairing between the 5′-end ‘seed’ region (2–8 nucleotides from the 5′-end) of the 
miRNA and the complementary sequences present in the 3′ untranslated region 
(UTR) of their mRNA targets. In some cases, miRNAs can efficiently bind to the 
5′ UTR of the target mRNA, or even coding sequences [4, 73, 94, 80]; however, 
these non-canonical miRNA binding sites are less frequently used and less effec-
tive in suppressing mRNA function, possibly because the silencing complexes can 
be displaced by the translation machinery [4].

Reduced protein expression is brought about by mRNA translational repres-
sion, mRNA destabilization, or a combination of the two [37, 81, 90]. Complete 
complementarity between a miRNA and a mRNA target site is rare in animals, and 
cleavage of a target mRNA can only occur if a catalytically active Ago is bound 
[37]. When targeted for silencing by miRNAs, mRNA can be sequestered from the 
translational machinery, degraded or stored in large cytoplasmic foci, named pro-
cessing bodies (P-bodies). The P-bodies contain a wide range of enzymes involved 
in RNA turnover [36]. Recent evidence indicates mRNA degradation is the major 
determinant of miRNA activity, being responsible for >84 % of the effects on pro-
tein expression [51]. However, in some model systems a block of translation ini-
tiation may precede mRNA decay and mediate the miRNA repressor activity [7]. 
Evidence also indicates that miRNAs induce translational up-regulation of target 
mRNAs [37, 152].

The regulatory potential of each miRNA is rendered even more complex as 
indicated by recent findings showing that miRNAs can also display a decoy activ-
ity that interferes with the function of regulatory proteins [30]. Moreover, endog-
enous RNA, and long non-coding RNA (lncRNA) complementary to miRNAs, can 
act as competing endogenous RNAs (ceRNAs) in both normal and pathological 
conditions. By binding a common pool of miRNAs, ceRNAs prevent them from 
binding their mRNA targets, thus blocking their activities [18, 68, 140, 146]. 
Overall, these studies reveal a new level of regulation of gene expression, con-
trolled by an extensive interacting network of both coding RNAs, lncRNAs and 
miRNAs, which can be predicted on the basis of the overlap of miRNA-binding 
sites [67].

Recently it has been shown that miRNAs are also secreted from cells through 
the exosomal pathway, suggesting a new potential action of miRNA in cell-to-cell 
communication during the complex events that regulate development and differen-
tiation [108].
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Current State of the Field

MicroRNA and Retinoic Acid Regulatory Networks in Embryo 
Development

Since their discovery in Caenorhabditis elegans mutants, miRNA activities have 
consistently turned up as players in cell fate determination in other animals, 
including mammals [81, 122]. Interestingly, RA-regulated miRNAs are now 
known to influence mammalian development and embryonic stem cell (ESC) self-
renewal and differentiation.

RA and miRNAs may act through common transcriptional pathways to regulate 
the balance between ESC self-renewal or differentiation capacity. miR-145 expres-
sion can be induced by RA treatment of human ESC [63], leading to suppression 
of mRNAs encoding the transcription factors, octamer-binding transcription fac-
tor 4 (Oct4), Sox2, and Kruppel-like factor 4 (Klf4), which are associated with the 
preservation of pluripotency in stem cells. Re-expression of these factors in human 
somatic cells reprograms them to a pluripotent stem cell state [143, 164]. The molec-
ular mechanism for terminating the pluripotent state of ESC is an example of the 
complex interactions between RA, miRNAs and TFs. In response to RA, CBP/p300 
acetylates p53 at lysine 373, which leads to its dissociation from E3-ubiquitin ligases 
HDM2 and TRIM24 and causes p53 protein stabilization. This key step activates 
the production of miR-145 and miR-34a, which, leads to repression of Oct4, Klf4, 
Lin28a, and Sox2, which, in turn, prevents the hESC from backsliding to pluripo-
tency [63]. Interestingly, Oct4 transcriptionally represses miR-145 [164], an indica-
tion that this circuit is under stringent reciprocal control.

However, Oct4 gene transcription is also downregulated by complex epigenetic 
mechanisms induced by RA as shown by studies where proliferating stem cells 
were exposed to RA [22, 128].

RA treatment also induces the expression of miR-134, which enhances mouse 
ESC differentiation along ectodermal lineages [147]. This is due, in part, to miR-
134 direct translational attenuation of genes, including Nanog and LRH1, both of 
which act as positive regulators of Oct4/POU5F1 and ESC growth [147]. Overall, 
these data establish that both the RA and miRNA signalling pathways affect ESC 
differentiation through their potential to regulate, or target, multiple genes that 
play a central role in ESC maintenance and differentiation.

Homeobox Genes

Homeobox (Hox) genes are classic targets of RA signaling [74, 75, 118]. Precise 
temporal and spatial activation of their transcription is required for proper speci-
fication of regional identities along the body’s main axes. The miR-10 and miR-
196 families of miRNA genes are embedded within the vertebrate Hox clusters 
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and their expression patterns are markedly similar to those of the Hox genes [76, 
89, 97]. For example, the miR-196 gene is expressed in spatially non-overlapping 
domains with its conserved targets, Hoxa7, Hoxb8, Hoxc8 and Hoxd8 [97, 165]. 
Tabin’s group made a conditional knockout of Dicer (a key enzyme required 
for producing functional mature miRNAs) that specifically removed Dicer from 
mouse limb buds. Using this approach, they found that miR-196 acts upstream of 
Hoxb8 and Sonic Hedgehog in mouse and chicken limb development [57]. They 
observed that expression of miR-196 is lower in the forelimb than in the hindlimb, 
where the miRNA acts as an inhibitor of Hoxb8, preventing it from being induced 
by RA [57]. Thus, in normal limb development, miR-196 appears to pre-empt 
inappropriate Hoxb8 induction by RA.

Over-expression of miR-196 alters Hox genes expression patterns that are 
required for the proper development of pectoral fin buds in zebrafish embryos 
[56]. Interestingly, this effect is a consequence of the direct activity of miR-196 on 
the RA signalling pathway. miR-196 targets the 3′UTR of the retinoic acid recep-
tor ab (rarab). In fact, knocking down rarab mimicked the pectoral fin phenotype 
induced by miR-196 over-expression [56]. This is one of the few known examples 
of direct targeting of RAR transcripts by miRNAs.

miR-10 represses Hoxb1a and Hoxb3a within the spinal cord, and this repres-
sion works cooperatively with Hoxb4 [161]. Transcription of miR-10 is activated 
by RA. Overexpression of miR-10 induces phenotypes similar to those caused by 
the loss of Hoxb1a and Hoxb3a [161]. Interestingly, cluster genes of miR-10 Hox 
targets are located in close proximity to this miRNA gene, suggesting a coordi-
nate wave of transcriptional and post-transcriptional regulation of Hox genes 
expression.

Heart and Muscle Development

The circulatory system is the first functional unit in the developing embryo, and 
the heart is the first functional organ. The essentiality of RA in cardiogenesis has 
been established by experiments demonstrating that heart-looping, development 
of posterior chambers, and differentiation of ventricular cardiomyocytes are all 
severely impaired in mice lacking RA [106] as well as by experiments showing 
that RA limits the cardiac progenitor pool [69].

RA and miRNAs display multiple interactions during cardiogenesis [162].
For example, disruption of miR-138 function leads to expansion of gene 

expression in the ventricular region that is normally restricted to the atrio-ventric-
ular valve region. This aberrant expression of genes ultimately disrupts ventricu-
lar cardiomyocyte morphology and cardiac function [105]. In this study, miR-138 
was found in specific domains of the zebrafish heart, where it was observed to 
repress the expression of the RA synthesis enzyme RALDH2 in the ventricle. 
This activity was complemented by miR-138-mediated ventricular repression of 
the gene encoding versican (cspg2), the core protein of the chondroitin sulfate 
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proteoglycan, which is positively regulated by RA overall suggesting an antago-
nism between miR-138 and RA signalling pathway [105].

During the development of zebrafish ventricles, miR-143 expression is depend-
ent on heartbeat. Like miR-138, miR-143 negatively controls mRNA expression of 
RALDH2 and retinoid x receptor alpha b (rxrab), which affect the correct develop-
ment of the heart tubes. Hence, miR-143 and RA signalling pathways are targets 
of heartbeat-dependent physical control, highlighting heartbeat as an essential epi-
genetic factor during cardiogenesis [104]. Interestingly, transcriptional networks 
that establish heart chamber-specific gene expression are highly conserved across 
species, from zebrafish to humans, implying that this mechanism may be active in 
mammals [135].

Analysis of miRNA profiling showed that miR-10a and miR-1 expression is 
gradually increased during in vitro RA-induced differentiation of ESC into smooth 
muscle cells. Functional studies showed that, subsequently, miR-10a and miR-1 
repress histone deacetylase 4 (HDAC4) and Klf4, respectively, and play critical 
roles in the determination of smooth muscle cell fate [59, 163].

Polycomb Group Proteins

miR-214 expression impacts transcription controlled by polycomb group pro-
teins (PcGs) [66]. PcGs are a group of proteins that contribute to cell commitment 
and differentiation by repressing the transcription of genes that regulate develop-
ment [82]. In undifferentiated skeletal muscle cells, PcG proteins such as Suz12-
polycomb repressive complex 2 subunit, embryonic ectoderm development (Eed), 
and Bmi1-polycomb ring finger oncogene, occupy and repress transcription of 
miR-214 which is a direct target of MyoD and myogenin. PcGs are released in 
differentiating myoblasts and during RA-induced ESC differentiation leading to 
the recruitment of MyoD and myogenin to the miR-214 genomic region and sub-
sequent transcription of miR-214. Transcribed miR-214, in turn, negatively feeds 
back on the enhancer of zeste homolog 2 (Ezh2) by directly inhibiting translation 
of its mRNA. Ezh2 is the catalytic subunit of the PcG complex that mediates his-
tone 3 lysine 27 trimethylation (H3K27me3). Reduced levels of Ezh2 cause a de-
repression of developmental regulators that are PcG targets, which then leads to an 
accelerated differentiation of skeletal muscle cells [66]. This network may exist to 
increase the effectiveness of the system to rapidly reduce Ezh2 availability at criti-
cal stages, such as those regulating muscle cell differentiation.

Nervous System Development

The RA signaling pathway and miRNAs are implicated in many aspects of central 
nervous system development and function. Numerous miRNAs were revealed in a 
comprehensive analysis of RA-induced differentiation of human NT2 cells, an in 
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vitro model of neurogenesis [131]. For example, miR-124 regulates adult mouse 
neurogenesis via suppression of Sox9 in the subventricular zone stem cell niche 
[21], miR-430 is associated with brain morphogenesis in zebrafish [47], and miR-
124 and miR-128 play roles in neuronal cell specification [24, 130] (Fig. 8.2a).

miR-124 promotes neuronal differentiation by triggering brain-specific alter-
native pre-mRNA splicing [96]. Splicing regulator polypyrimidine tract bind-
ing Protein 1 (PTB1) blocks the expression of neural-specific splicing regulator 
(PTB2) by introducing an alternative exon carrying a stop codon into the PTB2 
transcript. miR-124 suppresses PTB1 which indirectly activates PTB2. In the pres-
ence of RA, miR-124 levels are increased, resulting in widespread splicing regula-
tion of essential neural mRNAs that trigger neural differentiation (Fig. 8.3).

miR-133b is expressed in adult mammalian midbrain dopaminergic neurons 
where it regulates their maturation and function [71]. miR-133b takes part in a 
negative feedback circuit that includes the paired-like homeodomain transcription 
factor 3 (Pitx3), a known regulator of neuronal gene expression [71]. Moreover, 

Fig. 8.2  miRNAs and neurogenesis. a Examples of RA-regulated miRNAs during neural dif-
ferentiation (blue) and their targets (red). On the right miR-124 and miR-128, preferentially 
expressed in neurons, have been indicated as regulators of neural development and neuronal cell 
specification. miR-124 represses the expression of the transcription factor SOX9 that is linked 
to the stem cell phenotype. On the left miR-340, 10a, 10b, 9 and 103 act on genes involved in 
the maintenance of the undifferentiated state, thus favouring neural differentiation. b A miRNA 
based feed-back circuit regulates dopaminergic neurogenesis. miR-133b inhibits the expres-
sion of the transcription factor Pitx3, which, in turn, is a transcriptional inducer of miR-133b 
expression
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miR-133b is a direct transcriptional target of Pitx3, and its induction post-tran-
scriptionally suppresses Pitx3, resulting in a functional fine-tuning circuit for 
dopaminergic behaviours such as locomotion (Fig. 8.2b).

Relevance

MicroRNA and Retinoic Acid Regulatory Networks in Adult Life 
and Disease

Many of the differentiation promoting and growth suppressing activities of RA 
appear to utilize miRNAs as fundamental components of their molecular mech-
anisms. Most of the data on RA-regulated miRNAs during adulthood derive 
from two biological processes regulated by RA: hematopoiesis and neuronal 
differentiation. Research in these two fields is relevant to two neoplastic dis-
eases, acute promyelocytic leukemia (APL) and neuroblastoma, where patients 

Fig. 8.3  miRNAs and neuroblasts. a In neuroblasts, the splicing regulator PTB1 introduces an 
alternative exon carrying a stop codon in the mRNA of the neural-specific splicing regulator 
PTB2, resulting in a block of PTB2 protein expression. b RA increases miR-124 levels in neuro-
blasts. This miRNA represses PTB1 protein expression, resulting in a change in mRNA splicing 
of the PTB2 gene, generating an open reading frame (ORF). PTB2, induces neuronal differentia-
tion by triggering brain-specific alternative pre-mRNA splicing
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being treated with RA have shown a notable clinical response. The introduc-
tion of all-trans-RA treatment has radically improved the prognosis of APL, 
whereas 13-cis-RA significantly improves survival of neuroblastoma patients 
[98, 126]. The existence of two relevant disease model systems has encouraged 
research on effects of RA on target genes, including miRNA genes. The mecha-
nism of miRNA regulation, be it direct or indirect, could have great functional 
relevance to the pathogenesis and, possibly, cure, of APL and other neoplas-
tic diseases at the level of transcriptional repression of miRNA expression by 
PML/RARα or transcriptional activation by RA (Fig. 8.4). Moreover, the thera-
peutic effects of RA on neuroblastoma could be mediated in part by miRNA 
regulation.

Direct or Indirect Mechanisms: Insights from the RA-
Responsive Leukemia Models

Many studies of RA signaling pathways regulated by miRNAs were performed 
using NB4 cells, an APL-derived cell line [78]. The results obtained in this cell 
line have been replicated in APL clinical samples and appear to be highly reliable 
[6, 16, 41, 45, 127]. For example, the repression by PML/RARα and up-regulation 
by RA of let-7c, miR-23a, miR-107, miR-210 and miR-342 have been confirmed 
in fresh APL blasts in two separate studies [16, 127], further suggesting that these 
miRNA activities are relevant in the biology of APL.

A number of miRNAs change their expression levels when hematopoietic cells 
are exposed to RA. The mechanism underlying the regulation of these miRNAs 
can be both direct and indirect, since RA-induced differentiation causes dramatic 
phenotypic changes in the cells.

Fig. 8.4  miRNAs that are either up-regulated (azure box) or down-regulated (green box) in APL 
blasts undergoing granulocytic differentiation by RA treatment
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Relatively few miRNAs have been shown to be directly regulated by RA through 
the activity of RARs or the APL-associated PML/RARα fusion oncoprotein on their 
target gene promoters [16, 127]. The let-7 family of miRNAs, commonly reported as 
RA-induced, does appear to be directly regulated by PML/RARα in APL cells [16]. 
Similarly, binding of the fusion protein, PML/RARα, to the miR-342 promoter in 
APL cells is induced by RA [16]. Thus, these miRNAs are examples of direct tran-
scriptional regulation by RARs.

The regulation of miRNAs is also dependent upon indirect mechanisms, which are 
nonetheless affected by RA. The activity of the transcription factor nuclear factor kappa 
B (NFkB) is increased by RA treatment of APL cells [99]. One NFkB proximal bind-
ing site appears essential for the transactivation of the let-7a-3/let-7b cluster gene [45]. 
miR-342 is also under the control of the transcription factor PU.1, which is induced 
by RA treatment and binds to its responsive element on miR-345 gene promoter [27]. 
Indirect mechanisms are also involved in miRNA repression. For example, miR-145 is 
repressed during RA induced granulocytic differentiation. This miRNA gene is a tran-
scriptional target of p73, which in turn is activated by RA treatment [6].

Other PML/RARα-regulated miRNAs were discovered through an in-silico 
search for potential PML/RARα binding sites in their gene promoters [127]. Sixty 
five intergenic miRNA genes were found to carry a predicted PML/RARα bind-
ing site in their promoter. However, experimental proof of regulation was obtained 
for relatively few of these miRNAs (miR-10b, miR-23a, miR-194, miR-195, miR-
196a, miR-210, miR-377, and miR-622). The presence of PML/RARα on their 
promoter, indicating a direct regulation by the oncoprotein, was only shown for 
miR-23a and miR-210 [127].

The myeloblastic leukemia cell line HL60 is a classic model for RA-induced 
granulocytic differentiation [14]. miRNAs regulated by RA treatment in HL60 
cells are largely the same as those regulated in APL blasts, although some miR-
NAs that are up-regulated (miR-22, miR-29a, miR-142-3p, miR-363, miR-494, 
miR-663) or down-regulated (miR-10a, miR-125b, miR-612) by RA in HL60 cells 
are not reported as modified by RA in the APL system. This possibly indicates the 
specificity of PML/RARα-mediated regulation in the APL context [91, 64].

Normal Hematopoiesis

Leukemia models of RA-controlled miRNAs have provided insight into their 
relevance in normal hematopoiesis. Several miRNAs that are induced by RA in 
leukemia cell lines increase their expression in differentiating normal CD34+ 
hematopoietic progenitor cells (HPCs). Up-regulation of miR-29a and miR-
142-3p was reported as a consequence of RA-induced differentiation of the mye-
loid cell lines, HL60, THP1 and NB4. The same miRNAs are also up-regulated 
during growth factor-induced myeloid differentiation of CD34+ HPCs, suggest-
ing that their regulation is differentiation-dependent rather than RA-specific [156]. 
Along the same lines, miR-15/16, which are up-regulated by RA in leukemia cell 
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lines, display a higher expression level in mature peripheral blood leukocytes iso-
lated from APL and Acute Myeloid Leukemia (AML) patients who are in clinical 
disease remission [44].

One significant example of an RA-induced miRNA is miR-223. This miRNA 
has been widely studied in normal hematopoiesis and leukemia models. miR-223 
was originally identified as up-regulated in mouse mature bone marrow hemat-
opoietic cells [19]. It is also induced by RA during granulocytic differentiation of 
human APL cells [41]. Moreover, miR-223 null mice develop a myeloproliferative 
hematopoietic disorder [65].

miR-223 up-regulation in myeloid precursors is indirectly caused by the RA-
induced activation of RARs. In fact, RA treatment triggers a regulatory circuit 
involving miR-223 and two transcription factors, the CCAAT/enhancer-binding 
protein-alpha (C/EBPα) and the Nuclear Factor I-A (NFI-A). These transcription 
factors compete for binding to the miR-223 promoter. NFI-A maintains miR-223 
at low levels, whereas its replacement by RA-induced C/EBPα up-regulates miR-
223 expression [41]. NFI-A is also a post-transcriptional miR-223 target. Its RA-
induced down-regulation is required to fulfill miR-223 key role in granulopoieisis 
[40, 41]. In fact, miR-223 is sufficient to reprogram granulocytic differentiation in 
distinct myeloid leukemia subtypes, independently from the presence of a specific 
genetic lesion [40, 41], whereas NFI-A acts as a novel developmental gene direct-
ing HSC/HPC lineage choice. NFI-A, per se, is indeed able to induce an erythroid 
transcriptional program in both primary HSC/HPCs and human myeloid cell lines 
where it acts directly at the proximal promoter regions of fundamental myeloid 
genes [138, 139]. NFI-A is also a predicted target of miR-107 whose expression 
is induced by RA in APL cells, perhaps contributing to transcription factor down-
regulation during myeloid differentiation [45].

The fine tuning of miR-223 expression levels can dictate lineage fate decision 
and differentiation/maturation of CD34 + HPCs into erythroid, granulocytic and 
monocytic/macrophagic lineages. A high expression of miR-223 increases granu-
lopoiesis and impairs erythroid—and monocytic/macrophagic—differentiation. 
Monocytic/macrophagic differentiation occurs when miR-223 levels are moder-
ately increased, whereas erythroid commitment and differentiation require stably 
low levels of miR-223 [155].

miRNA-Mediated Tumor Suppressive Activities of RA in the 
Hematopoietic System

RA may act through miRNAs to control the proliferation and self-renewal of 
hematopoietic cells. The failure of this regulation may lead to leukemogene-
sis or an increase in leukemia malignant behaviour. The expression level of the 
urokinase-type plasminogen activator receptor (uPAR) protein, which is involved 
in the regulation of chemotaxis, adhesion and proteolysis, correlates with a sig-
nificant lower remission rate after chemotherapy and a higher risk for relapse in 
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AML patients [48]. uPAR was experimentally shown to be a target of miR-195, 
miR-377 and miR-622, which are among the miRNAs up-regulated by RA in 
APL [127] (Fig. 8.4). Thus, by regulating these miRNAs, RA activity could con-
tribute to the blockage of factors that are implicated in crucial pathways linked to 
leukemogenesis.

RA-induced miRNAs also suppress other pathways involved in neoplastic 
transformation or progression. The let-7c miRNA targets the pre-B-cell leukemia 
homeobox 2 (PBX2) mRNA, which encodes a homeodomain transcription fac-
tor, forming complexes with Hox and Meis. This complex contributes to leukemia 
cell proliferation and stemness [119], but is suppressed by the RA-induced let-7c. 
Moreover, the let-7 family members target Ras and Bcl-2 mRNAs, thus poten-
tially decreasing proliferation and increasing apoptosis of hematopoietic cells [45]. 
Several other RA-regulated miRNAs (miR-27a, miR-196a, miR-377, miR-520d, 
miR-524) are predicted to target Hoxb8, impairing the stem properties of hemat-
opoietic cells [127]. Conversely, RA down-regulates miR-146a, which targets 
Smad4 [171]. Thus RA could increase Smad4 expression, a target gene of miR-
146a, increasing the growth suppressive effect of TGFβ signaling and APL cells 
proliferation [171].

Normal and Neoplastic Neural Differentiation

Similar to the hematopoietic system, RA activity in neural tissue has been studied 
in depth by taking advantage of neoplastic model systems. RA is able to induce 
in vitro differentiation of neuroblastoma cells. This finding has a clinical coun-
terpart in the response of patients with neuroblastoma to 13-cis-RA. Retinoid 
treatment produces a significant improvement in patient survival and is now a 
clinical standard. Thus, it is not surprising that an abundant body of literature has 
developed on the effects of retinoids on miRNAs in neural tissue differentiation. 
As recently summarized in an excellent review [136], these studies employed a 
fairly heterogeneous array of methodologies that yielded different results. Despite 
the discrepancies, the overall data show that a large amount of miRNA is regu-
lated during RA-induced differentiation of neuroblastoma cells. Interestingly, 
many RA-regulated miRNAs are the same as those modified in the hematopoietic 
system.

Several RA-regulated miRNAs in the neural differentiation system deserve fur-
ther discussion since their targets are well defined and relevant (Fig. 8.2a). miR-
10a and miR-10b are powerfully induced by RA, although a specific RARE in 
their promoters has not been identified. miR-10a targets include the nuclear recep-
tor co-repressor 2 (NCoR2), one of the co-repressors bound by RARα on DNA 
[42, 142]. In the absence of RA, this co-repressor drives HDACs on the promoter 
of RARα target genes, maintaining an inactive chromatin structure. In addition, 
in smooth muscle cells [59], it has been shown that miR-10a targets HDAC4, and 
in T-cells, the repressor Bcl-6 [142]. Thus, the induction of miR10a and miR10b 
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by RA may trigger an activation loop by suppressing a co-repressor (NCoR2) and 
an effector (HDAC), favouring the recruitment and activity of co-activator com-
plexes upon RA binding to RARα. In pancreatic cancer cells, miR-10a also targets 
Hoxb1 and Hoxb3 [160], possibly contributing to blockade of their anti-differenti-
ation activity.

During neuroblastoma cell differentiation induced by RA, miR-340 is upregu-
lated by demethylation of an upstream genomic region and directly represses the 
SOX2, a transcription factor linked to the stem cell phenotype [25]. The induc-
tion by RA of miR-9 and miR-103, both targeting the mRNA encoding the Helix-
Loop-Helix transcription factor ID2, a differentiation inhibitor, contributes to the 
maintenance of the stem cell pool in the nervous system [3].

The miR 17-5p-92 cluster is suppressed by RA in Glioma and Neuroblastoma 
cell differentiation [10, 34]. This miRNA cluster is well known for its prolifera-
tive, anti-apoptotic and differentiation suppressive activity, an effect obtained by 
the coordinated suppression of a complex target network [112]. This underlines 
the potential role of miR 17-5p-92 in tumour development and maintenance and 
the effect of RA treatment in the regulation of this circuitry.

An interesting network elicited by RA in neuroblastoma cell differentiation involves 
the induction of miR-152. Overexpression of this miRNA decreases neuroblastoma 
cell invasiveness and growth. Interestingly, miR-152 targets DNA methyltransferase 
1 (DNMT1). This may help to explain the changes in DNA methylation that occur 
during RA treatment of neuroblastoma cells [26]. Overall the activity of RA-induced 
miRNAs in neural cells seems to play a role in the suppression of the stem state and 
proliferation, while supporting differentiation. These biological functions are remark-
ably similar to those exerted by RA-regulated miRNAs in hematopoiesis.

Other Biological Model Systems

RA affects miRNA expression levels and functions in many other biological 
model systems. Retinoids have been used for their differentiation and anti-prolifer-
ative activities in several tumours, although their clinical activity is relatively lim-
ited outside APL and neuroblastoma. The activity of retinoids on miRNAs in other 
model systems is complex and sometimes difficult to correlate to molecular and 
biological networks. Sometimes the results appear contradictory.

In estrogen receptor positive breast cancer cells, RA induces the expression of 
miR-21, which is believed to increase cell proliferation [148]. However, the cells 
display a reduced motility, and proliferation possibly due to the suppression of 
various miR-21 targets, including tissue plasminogen activator, (t-PA), interleukin 
1β (IL1B), intracellular adhesion molecule 1 (ICAM1) and maspin. On the other 
hand, the expression levels of Maspin, a “non-inhibitory” member of serin pro-
tease inhibitors (SERPIN), may serve as a prognostic marker for clinical outcomes 
in some tumours such as breast cancer [11].
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In pancreatic cancer cells, RA increases the expression of miR-10a, which tar-
gets Hoxb1 and Hoxb3. The expression levels of these two genes is increased in 
cells derived from pancreatic cancer metastasis. However, RA-antagonists also 
suppress their expression levels, implying that inhibition of RA activity could be 
desirable in pancreatic cancer [160].

Recently, the activity of RA in inducing miR-10a has been studied in T(reg) lym-
phocytic cells. The repression of the miR-10a targets, Bcl-6 and NCoR2, decreased 
conversion of inducible T(reg) cells into the follicular T(H)17 subset of helper T 
cells [142]. This effect limits the plasticity of helper T-cells, indicating that RA acts 
through miRNAs in the determination of cell fate in the immune system.

miRNAs could play an important role in the differentiation activity of RA 
on spermatogonial stem cells. The induction of let-7 miRNAs by RA [149] may 
decrease the expression of the proliferative miRNA downstream targets Mycn, 
Ccnd1, and Col1α2, while the repression by RA of the miRNA clusters 17-5p-92 
and 106b-25 may contribute to increasing their protein expression levels [150]. The 
sum of these effects is possibly, the induction of spermatogonial differentiation.

Finally, modulation of miRNAs by RA has unexpected effects on viral infec-
tion. RA-induced miR-23b targets the very low density lipoprotein (VLDL) recep-
tor, which is a receptor for a minor group of rhinoviruses, resulting in decreased 
sensitivity to the infection by these viruses [113].

Retinoic Acid-Induced Nuclear Roles of miRNAs

Hundreds of miRNAs are distributed both in the nucleus and in the cytoplasm of 
normal and cancer cells [88, 116, 121]. Some miRNAs can even display a prefer-
ential nuclear localization [88]. In fact, the miRNA-associated RISC proteins Ago 
and Dicer have been found in the nucleus [17, 92, 153, 157], and contribute to 
control of transcription through the epigenetic regulation of chromatin structure 
[8, 168, 169]. Interestingly, importin 8, a specificity factor in the miRNA pathway, 
required for binding of Ago proteins to a variety of mRNA targets, also affects the 
nuclear localization of Ago proteins [159].

The nuclear activity of miRNAs can result in both gene transcriptional activa-
tion or silencing [60, 70, 114, 120, 144, 167, 168, 169, 170]. A series of interest-
ing observations indicates that the transcriptional functions of miRNA depend on 
miRNA-complementary sequences present in the DNA of target gene promoters 
[8, 114, 168, 169]. It remains to be determined whether miRNAs directly interact 
with DNA or, alternatively, with nascent RNA sequences originating from the pro-
moter of transcribed genes [141].

RA can be the trigger for this novel mechanism of transcriptional regulation by 
miRNAs. We have shown [168, 169] that during RA-induced granulocytic differen-
tiation of immature myeloid precursor cells, miR-223 translocates to the nucleus, 
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where it binds chromosomal chromatin. We have studied the transcriptional effect 
of miR-223 on the gene encoding NFI-A, a post-transcriptional target of its activ-
ity [168, 169]. miR-223 causes transcriptional repression of this gene. This repres-
sor activity occurs through miR-223 binding to DNA sequences on the NFI-A 
promoter that are complementary to those of the miR-223 “seed” region. At these 
sites, miR-223 recruits a protein complex involving Ago1, Dicer1 and the PcG pro-
teins YY1 and Suz12. The final effect is DNA hypermethylation and a change in 
chromatin epigenetic status, causing an increase in lysine 27 of histone 3 (H3K27) 
methylation and a decrease in H3K4 methylation (Fig. 8.5). “Bivalent” chromatin 
marks, depicted by the simultaneous presence of activator H3K4 trimethylation 
(H3K4me3) and repressive H3K27me3 histone modifications characterize devel-
opmentally regulated gene promoters and are also present in the NFI-A promoter. 
In the early phases of myeloid differentiation, they are repressive due to the RA-
induced activity of miR-223, and the NFI-A gene transcription is inhibited. The 
biological consequence of these molecular events is progression towards myeloid 
differentiation and blockade of entry into the erythroid lineage [168, 169].

Among the other RA-regulated miRNAs, the let-7 family has shown the ability 
to mediate transcriptional gene silencing. In senescent human fibroblasts, endog-
enous let-7f contributes to transcriptional gene silencing of E2F target genes act-
ing on those promoters where let-7f complementary sequences were found. This 

Fig. 8.5  Transcriptional activity of miR-223. Upon RA treatment of myeloid precursors, the 
expression level of miR-223 increases. A fraction of this miRNA translocates into the nucleus 
where it binds, either directly or indirectly, to the promoter region of the NFI-A gene. miR-223 
aggregates with a transcriptional complex including Ago1 (A), Dicer1 (D) and the Polycomb 
Group proteins, Suz12 (S) and YY1 (Y). This increases H3K27 methylation, decreases H3K4 
methylation, increases DNA methylation (Me) and blocks NFI-A PolII-dependent transcription, 
allowing granulocytic maturation of the cells
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miRNA contributes to aggregate a repressor complex including the RISC protein 
Ago2 and pRb1 [8]. This complex increases H3K27me3 and DNA methylation, 
resulting in transcriptional repression of target genes. Notably, diverse let-7 fam-
ily members are induced by RA in myeloid hematopoietic cells [16, 45, 119] 
(Fig. 8.4) and some of them are targets of the APL-associated PML/RARα fusion 
protein [16]. In principle, therefore, a transcriptional effect of the let-7 may medi-
ate part of the physiological and pathologic biological effects produced respec-
tively by RARα or its leukemic mutant.

Future Directions

Retinoids and miRNAs are morphogens and essential regulators of embryogen-
esis, normal cell differentiation, and proliferation. During adult life, both are 
required for proper organ functioning. Considering the importance of miRNA—
and RA-induced regulatory networks, the deregulation of any factor or pathway 
is highly likely to contribute to disease development. Currently, many aspects of 
their interactions remain unexplored and a number of questions are still unan-
swered. For instance, the complex sequence of miRNA biogenesis can be affected 
by retinoids at multiple steps, and any component of the retinoid pathway could be 
a target of the activity of miRNAs, as suggested by the initial findings reported in 
this chapter and further addressed, below.

MicroRNA Targeting of Retinoid Receptors

miRNA targeting and regulation of RARs and RXRs is almost completely unex-
plored. This is therefore a major area of future research. Various transcription fac-
tors, including nuclear receptors, are involved in complex feedback circuits with 
miRNAs, and it is likely that retinoid receptors are no exception [23, 29, 115]. 
miRNAs regulating the expression of RARs and/or RXRs may affect any biologi-
cal area of retinoid activities. Thus, this research theme deserves further attention 
and will probably provide new, interesting information that will help to complete 
the picture of retinoid functions.

Most certainly, miRNAs make fundamental contributions to the fine tuning 
of developmental and differentiation pathways that are regulated by retinoids. 
However, very few miRNAs have been shown to act directly on the major RARs 
and proteins that contribute to RA signaling. Table 8.1 reports the results of a bio-
informatic survey showing miRNA targeting of the major RARs and RXRs that 
is limited to conserved sites in miRNA families of mammals and vertebrates. 
Table 8.1 is based on two algorithms (PicTar and TargetScan Human 6.2). Shown 
in bold are the few experimentally verified miRNAs with activity on RARs and 
RXRs as indicated by the Tarbase 6.0 database [154]. Accepted verification 
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methods include microarray screenings of mRNA expression upon overexpression 
of miRNA or knockdown of their function [46, 56, 87, 90, 145, 158] and high 
throughput screenings of mRNA co-immunoprecipitated with miRNAs by several 
RNA-binding proteins (RBPs) including Ago protein [53]. Thus, a direct confir-
mation of miRNA interactions with the 3′UTR of these receptor mRNAs is not 
required by this database. As previously described, miR-196 does indeed target the 
3′UTR of rarab in zebrafish [56].

In summary, the evidence supporting a functional interplay between miRNAs 
and RA signaling appears to be robust. However, our understanding of the molecu-
lar basis for and physiological significance of such interactions is far from com-
plete. Numerous conceptual and experimental questions remain. Future research 
should focus on understanding whether and how retinoid and miRNA actions can 
trigger a cascade of dynamic events that result in fine-tuned, specific, control of 
gene expression. We will also be on the watch for important new developments 
that involve the recently discovered RA-induced nuclear functions of miRNAs.
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Abstract Retinoids and rexinoids, as all other ligands of the nuclear receptor (NR) 
family, act as ligand-regulated trans-acting transcription factors that bind to cis-acting  
DNA regulatory elements in the promoter regions of target genes (for reviews see [12, 
22, 23, 26, 36]). Ligand binding modulates the communication functions of the recep-
tor with the intracellular environment, which essentially entails receptor-protein and 
receptor-DNA or receptor-chromatin interactions. In this communication network, 
the receptor simultaneously serves as both intracellular sensor and regulator of cell/
organ functions. Receptors are “intelligent” mediators of the information encoded 
in the chemical structure of a nuclear receptor ligand, as they interpret this infor-
mation in the context of cellular identity and cell-physiological status and convert it 
into a dynamic chain of receptor-protein and receptor-DNA interactions. To process 
input and output information, they are composed of a modular structure with several 
domains that have evolved to exert particular molecular recognition functions. As 
detailed in other chapters in this volume, the main functional domains are the DNA-
binding (DBD) and ligand-binding (LBD) [5–7, 38, 56, 71]. The LBD serves as a 
dual input-output information processor. Inputs, such as ligand binding or receptor 
phosphorylations, induce allosteric changes in receptor surfaces that serve as dock-
ing sites for outputs, such as subunits of transcription and epigenetic machineries or 
enzyme complexes. The complexity of input and output signals and their interdepend-
encies is far from being understood.
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Abbreviations

9-cis RA  9-cis retinoid acid
AM580  RARα-selective synthetic ligand
apoNR  Non-liganded NR
at-RA  All-trans retinoic acid
BMS753  RARα-selective synthetic ligand
BMS961  RARγ-selective synthetic ligand
CD437  RARγ-selective synthetic ligand
Cistrome  The total set of genes in a given cell that contains cis-acting DNA 

binding/response/target sites for a given TF; generally defined by 
ChIP-seq and related technologies

ChIP  Chromatin immunoprecipitation
ChIP-seq  ChIP coupled to massive parallel sequencing
CoA  Co-activator
CoR  Co-repressor
DBD  DNA-binding domain
ECC  Embryo carcinoma cell (e.g., F9 or P19)
ESC  Embryonic stem cells
Epigenome  General term to describe the patterns of post-translational modifica-

tion of chromatin histones alone the genome and the modification 
of DNA, such as methylation or hydroxymethylation of cytosines

HDAC  Histone deacetylase
IP  Immunoprecipitation
IPed  Immunoprecipitated
Isotype  Three RAR and RXR receptors expressed from distinct genes 

(RARα, RARβ RARγ; RXRα, RXRβ and RXRγ)
LBD  Ligand-binding domain
MEF  Mouse embryonic fibroblast
NR  Nuclear receptor
RAR α, β, γ  Retinoic acid receptor α, β, γ
RXR α, β, γ  Retinoid X receptor α, β, γ
TF  Transcription factor
Transcriptome  All transcribed RNAs produced in one or a population of cells.

Retinoid receptors, RARs and RXRs, are each expressed from the three iso-
typic genes (α, β and γ), which express isoforms by differential promoter usage 
and splicing [36]. RAR and RXR isotypes form heterodimers, and RAR isotype-
selective and RXR-selective ligands have been developed [12]. While RAR-RXR 
heterodimers respond to cognate RAR ligands, RXR ligand action requires prior 
RAR ligand binding (termed RXR ‘subordination’, a phenomenon that is molecu-
larly well understood [24] but does not apply to all RXR heterodimers.

The early steps of nuclear receptor function and the physiological impact of 
retinoic acid receptor (RAR) heterodimers are rather well understood. Numerous 
molecular, structural, and structure-activity relationship studies have informed us 
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about the sequence of events that follows ligand binding, and we understand how 
these events can be modulated by ligand design [9, 26, 53]. However, how a sin-
gle ligand, such as retinoic acid (RA), that binds to multiple receptors regulates a 
plethora of cell-specific dynamic networks of genes and how the epigenome con-
tributes to transcriptional regulation that ultimately reads out as a cell-level, physi-
ological phenomenon, is still a black box (Fig. 9.1). It is our view that it is time to 
develop a systems biology of nuclear receptor action. Due to advances in massive 
parallel sequencing and bioinformatics analyses of genome-wide data sets, such a 
quest is possible. Indeed, it is now possible to integrate data on global transcription 
factor binding, epigenetic chromatin histone and DNA modification patterns with 
transcriptome and 3-dimensional chromatin structure data. Decision points that 
govern temporal control points in gene networks that are the ultimate genetic read-
outs of the RA- (or, more generally, NR-) induced physiological phenomena can be 
extracted and deciphered from these integrations. Here, we will discuss the chronol-
ogy of the development of increasingly larger data sets for RA action and provide 
an overview of present attempts to integrate a multitude of genome wide data sets in 
the context of a 4-dimensional appreciation of chromatin structure and activity.

History: Retinoic Acid Signaling in the Post-Genomic Era

With the publication of the first draft of the human genome sequence in 2001 
and subsequently, various other model organisms, the molecular genetics behind 
organismal homeostasis has entered into a new era. In fact, studies on the regu-
lation of biological phenomena are now generally performed in the context of 
available genome sequences and high throughput technologies for diverse applica-
tions, such as the expression of all nascent or specific classes of RNAs, the global 
binding of a transcription factor (‘cistrome’), the genome-wide post-translational 
modification of chromatin (‘epigenome’) or the 4-dimensional organization of 
chromatin in space and time.

Importantly, this new way of interrogating the genome generates a greater 
number of significant targets than those identified in previous years by standard 

Fig. 9.1  Schematic representation of the retinoic acid signaling transduction process
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genetics/molecular biology approaches, and is thus, expected to provide a more 
comprehensive view of the regulatory events during RA-signaling. In fact, a 
review published in 2002 summarized the efforts of more than 1,191 published 
articles that classified 532 genes as regulated targets of the RA-signaling path-
way [4]. In that same year, Geoffrey Childs and colleagues, studying the genetic 
basis for RA-induced differentiation of F9 embryo carcinoma cells (ECCs) into 
parietal endoderm and the RA-induced differentiation of P19 ECCs into neurons, 
characterized more than 500 differentially regulated genes ([29, 70]; Table 9.1). 
This increased discovery rate was made possible by an early version of microarray 
technology (cDNA PCR-spotted microarrays; reviewed in [40]. Interestingly, the 
two studies assessed differential gene expression at different time-points during 
RA-induced cell fate transitions. The corresponding functional genome annotation 
and temporal gene expression patterns offered a first insight into the signal trans-
duction pathways involved in endodermal and neuronal differentiation.

To shed light on whether the expression of the genes was directly dependent 
on or regulated by the presence of a liganded and DNA-bound, RAR/RXR het-
erodimer, Harris and Childs [29] selected immediate response genes by inducing 
F9 differentiation with all-trans-RA (at-RA) for 6 h in the presence of the pro-
tein biosynthesis inhibitor, cycoheximide. Under these conditions, they identified 
109 genes that displayed significant differential induction. Of these, only 22 were 
validated in a 9 day at-RA-exposure, time-course assay, suggesting that the other 
genes were false-positives due to the cycloheximide treatment.

Subsequent global transcriptomics studies were carried out using different model 
systems to try to discriminate putative primary/direct and secondary/indirect RA-
responsive genes by systematically querying early and late treatment time points [16]. 
Others took advantage of the RAR-specificity of the at-RA synthetic analog, TTNPB, 
as a way to further increase the specificity of the assay [2, 42]. Although the underly-
ing rationale was that the pan-RAR agonist, TTNPB, would more specifically identify 
RAR-responsive genes by decreasing the potential to inadvertently identify genes that 
were responding to permissive 9-cis-RA-bound RAR/RXR heterodimers rather than 
at-RA-bound receptor complexes, the use of TTNPB does obviously not discriminate 
between the contributions of the different RAR/RXR isotype heterodimers.

Using RAR isotype-selective knock-out F9 ECC cells, Lorraine Gudas and 
her colleagues studied the role of RARγ by performing global gene expression 
profiling with wild-type and RARγ-/- cells in the presence or absence of at-RA 
[63]. Earlier studies [10, 11, 65] had demonstrated that the use of a RARγ spe-
cific ligand, and not those targeting the RARα or RARβ isotypes, drives at-RA 
induced F9 cell differentiation. The global gene expression study by Su and Gudas 
demonstrated that wild type and mutated RARγ-/- cells presented with similar 
proliferation and morphological characteristics in the absence of RA treatment, 
but displayed important differences in their gene expression profiles. A similar 
observation was made with mutated RARα-/- F9 cells [37], suggesting that RARα 
and RARγ possess ligand-independent gene regulatory functions. Notably, these 
studies, in concordance with earlier studies [10, 11], reveal there are serious limi-
tations in using RAR knockout cell lines to decipher the specific roles of RAR 



1859 Integrative Genomics to Dissect Retinoid Functions 

Table 9.1  Published studies focused on dissecting retinoid function by applying “omics” approaches

Publication source Relevant feature Omics methodology

Harris and Childs [29] Global gene expression of 
RA/dibutyryl cAMP-induced 
F9 parietal endoderm differen-
tiation (kinetics over 9 days of 
treatment)

PCR-spotted microarrays  
(8,900 mouse cDNAs)

Wei et al. [70] Global gene expression of RA-
induced P19 neural differentia-
tion (kinetics over 8 days of 
treatment)

PCR-spotted microarrays  
(9,000 mouse cDNAs)

Arima et al. [2] Global analysis of RAR-
responsive genes in the 
Xenopus embryo treated 
with the RAR-specific ligand 
TTNPB

Xenopus EST microarray (EST 
clones from NIBB Mochii 
normalized Xenopus neurula 
library (19,200 clones) and tail 
bud library (23,040 clones)

Eifert et al. [16] Global gene expression of 
RA-induced F9 primitive 
endoderm differentiation. Two 
time-points (8 and 24 h under 
ATRA treatment) were evalu-
ated relative to the absence of 
treatment condition

Atlas mouse 1.2 cDNA expression 
array (BD biosciences clontech; 
1,176 mouse cDNAs plus 9 
housekeeping cDNAs in a nylon 
membrane format); Affymetrix 
murine genome U74Av2 gene 
ChIP oligonucleotide microarrays 
(12,488 unique genes per array)

Mamoon et al. [42] RA-responsive genes assessed in 
murine hepatocyte cell line 
(AML12) treated with ATRA 
as well as with the RAR-
specific ligand TTNPB

Affymetrix Genechip mouse 
genome 430 2.0 microarrays 
(39,000 transcripts represented)

Su and Gudas [63] Global gene expression in wild 
type and RARγ-/- F9 cells 
with and without RA treatment

Affymetrix Genechip® arrays

Hua et al. [30] Global gene expression and  
e-GFP tagged RARα/RARγ 
binding sites assessed in 
MCF7 breast cancer cells 
under RA treatment

Agilent human genome oligo 
microarrays (gene expression); 
Affymetrix GeneChIP® Human 
tiling 2.0R arrays (ChIP-chip)

Delacroix et al. [13] Overexpressed RARα and RARγ 
chromatin localization in MEF 
and ES cells under ATRA 
treatment

Agilent promoter arrays 
(ChIP-chip)

Mahony et al. [41] Global gene expression and pan-
RAR localization in mES cells 
before and after RA-treatment

Affymetrix mouse genome 430 2.0 
microarrays (gene expression); 
Solexa sequencing (ChIP-seq)

Delacroix et al. [48] Global gene expression in F9  
cells under ATRA and RAR 
specific agonists. RXRα and 
RARγ binding sites assessed 
under ATRA treatment  
(kinetics over 48 h)

Affymetrix mouse GeneChIP® 
microarrays (gene expression); 
Solexa sequencing (ChIP-seq)
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isotypes. This is because there can be artifactual ligand responses by RAR/RXR 
heterodimers in RAR isotype knockouts. This suggests that the normal role(s) of 
each RAR isotype, as deduced from studies of RAR-RXR knockout cell models, 
requires cautious interpretation.

Genome-Wide Mapping of Retinoic Acid Receptors  
Binding Sites

Dissection of the effects of RA on physiological processes requires a comprehensive 
mapping of the chromatin interaction of the various RAR/RXR heterodimers before 
and after ligand exposure (Fig. 9.1). Previous in vitro binding and transactivation 
studies demonstrated that RAR/RXR heterodimers bind efficiently to inverted (IR) 
or direct repeat (DR) sequences of the hexameric motif (A/G)G(G/T)TCA, often 
spaced by 5, 2 or 1 nucleotides (DR5, DR2, DR1) due to the dimerization charac-
teristics of the DNA binding domain [54, 67, 74, 75]. While this characteristic RA 
Response Element (RARE) could in principle allow the identification of all potential 
RAR/RXR binding sites in a given genome, the sequence motifs of some RAREs 
associated with well-known RA-induced genes demonstrated major divergence 
from the consensus motif [35]. Available evidence indicates that although consensus 
RAREs may be efficient and correspond to high affinity binding sites, they rarely 
occur in natural RA target genes. In addition, relying on consensus sequences to 
identify RA-regulated genes does not take into consideration additional epigenetic 
mechanisms that regulate access of RAR/RXR heterodimers and transcription fac-
tors to chromatin [33, 34], the action of “pioneer transcription factors” [73], or syn-
ergistic interactions with or tethering to other NR/TFs [57].

At present, the methods of choice for comprehensive and unbiased mapping of 
protein-chromatin interactions are a combination of chromatin immunoprecipitation 
(ChIP) with high throughput profiling approaches like ChIP-chip and more recently, 
ChIP-seq (Fig. 9.2). DNA biochips, also called DNA arrays, were first described 
in 1995. This technology provides a method for interrogating protein-DNA-chro-
matin associations by first, co-immunoprecipitating protein-DNA fragments, and 
then hybridizing the captured DNA on a solid support coated with an arrangement 
of single-stranded DNA molecules (commonly referred to as probes) covering, for 
instance, the complete genome sequence of a selected species. The assay resolu-
tion of this approach, commonly called ChIP-chip (Fig. 9.2) is directly related to the 
number of genomic probes that can be spotted onto the solid support and its sen-
sitivity depends on the minimal amount of co-immunoprecipitated DNA fragments 
required per assay. ChIP-chip was widely used until the arrival of second generation 
genome sequencers that were able to provide faster, less expensive, and more direct 
ways to evaluate the diversity of co-immunoprecipitated DNA fragments. Both assay 
resolution and sensitivity were highly increased using ChIP-seq technology because 
it involves direct sequencing of the immunoprecipitated fragments (Fig. 9.2), thus 
accounting for the current overwhelming use of this approach.
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Among the first studies to apply global approaches for mapping chromatin locali-
zation of RARs were those carried out by Delacroix and colleagues [13] using 
mouse embryo fibroblasts (MEFs) and by Hua and colleagues [30] using human 
MCF-7 breast cancer cells. The MEF study attempted to discriminate between direct 
and indirect RA-regulated targets using Taf4lox/- MEFs, which undergo morphologi-
cal changes upon RA treatment accompanied by changes in the expression of more 
than 1,000 genes [19]. After integration of 3xFlag-HA tagged RARα or RARγ iso-
types, which allowed immunoprecipitation with anti-Flag and anti-HA antibodies, 
they performed ChIP assays and hybridized the immunoprecipitated DNA to Agilent 
arrays coated with DNA encoding the promoter regions of around 17,000 genes 
(ChIP-chip) [13]. They identified ~300 RAR-occupied sites of which less than 25 % 
corresponded to differentially expressed RA target genes. In part, the low correla-
tion between RAR occupancy and actual functional relevance can be explained by 
the design of the assay; that is, ChIP-chip was performed with MEFs treated for 2 h 
with RA, while the transcription profiling was done with MEFs treated for 24 h. This 
highlights the potential risks in comparing different sources of global information 
and the need to rigorously design assays with appropriate attention to matched con-
ditions of targets and probes and normalization of datasets.

Prior to the MEF study, using a conceptually similar approach, eGFP-tagged 
RARα or RARγ were integrated in human MCF-7 breast cancer cells to allow 
characterization of the role of specific RAR isotypes in mediating the anti-pro-
liferative and apoptotic effects of RA [30]. In this case, immunoprecipitated 
chromatin was hybridized to tiling arrays containing more than 40 million oli-
gonucleotide probes that represented the entire human genome. More than 3,000 
RARγ and more than 7,000 RARα binding sites were found under these condi-
tions. Importantly, more than 85 % of the identified sites were located in intronic 
or promoter-distal intergenic regions. In addition, the transcriptional response in 
the MCF-7 model system was evaluated with at-RA, as well as with the RARα-
specific agonist, AM580 and the RARγ specific-agonist, CD437. Moreover, the 
authors used RARα and RARγ isotype-specific RNA interference to link the dif-
ferential gene expression seen with isotype-selective ligands with presence of the 
corresponding RAR isotype, and found a high degree of correlation. This study 
also demonstrated an unexpected competition between RAR/RXR heterodimers 
and the estrogen receptor ERα for binding sites, suggesting there may be antago-
nistic transcription regulation for up to 71 % of the evaluated target genes.

Development of the Field: Identification of Decision Points 
and Key Factors that Diversify and Dynamically Regulate 
RA-Induced Gene Expression

More recently, a similar study was carried out with mouse embryonic stem cells 
(ESC) to identify the RA-dependent gene programs involved in neuronal differen-
tiation [41]. A pan-RAR antibody was used to map endogenous RAR chromatin 
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binding sites, thus avoiding the potential for over-expressed or tagged constructs to 
identify artifactual binding sites. The assay, performed on cells exposed to at-RA 
for 8 h, revealed both constitutive and RA-induced, de novo binding sites. ChIP-
seq studies were performed to further assess the role of the RAR binding sites on 
transcription regulation, global microarray-based gene expression, and RNA poly-
merase II initiation and elongation. The number of genes differentially regulated 
by RA was estimated using a 5 kb proximity criterion that predicted a link between 
RAR binding sites and proximal transcriptionally active, coding regions. Clearly, 
RA-responsive genes can also, in principle, be regulated by distal enhancers, 
which cannot be identified by such a simplified binding site proximity criterion.

Our own recent study used the well-established F9 embryonal carcinoma cell 
line (ECC) model to dissect the gene regulatory pathways responsible for RA-
induced endodermal differentiation. This was done by integrating global RAR 
binding and gene regulation information from samples collected at five different 
time-points over the course of 48 h exposure of the cells to at-RA or RARα, β, or 
γ-specific agonists [48].

In contrast with results obtained using MCF7 cells [30], F9 cells treated with an 
RARγ-specific agonist, BMS961 (but not those exposed to an RARα-specific ago-
nist, BMS753), induced a pattern of differential gene expression that was similar to 
that induced by atRA [48]. This is consistent with previous studies demonstrating 
that the RARγ agonist (but not those of RARα or RARβ) induces an F9 cell dif-
ferentiation phenotype that is indistinguishable from the one induced by the natural 
ligand, at-RA, suggesting that RARγ is driving differentiation in F9 cells [65].

Given the decisive role of RARγ in F9 cell differentiation, we identified the 
chromatin binding sites of RARγ/RXRα heterodimers by mapping each receptor 
separately at all 5 time-points. Overall, RXRα displayed more binding sites than 
RARγ, as was expected from the promiscuous heterodimerization of RXRα with 

Fig. 9.2  Schematic comparison between chromatin immunoprecipitation assays evaluated 
by hybridization onto DNA biochips (ChIP-chip) and massive parallel sequencing (ChIP-seq). 
In ChIP-chip assays, the immunoprecipitated DNA is hybridized with a solid surface (biochip) 
previously coated with single-stranded DNA molecules (referred as probes) representing for 
instance, a complete genome. In the illustrated example (left panel), the immunoprecipitated 
DNA and the non-immunoprecipitated control (also referred to as INPUT or WCE for whole 
cell extract) are labeled with two different fluorophores and then hybridized together on a sin-
gle DNA biochip. An alternative approach is based on hybridization on two different DNA bio-
chips, followed by a computational comparison of the imaged fluorescent levels. ChIP-seq assays 
are based on the direct sequencing of the immunoprecipitated DNA by using a massive parallel 
sequencing approach. Briefly it consists of the incorporation of adapter sequences at both ends 
of the immunoprecipitated DNA; then such adapters are used for attaching the DNA molecules 
onto a solid surface coated with single-strand DNA molecules representing the complemen-
tary sequence to the adapters in use. The attached molecules are amplified by following several 
rounds of “bridge DNA amplification” based on the alternate attachment of the adapters in use 
to the solid surface (right panel). Bridge amplification produces DNA clusters formation, which 
are then sequenced by DNA synthesis in the presence of fluorescently labeled nucleotides with 
reversible terminators. This illustrated procedure corresponds to that developed by the company 
Solexa. Other massive parallel sequencing approaches have also been developed for this purpose
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multiple partners (Fig. 9.3a). Merging the datasets and extracting binding sites 
that were common to both RXRα and RARγ revealed a population of constitu-
tive RARγ/RXRα binding sites plus a population that was highly dynamic during 
at-RA treatment. The overall number of RARγ/RXRα binding sites decreased dur-
ing F9 differentiation (~2,000 sites in the absence of treatment and less than 1,000 
sites after 48 h exposure of cells to at-RA), and we detected significant amounts of 
de novo recruited heterodimers even after 24 h of at-RA treatment (Fig. 9.3b, c).  
These results suggested a sustained and highly dynamic interaction of the 

Fig. 9.3  RXRα and RARγ nuclear receptors present a highly dynamic binding to chromatin 
during ATRA-induced F9 differentiation. a The percent of RXRα and RARγ co-occupancy rela-
tive to the total number of RXRα or RARγ binding sites retrieved over all time-series evaluated 
profiles is illustrated for different P-value confidence thresholds (CT = −10*log (P-value)). The 
inset (Venn diagram) shows that at CT = 40 all identified RARγ sites are found co-occupied with 
RXRα. This subset of binding sites is considered bona fide RXRα/RARγ heterodimer binding 
sites and has been used for all further analysis. b The RXRα/RARγ binding sites identified in 
(a) are illustrated in the context of their temporal recruitment, duration of occupancy and dis-
sociation. RXRα/RARγ co-occupied sites per time point are subclassified based on their recruit-
ment intervals and depicted by colour coding. c Genes exhibiting ATRA-induced or repressed 
mRNA levels at the indicated time points during F9 cell differentiation (induced genes ≥1.8-
fold; repressed genes ≤0.5-fold relative to vehicle) were classified as putative target genes if 
at least one RXRα or RXRα/RARγ binding site was located in proximity (≤10 kb distance). 
d Schematic model illustrating the progressive loss of RARγ but not of RXRα from chromatin 
binding sites observed during ATRA-induced F9 differentiation
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RARγ/RXRα heterodimer with chromatin targets during this cell physiological 
process. The observed decrease in binding sites of RARγ/RXRα heterodimers rel-
ative to the total number of RXRα-occupied sites may result from an exchange of 
RXRα with other NR partners during the differentiation (Fig. 9.3d).

We found that more than 50 % of the genes induced during the first 24 h of  
at-RA treatment showed a RXRα or an RARγ/RXRα binding site within 10 kb 
proximity (Fig. 9.3c). In contrast, most of the down-regulated genes lacked such 
sites. Importantly, more than 70 % of the mapped RXRα sites could not be asso-
ciated to an annotated coding region, suggesting that they might regulate tran-
scription through 3-dimensional chromatin structures or may regulate as yet 
non-annotated transcripts. To further confirm direct transcriptional regulation 
by RARγ/RXRα binding sites, we compared transcriptional responses in cells 
exposed to at-RA or RAR-specific agonists (Fig. 9.4) [48]. Approximately 60 % 
of the at-RA-induced putative RARγ/RXRα targets did respond similarly to the 
differentiation competent RARγ agonist BMS961. Surprisingly, however, ~40 % 
responded also to the RARα agonist BMS753. This suggests that (1) ~40 % of the 
at-RA-induced putative RARγ/RXRα targets that did not respond to the BMS961 
treatment require, or can operate in a redundant manner with other RAR isotypes, 

Fig. 9.4  Differential gene expression response induced by ATRA treatment in comparison 
to that induced by the RAR-specific agonists. The upper panels illustrates the gene expression 
response induced in all evaluated coding regions (24,000 genes; Affymetrix mouse GeneChIP® 
microarrays), while the lower panels displays the response in the characterized RXRα/RARγ 
putative target genes. Gene regulation response induced either by the RARγ-specific agonist 
BMS961 (red), by the RARα-specific agonist BMS753 (light blue) or by both ligands (green) are 
displayed in the context of the ATRA-induced response. The central box in each panel delineates 
a gene expression response area lower than 2 folds, thus the significant gene regulation responses 
are found outside of this delimited surface
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are not essential for differentiation, and (2) another 40 % of the at-RA-induced 
putative RARγ/RXRα targets that responded to both BMS961 and BMS753 dis-
play a promiscuous response to both RARα and RARγ, which alone is not suffi-
cient, but may possibly support development of the differentiation phenotype.

Overall, the integrative analysis combining the dynamic regulation of gene expres-
sion by receptor-selective ligands with the chromatin binding of the corresponding 
heterodimers largely facilitates identification of direct RAR isotype and heterodimer-
selective regulated target genes.

Current State of the Field: Taking Advantage of in Silico 
Integrative Approaches to Expand Understanding  
of RA-Driven Signal Transduction Processes

The integrative analysis of global gene expression and RXR and RAR chromatin 
association can, in principle, identify an important proportion of RAR/RXR heter-
odimer-mediated gene regulatory events. Including a temporal dimension revealed 
a highly dynamic target gene expression profile and dynamic occupancy of chro-
matin by pre-existing and de novo recruited RAR/RXR heterodimers, as well as 
heterodimer replacement or even partner swaps.

The gain of information remains restricted to directly regulated RAR/RXR het-
erodimer-targets, which represent only a small fraction of all differentially RA-
regulated genes. The remaining majority of regulated genes are generally referred 
to as indirectly or secondarily regulated genes. It is reasonable to assume a hierar-
chical order of transcription regulation in which the direct targets are in the front 
line of the signaling process (‘initiator program’) and the downstream layers com-
prise temporally specified (‘executor’) gene programs that result in amplification, 
diversification and specification of secondary gene programs that determine cell 
fate and ultimately, cell differentiation. The initiation phase is mediated mainly, 
albeit not exclusively, by TFs. Our studies have confirmed that many TFs are 
among the early genes. Therefore, the reconstruction of the executor programs 
may profit from the characterization of the cascade of TFs that propagate the sig-
nal transduction and diversification process. In past years, the chromatin location 
of various TFs has been mapped in several model systems by ChIP-chip or ChIP-
seq approaches and released to public repositories, thus generating an important 
resource for in silico omics dataset integration. Importantly, the integration of 
TF target gene information into time course gene expression data is a powerful 
method for identifying downstream regulatory events during a signal transduc-
tion process [18]. To deconvolute RA signaling pathways during F9 induced dif-
ferentiation, we have integrated TF target gene annotation, including identified 
direct putative RARγ/RXRα targets, into the at-RA–induced gene programming 
[48]. For this we used the recently developed Dynamic Regulatory Events Miner 
(DREM; [18], which uses input data for temporal alteration of gene expression at 
given time points and transcription factor-target gene interactions. The underlying 
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hypothesis is that various co-expression events (described here as co-expression 
paths) derive from defined transcriptional regulatory decisions. Integrating the 
information retrieved from TF target gene annotations from time course analyses 
of gene expression patterns will allow predictions for the involvement of a given 
TF in the formation of a defined co-expression path (i.e., at bifurcation points, 
as illustrated in Fig. 9.5). In the case of RA-induced differentiation of F9 ECC, 
DREM analysis predicted six distinct gene co-expression paths that recapitu-
late the different subprograms generated during RA-induced signal transduction. 
DREM allows evaluation of whether a given co-expression path is enriched for 
genes that are annotated as targets of a specific TF and whose actions contribute 
to the predicted bifurcation. In our analysis, three bifurcation points leading to 
signal diversification were identified along with candidate TFs predicted to cause 
diversification. As proof-of-principle, DREM correctly associated RARγ/RXRα 

Fig. 9.5  Reconstructing a dynamic regulatory map for the RA-driven transcriptome. a Shematic 
representation of the integrative approach used by DREM. Temporal gene expression information 
(left panel) is combined with transcription factors-DNA binding annotations (middle panel) to 
infer a dynamic regulatory model. In the illustrated example, co-expressed genes are classified in 
three major paths (coloured in pink, green and red respectively) which in addition can be associ-
ated to a defined TFs based on the TF-DNA binding annotations (i.e. pink genes are regulated by 
TF A, green genes by TF B and red genes by TF C and TF D). In this manner, DREM aims at 
assessing how likely is that a given group of co-expressed genes may be transcriptionally regu-
lated by a given TF. b DREM co-expression analysis is represented by colour-coded paths that 
summarize common characteristics. Diamonds indicate the predicted bifurcation points giving 
rise to the different co-expression paths and transcription factors whose target genes are overen-
riched in a given path are also illustrated. The number of genes per co-expression path, as well as 
their relevant gene ontology terms is displayed in aside. Panel a has been adapted from Ernst [18]
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with upregulated subprograms validated by differential gene expression and the 
 chromatin-binding pattern of RARγ/RXRα (Fig. 9.5). Notably, DREM predicted 
that homeobox family transcription factors (e.g., Hoxa1, Hoxb2, Hoxb4, Hoxb5) 
and others like RARα or Foxa2, were enriched in upregulated subprograms, 
whereas TFs like Egr1 [50] and Sox2 [52] (TFs associated with stem cell renewal 
rather than differentiation), were associated with the repressed path.

The predicted RA-induced co-expression paths were further evaluated in the 
context of bibliographic gene co-citation interactions in order to construct pre-
dicted RA-driven RARγ/RXRα-mediated signaling networks [48]. This type of 
analysis correlates relevant genes, like the ones described above with their biblio-
graphic co-citation ‘partners’, which helps in assigning functional features to the 
predicted subprograms. Such an analysis illustrates the complex temporal coordi-
nation of the diverse molecular processes involved in RA-induced differentiation 
and predicts critical nodes are associated with cell fate transitions initiated by RA.

Relevance: Importance of a Systems Biology  
of Nuclear Receptors

Early studies in Drososphila paved the way toward a systems biology view of NR 
action. These studies characterized the temporal programming of gene activation 
induced by the steroid hormone, ecdysterone, to initiate molting and metamorpho-
sis [3]. This was possible because gene activation manifests itself as local, revers-
ible, alterations (puffs) of the polytene chromosomes that comprise approximately 
1,000 chromatids in the interphase nuclei in the salivary glands of 3rd instar larvae. 
Temporal alteration of the puffing pattern provided a readout of sequential activa-
tion of gene programs. Early puffs corresponded to direct activation of TF-encoding, 
target genes by the ecdysone receptor [59, 66]. The ecdysone receptor turned out to 
be a heterodimer [72]. These features of the fly gene program share similarity with 
RAR/RXR-mediated activation of genetic sub-programs [48]. Thus, it is likely that 
the principles of the temporal gene programming seen for the ecdysone and retinoid 
receptors correspond to a general mechanism for signal diversification and temporal 
programming of hierarchical, downstream gene programs.

However, there are several additional factors and regulatory paradigms that 
impact program execution. One involves the surprising dynamics of RAR/RXR 
heterodimer binding [48]. These dynamics are characterized by heterodimer bind-
ing and dissociation at all time-points during the observation period of 48 h. As 
well, extensive RXRα partner swapping is observed, with either one RXRα heter-
odimer dissociating and being replaced by another one, or with a ‘partner swap’ 
occurring while the heterodimer is bound to chromatin by an as yet, unknown, 
mechanism [48]. The effects of such heterodimer swapping on the dynamics of 
co-regulator-receptor complexes at target chromatin during cell differentiation has 
not been addressed with global approaches. This missing piece deserves attention, 
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particularly in view of potentially distinct preferences of RXR heterodimers for 
co-regulators that are recruited to resulting multi-protein (epigenetic) complexes. 
Receptor-co-regulator interaction may correspond to a mechanism of target gene 
specification, and, vice versa, upon binding, the target DNA may allosterically 
alter receptor structure and function [43, 76].

Some, if not most, TFs that are regulated during the sequence of events govern-
ing cell fate determination have the ability to act as pioneer factors [73]. Such fac-
tors open chromatin structure thereby generating DNAse I hypersensitive sites that 
are otherwise not accessible to TFs that lack pioneering activity [69]. Obviously, 
one salient feature of the pioneering concept is that it provides a basis for the hier-
archical and temporal order for the execution of gene programs.

Future Directions: An Integrative Genomics Era

How can the structural information present in a simple chemical molecule like  
at-RA set-up the sequence of temporally controlled events that finally lead to a 
differentiated cell? The F9 ECC global gene profiling studies have provided for 
the first time a systems biology view that RA-induced signaling comprises a 
diverse series of events that set in motion different regulatory decisions which 
occur in a time-defined manner throughout cell differentiation [44, 48]. Yet this 
view is far from comprehensive. In part, this is due to technical constraints related 
to the complexity of a system that operates with up to six receptors and multiple 
heterodimers. But it is also a consequence of the reduced number of molecular 
events that can currently be imported into spatio-temporal omics dataset analyses.

Multiple RXR: RAR Heterodimers Mediate RA-Signaling

The first level of signal diversification results from the multiplicity of RAR/RXR 
complexes that can be formed, which is a function of the expression levels of the 
six different RAR/RXR isotypes in a given cell (RARα, RARβ, RARγ, RXRα, 
RXRβ, RXRγ). Our recent study showed that it is possible to dissect the gene pro-
gram regulated by the RARγ/RXRα heterodimer in a specific manner; however, 
the contribution of other RAR/RXR heterodimers RXRα partner swapping remain 
to be elucidated. Exploring the role of other RAR/RXR heterodimers depends on 
the availability of high quality “ChIP-seq grade” antibodies and ChIP-seq profiles. 
Note that in this respect there may be significant differences in the quality of ChIP-
seq profiles calling for rigorous quality control assessment of data sets to allow 
integrative data analysis [47]. While this limitation can be overcome by using sta-
bly expressing epitope-tagged receptors, the risk of an altered functionality imposed 
by tagged receptors and potential interference of these modified receptors with 
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regulation by endogenous receptors cannot be rigorously excluded. Notably, the 
 heterodimer swap we observed between RARγ/RXRα and RARα/RXRα at the 
RARβ2 promoter is a note of caution for the use of exogenous modified factors.

Although RA signaling is mediated by heterodimers, this does not imply that 
both partners are located in the same chromatin region at the same time and in 
the same cell. Therefore, subsequent reChIP-seq assays, i.e. sequential ChIPs with 
antibodies directed against the two partners, followed by massive parallel sequenc-
ing, are necessary to provide reliable information about co-occupancy of the eval-
uated heterodimer partners at a given chromatin site. While reChIP assays have 
been shown to be a powerful method for evaluating simultaneous co-occupancy 
events in a locus-centric manner [8, 49], the low yields are not compatible with 
the requirements for global ChIP-seq assays. To overcome this problem we have 
recently combined reChIP assays with linear DNA amplification and sequencing 
(LinDA-reChIP-seq) in order to define the global binding pattern of co-occupied  
RXRα and RARγ chromatin sites to predict heterodimer binding patterns  
[46, 60, 61]. Using such strategies, the complexity of RAR/RXR heterodimers can 
be deconvoluted to reveal the contributions of different receptor pairs. As these 
studies go forward, it will be important to remember that RXR heterodimers with 
partners other than RARs may be involved in regulating networks that are initially 
set up by at-RA.

Pioneers, Epigenetic Modifications, and Co-Regulators 
Establish Regulatory Principles Affecting RA-Regulated 
Gene Programs Upstream and Downstream of RAR/RXR 
Heterodimer Action

It is well established that at given times and in particular cells, TFs bind to only 
a small fraction of their possible target sites in the genome. Pioneer TF remodel-
ling and epigenetic chromatin modification can regulate TF access to certain chro-
matin sites (for a recent review see [73]). RAR/RXRs themselves may pioneer, for 
example in the context of RA-induced differentiation, the sub-programs regulated 
by other TFs. The interplay between the epigenetic status of target gene chroma-
tin and RA regulation has been demonstrated in gene-centric studies with Polycomb 
proteins and the H3K27me3 mark [1, 25, 34]. Other epigenetic modifications may 
also regulate receptor recruitment and/or access, and the epigenetic action of co-
activator/co-integrators recruited by liganded RAR/RXR heterodimers may exert 
pioneering activities for downstream programs. Comprehensive analysis of multi- 
dimensional omics-derived information together with bioinformatics tools that retrieve 
and integrate data describing RAR/RXR chromatin binding patterns, epigenomes, and 
transcriptomes will elucidate dynamic gene regulatory networks and provide a frame-
work for experimental confirmation of the molecular mechanisms, key factors, and 
decision points that define cell fate decisions brought about by RA signaling.
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The Dynamic Role of Three-Dimensional Chromatin 
Organization

The designation of RA target genes from ChIP-seq studies is generally based on 
proximity criteria which define genes 5 kb or 10 kb away from receptor-binding 
sites as candidate target genes. Using this definition, a large majority of binding 
sites are located in intergenic regions, and thus, only a small fraction of all identi-
fied binding events are considered in subsequent analyses. The function of these 
intergenic binding sites has become much clearer from recent studies interrogat-
ing the 3-dimensional organization of chromatin in the nucleus. It is now well 
accepted that the chromatin architecture, i.e. the organization of chromatin in 
loops, domains and possibly, factories with dedicated functionalities [64], corre-
sponds to a structural organization that regulates the physical interaction between 
promoters and distant regulatory elements, sometimes with the involvement of 
non-coding RNAs. This view suggests the entire nucleus to be considered as a reg-
ulatory network of its own [20]. Technologies have been developed to analyze this 
architecture globally [Circular chromosome conformation capture [15, 62, 77];  
Hi-C [31, 51, 68]; TCC [32], or with emphasis on a particular signaling or reg-
ulatory/processing component [ERα [21]; CTCF [28]; RNA polymerase II [39].  
Yet, the dynamic aspect of nuclear architecture in processes like RA-induced dif-
ferentiation or the changes in nuclear architecture associated with pathologic 
effects on signaling in diseased cells or organs has not been addressed. It is inter-
esting to note that links between chromatin architecture and features of cancer 
cells are emerging [55, 58].

Computational Challenges for Omics Data Processing  
and Integration

The rapid development of next-generation sequencing (NGS) technologies poses 
multiple challenges for the bioinformatics analyses of enormous amounts of data 
that are being gathered in massive parallel sequencing projects. At the level of data 
gathering one of the critical issues, which is still largely ignored in the field, is 
the need for a generally applicable numerical quality control system; such a sys-
tem is prerequisite for multi-dimensional data analyses (for a discussion and a 
recently developed quality control system see [47]. While several computational 
efforts have aimed to assess the local enrichment confidence in the single NGS-
generated profiles that have been reported (for a recent comparison of peak find-
ing algorithms see [45], methodologies for multi-profile comparisons are still in 
their infancy [17, 27]. The use of integrative genomics approaches may become 
the methodology of choice for decorticating RA-driven signal transduction events 
and thus, there is a real need to develop and standardize computational methods 
with a focus on enhancing the confidence factor in omics datasets. Importantly, 
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future dataset integration in RA-driven differentiation studies will be performed 
by integrating two major additional elements: (i) the three-dimensional chroma-
tin structure revealed by methodologies like Hi-C or ChIA-PET (see above) and 
(ii) the temporal nature of the evaluated events throughout the induction process. 
Importantly, such spatio-temporal analyses will integrate information coming from 
RAR/RXR binding to chromatin, the chromatin modification status and nucleo-
some occupancy, and the observed differential transcriptional/translational activ-
ity. In addition, computational methods for reconstructing the dynamic regulatory 
gene networks will be applied with the hope of inferring the temporally defined 
regulatory decisions that underlie diversification of at-RA-induced signaling dur-
ing developmental processes [14, 18, 48]. Studies done to date have provided ini-
tial insight into the enormous complexity that we are facing in stem cell model 
systems. These data are summarized in a schematic illustration depicting a current 
view of the molecular and mechanistic 4-dimensional hierarchies (Fig. 9.6) that 
govern cell fate transitions initiated by a single inducer.

Fig. 9.6  Schematic overview of the spatio-temporal omics data integration designed to study 
the RA-induced signaling pathway diversification. From top to bottom The signal induction 
applied to undifferentiated Embryonic carcinoma (EC)/embryonic stem (ES) cells (ATRA or 
RAR-specific agonists) is diversified through the interpreters (RXR/RAR nuclear receptors) 
which may activate several signal transduction layers giving rise to the corresponding differen-
tiation stages. The methodology in use for assessing the presence of the different components 
involved in this process is displayed in a side. Importantly, two major axes are taken for this 
analysis: (i) the three-dimensional chromatin structure assessed by proximity-ligation based 
methodologies (like ChIA-PET) and (ii) the assessment of these events at different time-points 
during differentiation
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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 

http://dx.doi.org/10.1007/978-94-017-9050-5_2
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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.



214 Z. Liu et al.

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.

Acknowledgments We thank members in the Rosenfeld laboratory for suggestions and 
comments on this manuscript, and the editing efforts of Rachel Pardee. M.G.R. is an investigator 
with HHMI.

References

 1. Belikov S, Holmqvist PH, Astrand C, Wrange O (2012) FoxA1 and glucocorticoid recep-
tor crosstalk via histone H4K16 acetylation at a hormone regulated enhancer. Exp Cell Res 
318:61–74

 2. Benkoussa M, Brand C, Delmotte MH, Formstecher P, Lefebvre P (2002) Retinoic acid 
receptors inhibit AP1 activation by regulating extracellular signal-regulated kinase and CBP 
recruitment to an AP1-responsive promoter. Mol Cell Biol 22:4522–4534

 3. Birney E, Stamatoyannopoulos JA, Dutta A, Guigo R, Gingeras TR, Margulies EH, Weng 
Z, Snyder M, Dermitzakis ET, Thurman RE et al (2007) Identification and analysis of 
functional elements in 1 % of the human genome by the ENCODE pilot project. Nature 
447:799–816

 4. Blanco JC, Minucci S, Lu J, Yang XJ, Walker KK, Chen H, Evans RM, Nakatani Y, 
Ozato K (1998) The histone acetylase PCAF is a nuclear receptor coactivator. Genes Dev 
12:1638–1651

 5. Brown K, Chen Y, Underhill TM, Mymryk JS, Torchia J (2003) The coactivator 
p/CIP/SRC-3 facilitates retinoic acid receptor signaling via recruitment of GCN5. J Biol 
Chem 278:39402–39412

 6. Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman IG, Juguilon H, Montminy 
M, Evans RM (1996) Role of CBP/P300 in nuclear receptor signalling. Nature 383:99–103

 7. Chambon P (1996) A decade of molecular biology of retinoic acid receptors. Faseb J 
10:940–954

 8. Chen D, Ma H, Hong H, Koh SS, Huang SM, Schurter BT, Aswad DW, Stallcup MR (1999) 
Regulation of transcription by a protein methyltransferase. Science 284:2174–2177

 9. Chen JD, Evans RM (1995) A transcriptional co-repressor that interacts with nuclear hor-
mone receptors. Nature 377:454–457



220 Z. Liu et al.

 10. Chen JY, Penco S, Ostrowski J, Balaguer P, Pons M, Starrett JE, Reczek P, Chambon P, 
Gronemeyer H (1995) RAR-specific agonist/antagonists which dissociate transactivation and AP1 
transrepression inhibit anchorage-independent cell proliferation. EMBO J 14:1187–1197

 11. Cheng J, Kapranov P, Drenkow J, Dike S, Brubaker S, Patel S, Long J, Stern D, Tammana 
H, Helt G et al (2005) Transcriptional maps of 10 human chromosomes at 5-nucleotide res-
olution. Science 308:1149–1154

 12. Chepelev I, Wei G, Wangsa D, Tang Q, Zhao K (2012) Characterization of genome-wide 
enhancer-promoter interactions reveals co-expression of interacting genes and modes of 
higher order chromatin organization. Cell Res 22:490–503

 13. Cho YS, Kim EJ, Park UH, Sin HS, Um SJ (2006) Additional sex comb-like 1 (ASXL1), in 
cooperation with SRC-1, acts as a ligand-dependent coactivator for retinoic acid receptor. J 
Biol Chem 281:17588–17598

 14. Chu C, Qu K, Zhong FL, Artandi SE, Chang HY (2011) Genomic maps of long noncoding 
RNA occupancy reveal principles of RNA-chromatin interactions. Mol Cell 44:667–678

 15. Colley SM, Leedman PJ (2011) Steroid receptor RNA activator—A nuclear receptor coreg-
ulator with multiple partners: insights and challenges. Biochimie 93:1966–1972

 16. Cooper C, Vincett D, Yan Y, Hamedani MK, Myal Y, Leygue E (2011) Steroid receptor RNA 
activator bi-faceted genetic system: heads or tails? Biochimie 93:1973–1980

 17. Danko CG, Hah N, Luo X, Martins AL, Core L, Lis JT, Siepel A, Kraus WL (2013) 
Signaling pathways differentially affect RNA polymerase II initiation, pausing, and elonga-
tion rate in cells. Mol Cell 50:212–222

 18. De Carvalho DD, Binato R, Pereira WO, Leroy JM, Colassanti MD, Proto-Siqueira R, 
Bueno-Da-Silva AE, Zago MA, Zanichelli MA, Abdelhay E et al (2011) BCR-ABL-
mediated upregulation of PRAME is responsible for knocking down TRAIL in CML 
patients. Oncogene 30:223–233

 19. de The H, Vivanco-Ruiz MM, Tiollais P, Stunnenberg H, Dejean A (1990) Identification of a 
retinoic acid responsive element in the retinoic acid receptor beta gene. Nature 343:177–180

 20. Dedieu S, Lefebvre P (2006) Retinoids interfere with the AP1 signalling pathway in human 
breast cancer cells. Cell Signal 18:889–898

 21. Delacroix L, Moutier E, Altobelli G, Legras S, Poch O, Choukrallah MA, Bertin I, Jost B, 
Davidson I (2010) Cell-specific interaction of retinoic acid receptors with target genes in 
mouse embryonic fibroblasts and embryonic stem cells. Mol Cell Biol 30:231–244

 22. Dilworth FJ, Fromental-Ramain C, Yamamoto K, Chambon P (2000) ATP-driven chromatin 
remodeling activity and histone acetyltransferases act sequentially during transactivation by 
RAR/RXR In vitro. Mol Cell 6:1049–1058

 23. DiSepio D, Sutter M, Johnson AT, Chandraratna RA, Nagpal S (1999) Identification of the AP1-
antagonism domain of retinoic acid receptors. Mol Cell Biol Res Commun: MCBRC 1:7–13

 24. Durand B, Saunders M, Leroy P, Leid M, Chambon P (1992) All-trans and 9-cis retinoic 
acid induction of CRABPII transcription is mediated by RAR-RXR heterodimers bound to 
DR1 and DR2 repeated motifs. Cell 71:73–85

 25. Easwaran V, Pishvaian M, Salimuddin, Byers S (1999) Cross-regulation of beta-catenin-
LEF/TCF and retinoid signaling pathways. Curr Biol 9:1415–1418

 26. Epping MT, Wang L, Edel MJ, Carlee L, Hernandez M, Bernards R (2005) The human 
tumor antigen PRAME is a dominant repressor of retinoic acid receptor signaling. Cell 
122:835–847

 27. Epping MT, Wang L, Plumb JA, Lieb M, Gronemeyer H, Brown R, Bernards R (2007) A 
functional genetic screen identifies retinoic acid signaling as a target of histone deacetylase 
inhibitors. Proc Natl Acad Sci USA 104:17777–17782

 28. Fanjul A, Dawson MI, Hobbs PD, Jong L, Cameron JF, Harlev E, Graupner G, Lu XP, Pfahl 
M (1994) A new class of retinoids with selective inhibition of AP-1 inhibits proliferation. 
Nature 372:107–111

 29. Fernandes I, Bastien Y, Wai T, Nygard K, Lin R, Cormier O, Lee HS, Eng F, Bertos NR, 
Pelletier N et al (2003) Ligand-dependent nuclear receptor corepressor LCoR functions by 
histone deacetylase-dependent and -independent mechanisms. Mol Cell 11:139–150



22110 Complexity of the RAR‐Mediated Transcriptional Regulatory Programs

 30. Franco PJ, Li G, Wei LN (2003) Interaction of nuclear receptor zinc finger DNA binding 
domains with histone deacetylase. Mol Cell Endocrinol 206:1–12

 31. Fujiki R, Chikanishi T, Hashiba W, Ito H, Takada I, Roeder RG, Kitagawa H, Kato S (2009) 
GlcNAcylation of a histone methyltransferase in retinoic-acid-induced granulopoiesis. 
Nature 459:455–459

 32. Ghisletti S, Huang W, Ogawa S, Pascual G, Lin ME, Willson TM, Rosenfeld MG, Glass CK 
(2007) Parallel SUMOylation-dependent pathways mediate gene- and signal-specific tran-
srepression by LXRs and PPARgamma. Mol Cell 25:57–70

 33. Gianni M, Bauer A, Garattini E, Chambon P, Rochette-Egly C (2002) Phosphorylation by 
p38MAPK and recruitment of SUG-1 are required for RA-induced RAR gamma degrada-
tion and transactivation. EMBO J 21:3760–3769

 34. Glass CK, Rosenfeld MG (2000) The coregulator exchange in transcriptional functions of 
nuclear receptors. Genes Dev 14:121–141

 35. Gurevich I, Aneskievich BJ (2009) Liganded RARalpha and RARgamma interact with but 
are repressed by TNIP1. Biochem Biophys Res Commun 389:409–414

 36. Guttman M, Amit I, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O, Carey BW, 
Cassady JP et al (2009) Chromatin signature reveals over a thousand highly conserved large 
non-coding RNAs in mammals. Nature 458:223–227

 37. Guttman M, Donaghey J, Carey BW, Garber M, Grenier JK, Munson G, Young G, Lucas 
AB, Ach R, Bruhn L et al (2011) lincRNAs act in the circuitry controlling pluripotency and 
differentiation. Nature 477:295–300

 38. Hah N, Danko CG, Core L, Waterfall JJ, Siepel A, Lis JT, Kraus WL (2011) A rapid, extensive, and 
transient transcriptional response to estrogen signaling in breast cancer cells. Cell 145:622–634

 39. Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, 
Stuart RK, Ching CW et al (2009) Histone modifications at human enhancers reflect global 
cell-type-specific gene expression. Nature 459:108–112

 40. Heintzman ND, Ren B (2009) Finding distal regulatory elements in the human genome. 
Curr Opin Genet Dev 19:541–549

 41. Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW, Hawkins RD, Barrera LO, Van Calcar 
S, Qu C, Ching KA et al (2007) Distinct and predictive chromatin signatures of transcrip-
tional promoters and enhancers in the human genome. Nat Genet 39:311–318

 42. Hermanson O, Glass CK, Rosenfeld MG (2002) Nuclear receptor coregulators: multiple 
modes of modification. Trends Endocrinol Metab 13:55–60

 43. Hong SH, David G, Wong CW, Dejean A, Privalsky ML (1997) SMRT corepressor inter-
acts with PLZF and with the PML-retinoic acid receptor alpha (RARalpha) and PLZF-
RARalpha oncoproteins associated with acute promyelocytic leukemia. Proc Natl Acad Sci 
USA 94:9028–9033

 44. Horlein AJ, Naar AM, Heinzel T, Torchia J, Gloss B, Kurokawa R, Ryan A, Kamei Y, 
Soderstrom M, Glass CK et al (1995) Ligand-independent repression by the thyroid hor-
mone receptor mediated by a nuclear receptor co-repressor. Nature 377:397–404

 45. Hou Z, Peng H, White DE, Negorev DG, Maul GG, Feng Y, Longmore GD, Waxman 
S, Zelent A, Rauscher FJ 3rd (2010) LIM protein Ajuba functions as a nuclear recep-
tor corepressor and negatively regulates retinoic acid signaling. Proc Natl Acad Sci USA 
107:2938–2943

 46. Hu Q, Tanasa B, Trabucchi M, Li W, Zhang J, Ohgi KA, Rose DW, Glass CK, Rosenfeld 
MG (2012) DICER- and AGO3-dependent generation of retinoic acid-induced DR2 Alu 
RNAs regulates human stem cell proliferation. Nat Struct Mol Biol

 47. Hu X, Chen Y, Farooqui M, Thomas MC, Chiang CM, Wei LN (2004) Suppressive effect of 
receptor-interacting protein 140 on coregulator binding to retinoic acid receptor complexes, 
histone-modifying enzyme activity, and gene activation. J Biol Chem 279:319–325

 48. Hua S, Kittler R, White KP (2009) Genomic antagonism between retinoic acid and estrogen 
signaling in breast cancer. Cell 137:1259–1271

 49. Huq MD, Ha SG, Wei LN (2008) Modulation of retinoic acid receptor alpha activity by 
lysine methylation in the DNA binding domain. J Proteome Res 7:4538–4545



222 Z. Liu et al.

 50. Huq MD, Tsai NP, Khan SA, Wei LN (2007) Lysine trimethylation of retinoic acid receptor-
alpha: a novel means to regulate receptor function. Mol Cell Proteomics: MCP 6:677–688

 51. Kashyap V, Gudas LJ (2010) Epigenetic regulatory mechanisms distinguish reti-
noic acid-mediated transcriptional responses in stem cells and fibroblasts. J Biol Chem 
285:14534–14548

 52. Khetchoumian K, Teletin M, Tisserand J, Mark M, Herquel B, Ignat M, Zucman-Rossi J, 
Cammas F, Lerouge T, Thibault C et al (2007) Loss of Trim24 (Tif1alpha) gene function 
confers oncogenic activity to retinoic acid receptor alpha. Nat Genet 39:1500–1506

 53. Kim JH, Lee JM, Nam HJ, Choi HJ, Yang JW, Lee JS, Kim MH, Kim SI, Chung CH, Kim 
KI et al (2007) SUMOylation of pontin chromatin-remodeling complex reveals a signal 
integration code in prostate cancer cells. Proc Natl Acad Sci USA 104:20793–20798

 54. Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA, Laptewicz M, 
Barbara-Haley K, Kuersten S et al (2010) Widespread transcription at neuronal activity-reg-
ulated enhancers. Nature 465:182–187

 55. Lafyatis R, Kim SJ, Angel P, Roberts AB, Sporn MB, Karin M, Wilder RL (1990) 
Interleukin-1 stimulates and all-trans-retinoic acid inhibits collagenase gene expression 
through its 5′ activator protein-1-binding site. Mol Endocrinol 4:973–980

 56. Lai F, Orom UA, Cesaroni M, Beringer M, Taatjes DJ, Blobel GA, Shiekhattar R (2013) 
Activating RNAs associate with Mediator to enhance chromatin architecture and transcrip-
tion. Nature 494:497–501

 57. Lam MT, Cho H, Lesch HP, Gosselin D, Heinz S, Tanaka-Oishi Y, Benner C, Kaikkonen 
MU, Kim AS, Kosaka M et al (2013) Rev-Erbs repress macrophage gene expression by 
inhibiting enhancer-directed transcription. Nature 498:511–515

 58. Langlais D, Couture C, Balsalobre A, Drouin J (2012) The Stat3/GR interaction code: 
predictive value of direct/indirect DNA recruitment for transcription outcome. Mol Cell 
47:38–49

 59. Laperriere D, Wang TT, White JH, Mader S (2007) Widespread Alu repeat-driven expansion of 
consensus DR2 retinoic acid response elements during primate evolution. BMC Genom 8:23

 60. Le May N, Iltis I, Ame JC, Zhovmer A, Biard D, Egly JM, Schreiber V, Coin F (2012) Poly 
(ADP-ribose) glycohydrolase regulates retinoic acid receptor-mediated gene expression. 
Mol Cell 48:785–798

 61. Le May N, Fradin D, Iltis I, Bougneres P, Egly JM (2012) XPG and XPF endonucleases 
trigger chromatin looping and DNA demethylation for accurate expression of activated 
genes. Mol Cell 47:622–632

 62. Le May N, Mota-Fernandes D, Velez-Cruz R, Iltis I, Biard D, Egly JM (2010) NER factors 
are recruited to active promoters and facilitate chromatin modification for transcription in 
the absence of exogenous genotoxic attack. Mol Cell 38:54–66

 63. Lee HK, Park UH, Kim EJ, Um SJ (2007) MED25 is distinct from TRAP220/MED1 in 
cooperating with CBP for retinoid receptor activation. EMBO J 26:3545–3557

 64. Lee S, Lee DK, Dou Y, Lee J, Lee B, Kwak E, Kong YY, Lee SK, Roeder RG, Lee JW 
(2006) Coactivator as a target gene specificity determinant for histone H3 lysine 4 methyl-
transferases. Proc Natl Acad Sci USA 103:15392–15397

 65. Lee SW, Cho YS, Na JM, Park UH, Kang M, Kim EJ, Um SJ (2010) ASXL1 represses reti-
noic acid receptor-mediated transcription through associating with HP1 and LSD1. J Biol 
Chem 285:18–29

 66. Leygue E (2007) Steroid receptor RNA activator (SRA1): unusual bifaceted gene products 
with suspected relevance to breast cancer. Nucl Receptor Signal 5:e006

 67. Li HJ, Haque ZK, Chen A, Mendelsohn M (2007) RIF-1, a novel nuclear receptor corepres-
sor that associates with the nuclear matrix. J Cell Biochem 102:1021–1035

 68. Li W, Notani D, Ma Q, Tanasa B, Nunez E, Chen AY, Merkurjev D, Zhang J, Ohgi K, Song 
X et al (2013) Functional roles of enhancer RNAs for oestrogen-dependent transcriptional 
activation. Nature 498:516–520

 69. Lin F, Xiao D, Kolluri SK, Zhang X (2000) Unique anti-activator protein-1 activity of reti-
noic acid receptor beta. Cancer Res 60:3271–3280



22310 Complexity of the RAR‐Mediated Transcriptional Regulatory Programs

 70. Lindahl T, Wood RD (1999) Quality control by DNA repair. Science 286:1897–1905
 71. Liu W, Ma Q, Wong K, Li W, Ohgi K, Zhang J, Aggarwal AK, Rosenfeld MG (2013) Brd4 

and JMJD6-associated anti-pause enhancers in regulation of transcriptional pause release. 
Cell 155:1581–1595

 72. Loudig O, Babichuk C, White J, Abu-Abed S, Mueller C, Petkovich M (2000) Cytochrome 
P450RAI(CYP26) promoter: a distinct composite retinoic acid response element underlies 
the complex regulation of retinoic acid metabolism. Mol Endocrinol 14:1483–1497

 73. Mahony S, Mazzoni EO, McCuine S, Young RA, Wichterle H, Gifford DK (2011) Ligand-
dependent dynamics of retinoic acid receptor binding during early neurogenesis. Genome 
Biol 12:R2

 74. Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and orphan receptors. Cell 
83:841–850

 75. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, Blumberg B, 
Kastner P, Mark M, Chambon P et al (1995) The nuclear receptor superfamily: the second 
decade. Cell 83:835–839

 76. Mangelsdorf DJ, Umesono K, Kliewer SA, Borgmeyer U, Ong ES, Evans RM (1991) A 
direct repeat in the cellular retinol-binding protein type II gene confers differential regula-
tion by RXR and RAR. Cell 66:555–561

 77. Mengus G, May M, Carre L, Chambon P, Davidson I (1997) Human TAF(II)135 potentiates 
transcriptional activation by the AF-2s of the retinoic acid, vitamin D3, and thyroid hor-
mone receptors in mammalian cells. Genes Dev 11:1381–1395

 78. Moon M, Um SJ, Kim EJ (2012) CAC1 negatively regulates RARalpha activity through 
cooperation with HDAC. Biochem Biophys Res Commun 427:41–46

 79. Nagy L, Kao HY, Chakravarti D, Lin RJ, Hassig CA, Ayer DE, Schreiber SL, Evans RM 
(1997) Nuclear receptor repression mediated by a complex containing SMRT, mSin3A, and 
histone deacetylase. Cell 89:373–380

 80. Nicholson RC, Mader S, Nagpal S, Leid M, Rochette-Egly C, Chambon P (1990) Negative 
regulation of the rat stromelysin gene promoter by retinoic acid is mediated by an AP1 bind-
ing site. EMBO J 9:4443–4454

 81. Nouspikel T (2009) DNA repair in mammalian cells: nucleotide excision repair: variations 
on versatility. Cell Mol Life Sci: CMLS 66:994–1009

 82. Onate SA, Tsai SY, Tsai MJ, O’Malley BW (1995) Sequence and characterization of a coac-
tivator for the steroid hormone receptor superfamily. Science 270:1354–1357

 83. Pascual G, Fong AL, Ogawa S, Gamliel A, Li AC, Perissi V, Rose DW, Willson TM, 
Rosenfeld MG, Glass CK (2005) A SUMOylation-dependent pathway mediates transrepres-
sion of inflammatory response genes by PPAR-gamma. Nature 437:759–763

 84. Pascual G, Sullivan AL, Ogawa S, Gamliel A, Perissi V, Rosenfeld MG, Glass CK (2007) 
Anti-inflammatory and antidiabetic roles of PPARgamma. Novartis Found Symp 286:183–
196; discussion 196–203

 85. Passeron T, Valencia JC, Namiki T, Vieira WD, Passeron H, Miyamura Y, Hearing VJ (2009) 
Upregulation of SOX9 inhibits the growth of human and mouse melanomas and restores 
their sensitivity to retinoic acid. J Clin Invest 119:954–963

 86. Perissi V, Aggarwal A, Glass CK, Rose DW, Rosenfeld MG (2004) A corepressor/coactiva-
tor exchange complex required for transcriptional activation by nuclear receptors and other 
regulated transcription factors. Cell 116:511–526

 87. Perissi V, Jepsen K, Glass CK, Rosenfeld MG (2010) Deconstructing repression: evolving 
models of co-repressor action. Nat Rev Genet 11:109–123

 88. Perissi V, Rosenfeld MG (2005) Controlling nuclear receptors: the circular logic of cofactor 
cycles. Nat Rev Mol Cell Biol 6:542–554

 89. Perissi V, Scafoglio C, Zhang J, Ohgi KA, Rose DW, Glass CK, Rosenfeld MG (2008) 
TBL1 and TBLR1 phosphorylation on regulated gene promoters overcomes dual CtBP and 
NCoR/SMRT transcriptional repression checkpoints. Mol Cell 29:755–766

 90. Polak P, Domany E (2006) Alu elements contain many binding sites for transcription factors 
and may play a role in regulation of developmental processes. BMC Genom 7:133



224 Z. Liu et al.

 91. Qiu J, Shi G, Jia Y, Li J, Wu M, Dong S, Wong J (2010) The X-linked mental retarda-
tion gene PHF8 is a histone demethylase involved in neuronal differentiation. Cell Res 
20:908–918

 92. Resche-Rigon M, Gronemeyer H (1998) Therapeutic potential of selective modulators of 
nuclear receptor action. Curr Opin Chem Biol 2:501–507

 93. Rochette-Egly C, Plassat JL, Taneja R, Chambon P (2000) The AF-1 and AF-2 activating 
domains of retinoic acid receptor-alpha (RARalpha) and their phosphorylation are differ-
entially involved in parietal endodermal differentiation of F9 cells and retinoid-induced 
expression of target genes. Mol Endocrinol 14:1398–1410

 94. Rosenfeld MG, Lunyak VV, Glass CK (2006) Sensors and signals: a coactivator/corepres-
sor/epigenetic code for integrating signal-dependent programs of transcriptional response. 
Genes Dev 20:1405–1428

 95. Ross-Innes CS, Stark R, Holmes KA, Schmidt D, Spyrou C, Russell R, Massie CE, Vowler 
SL, Eldridge M, Carroll JS (2010) Cooperative interaction between retinoic acid receptor-
alpha and estrogen receptor in breast cancer. Genes Dev 24:171–182

 96. Schule R, Rangarajan P, Yang N, Kliewer S, Ransone LJ, Bolado J, Verma IM, Evans RM 
(1991) Retinoic acid is a negative regulator of AP-1-responsive genes. Proc Natl Acad Sci 
USA 88:6092–6096

 97. Schule R, Umesono K, Mangelsdorf DJ, Bolado J, Pike JW, Evans RM (1990) Jun-Fos and 
receptors for vitamins A and D recognize a common response element in the human osteoc-
alcin gene. Cell 61:497–504

 98. Shao W, Halachmi S, Brown M (2002) ERAP140, a conserved tissue-specific nuclear recep-
tor coactivator. Mol Cell Biol 22:3358–3372

 99. Shao W, Rosenauer A, Mann K, Chang CP, Rachez C, Freedman LP, Miller WH Jr (2000) 
Ligand-inducible interaction of the DRIP/TRAP coactivator complex with retinoid recep-
tors in retinoic acid-sensitive and—resistant acute promyelocytic leukemia cells. Blood 
96:2233–2239

 100. Surjit M, Ganti KP, Mukherji A, Ye T, Hua G, Metzger D, Li M, Chambon P (2011) 
Widespread negative response elements mediate direct repression by agonist-liganded glu-
cocorticoid receptor. Cell 145:224–241

 101. Si J, Mueller L, Collins SJ (2007) CaMKII regulates retinoic acid receptor transcriptional 
activity and the differentiation of myeloid leukemia cells. J Clin Invest 117:1412–1421

 102. Smith WC, Nakshatri H, Leroy P, Rees J, Chambon P (1991) A retinoic acid response ele-
ment is present in the mouse cellular retinol binding protein I (mCRBPI) promoter. EMBO J 
10:2223–2230

 103. Suzukawa K, Colburn NH (2002) AP-1 transrepressing retinoic acid does not deplete coac-
tivators or AP-1 monomers but may target specific Jun or Fos containing dimers. Oncogene 
21:2181–2190

 104. Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, Shi Y, Segal E, Chang 
HY (2010) Long noncoding RNA as modular scaffold of histone modification complexes. 
Science 329:689–693

 105. Torchia J, Rose DW, Inostroza J, Kamei Y, Westin S, Glass CK, Rosenfeld MG (1997) The 
transcriptional co-activator p/CIP binds CBP and mediates nuclear-receptor function. Nature 
387:677–684

 106. Venteclef N, Jakobsson T, Ehrlund A, Damdimopoulos A, Mikkonen L, Ellis E, Nilsson 
LM, Parini P, Janne OA, Gustafsson JA et al (2010) GPS2-dependent corepressor/SUMO 
pathways govern anti-inflammatory actions of LRH-1 and LXRbeta in the hepatic acute 
phase response. Genes Dev 24:381–395

 107. Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, Shoukry M, Wright 
C, Chen F et al (2009) ChIP-seq accurately predicts tissue-specific activity of enhancers. 
Nature 457:854–858

 108. Voegel JJ, Heine MJ, Zechel C, Chambon P, Gronemeyer H (1996) TIF2, a 160 kDa tran-
scriptional mediator for the ligand-dependent activation function AF-2 of nuclear receptors. 
EMBO J 15:3667–3675



22510 Complexity of the RAR‐Mediated Transcriptional Regulatory Programs

 109. Wang D, Garcia-Bassets I, Benner C, Li W, Su X, Zhou Y, Qiu J, Liu W, Kaikkonen MU, 
Ohgi KA et al (2011) Reprogramming transcription by distinct classes of enhancers func-
tionally defined by eRNA. Nature 474:390–394

 110. Wang KC, Yang YW, Liu B, Sanyal A, Corces-Zimmerman R, Chen Y, Lajoie BR, Protacio 
A, Flynn RA, Gupta RA et al (2011) A long noncoding RNA maintains active chromatin to 
coordinate homeotic gene expression. Nature 472:120–124

 111. Wang Z, Zang C, Cui K, Schones DE, Barski A, Peng W, Zhao K (2009) Genome-wide 
mapping of HATs and HDACs reveals distinct functions in active and inactive genes. Cell 
138:1019–1031

 112. Yang-Yen HF, Zhang XK, Graupner G, Tzukerman M, Sakamoto B, Karin M, Pfahl M 
(1991) Antagonism between retinoic acid receptors and AP-1: implications for tumor pro-
motion and inflammation. New Biol 3:1206–1219

 113. Yang L, Lin C, Liu W, Zhang J, Ohgi KA, Grinstein JD, Dorrestein PC, Rosenfeld MG 
(2011) ncRNA- and Pc2 methylation-dependent gene relocation between nuclear structures 
mediates gene activation programs. Cell 147:773–788

 114. Yang Q, Sakurai T, Kakudo K (2002) Retinoid, retinoic acid receptor beta and breast cancer. 
Breast Cancer Res Treat 76:167–173

 115. Zhang XK, Liu Y, Lee MO (1996) Retinoid receptors in human lung cancer and breast can-
cer. Mutat Res 350:267–277

 116. Zhao X, Patton JR, Davis SL, Florence B, Ames SJ, Spanjaard RA (2004) Regulation of 
nuclear receptor activity by a pseudouridine synthase through posttranscriptional modifica-
tion of steroid receptor RNA activator. Mol Cell 15:549–558

 117. Zhao X, Patton JR, Ghosh SK, Fischel-Ghodsian N, Shen L, Spanjaard RA (2007) Pus3p- 
and Pus1p-dependent pseudouridylation of steroid receptor RNA activator controls a func-
tional switch that regulates nuclear receptor signaling. Mol Endocrinol 21:686–699

 118. Zhou XF, Shen XQ, Shemshedini L (1999) Ligand-activated retinoic acid receptor inhibits 
AP-1 transactivation by disrupting c-Jun/c-Fos dimerization. Mol Endocrinol 13:276–285



227227

Subject Index

A
Activation function, 23, 24, 40, 205, 210
Acute myeloid leukemia, 92, 141, 142, 164
Acute promyelocytic leukemia, 141,  

161–166, 169
Adipose, 65, 87, 88, 92, 119
Adult, 2, 10, 82, 151, 160, 161, 169
AF-1, 23, 24, 42, 49, 57
AF-2, 23, 24, 26, 31, 40, 42, 49, 57
Agonist, 39, 42, 44–47
Alcohol dehydrogenase (ADH), 57, 60
Aldehyde dehydrogenase, 57, 66
ALDH1A2, 152
Allosteric control, 25, 28, 32
Androgen receptor, 204, 208, 76, 78, 80, 142
Antagonist, inverse agonist, 42, 44, 46
Architecture of DNA bound receptors, 31
Argonaute, 152, 155, 215
ATRA, 185, 189–191, 198, 209, 215

B
β-carotene 15,15′-monooxygenase (BCO1), 66
BCO2, 66
Bile salt export pump, 76
Bilaterian evolution, 63
BMP, 56, 66
Bone morphogenetic protein-1, 56, 66
Brain, 64, 65, 119, 160, 161
Breast Cancer, 6, 141, 166, 185, 187, 215–218

C
Cancer, 21, 87, 118, 131, 140–143, 166, 167, 

197, 215, 217, 218
C/EBPα, 152, 164
Cell fate decisions, 196

Cellular, 4, 7, 13
Cellular retinoic acid binding proteins, 4, 10
CCAAT/enhancer–binding protein–alpha,  

152, 164
Cellular retinol binding protein (CRBP), 2, 4, 

56, 57, 60
ChIP, ChIP-seq, 2, 12, 21, 76, 84, 85, 89, 90, 

104, 116, 120, 136, 182, 185–187, 189, 
192, 195, 196, 197, 221, 212, 215–217

ChIP coupled with deep sequencing, 2, 12, 
104, 105

Chordates, 58, 60–65, 68
Chromatin, 130–132, 134, 137–139
9–cis retinoid acid (9–cis RA), 8, 27, 42, 58, 

63–65, 81, 84, 86, 92, 184
Cistrome, 89, 183
Cloning, 5–7, 10, 13
Coactivator, corepressor, 11, 38, 39, 41, 45, 

47, 106, 115, 116, 205, 210, 218
Co-activators, 11, 12, 37–47, 49
Conformational change, 45, 49
Coregulators, 24, 28, 31–33, 105, 109–111, 

116, 117, 120
Co-repressors, 9, 11, 12, 37–41, 43–49
COUP-TFs 76, 79, 80, 81, 119
CRABP, 2, 4, 10, 57, 60, 119
Cryo-electron microscopy, 22, 28
Cryo-EM, 22, 28, 30
Cytochrome P450 (CYP), 56, 57, 60, 132
Cytochrome P450 subfamily (CYP26), 26, 56, 

57, 60, 61, 63, 67

D
3D structure, 9, 25, 28, 93, 105
Deuterostomes, 58, 63
Differentiation, 103, 118

M. A. Asson-Batres and C. Rochette-Egly (eds.), The Biochemistry of Retinoic Acid Receptors I: 
Structure, Activation, and Function at the Molecular Level, Subcellular Biochemistry 70,  
DOI: 10.1007/978-94-017-9050-5, © Springer Science+Business Media Dordrecht 2014



Subject Index228228

Direct repeat, 22, 24, 56, 76, 104, 106, 186, 
204, 213, 214

DNA binding domain, 2, 22, 23, 38, 39, 56, 
57, 77, 104–106, 182, 186, 204, 206, 
211, 219

DNA damage repair component, 209, 218
DNA response elements, 105
Dynamic regulation of gene programs, 192

E
Embryo, 55, 60, 64, 110, 118, 157, 182,  

184, 187
Embryo carcinoma cell (ECC), 110, 118, 182, 

184, 189, 193, 195
Embryonic stem cells (ESC), 104, 110, 118, 

152, 157, 159, 182, 187, 204, 212,  
215, 216

Enhancer; Enhancer RNA, 203, 208, 211,  
216, 218

Epigenetics, 129, 130, 141
Epigenome, 131, 143, 182, 183, 196
ES cells, 104, 118, 139, 143, 185, 198, 212
Estrogen receptor, 6, 7, 67, 68, 77, 78, 166, 

187, 204, 208, 215
Everted repeat, 76, 91, 204, 213

F
Farnesoid X receptor, 76, 78, 80
Fatty acid binding protein (FABP), 76, 89, 

104, 119
Fluorescence resonance energy transfer 

(FRET), 12, 22, 28, 29, 56, 60, 76,  
83, 85

G
Gene regulation, 132
Glucocorticoid receptor, 3, 5, 6, 22, 25, 76, 81, 

204, 213

H
Heart, 158, 159
Hematopoiesis, 161, 163, 164, 166
Hematopoietic stem cells, 130, 152
Hepatocyte nuclear factor 4, 76, 79, 81
Heterodimers, 80–86, 88, 89, 91–93
High performance liquid chromatography 

(HPLC), 56, 64
High throughput RNA sequencing, 2, 12, 104, 

116, 118, 120

Histone acetyltransferase (HAT), 11, 26, 38, 
40, 104, 109, 115, 133

Histone deacetylase (HDAC), 11, 26, 38, 40, 
104, 107, 110, 115, 129, 132, 133, 135, 
139, 141, 143, 159, 165, 182

Histone methyl transferase (HMT), 12,  
104, 109

Histone modifications, 132–135, 140
HMCS2, 76
Homeobox, 157, 165
Homodimer, 23, 24, 31, 77–84, 88, 90
Homotetramer, 84
Hormone response element, 204, 213
Hox, 134, 139

I
Intracellular lipid binding protein, 104, 119
Invertebrates, 62, 63, 65, 67
Inverted repeat, 22, 25, 76, 82, 91, 104, 105, 

204, 213

K
Kidney, 7, 64, 65, 82, 141
Kinases, coregulator, 103, 112, 115–117, 119

L
Leukemia, 161–165
Ligand binding, 1, 23, 25, 26, 37, 41, 49, 59, 

61, 63, 77, 78, 80, 81, 84, 86, 92, 107, 
117, 181, 183, 210

Ligand binding domain, 2, 22, 23, 24, 25,  
29, 38, 41, 42, 56, 57, 77, 105, 106, 
182, 210

Ligand binding pocket, 22, 25, 26 28, 41, 61, 
63, 81, 92, 105

Ligand modulation, 46
Liver, 3, 7, 64, 78, 80, 82, 87–91, 119, 212
Liver X receptor, 76, 78, 80
LncRNA, 152, 156, 203, 207, 208, 211
Long-noncoding RNA, 152, 156, 203, 207, 

208, 211
Lophotrochozoans, 58, 60, 62, 63, 67, 68
Lung, 92, 141
Lysine/arginine demethylase, 132, 133
Lysine/arginine methyltransferase, 129, 132

M
MAPK, 76, 87, 104, 110, 111, 115, 118, 204
MicroRNAs (miRNAs), 151–158, 160–171



Subject Index 229229

Mineralcorticoid receptor, 76, 78, 81
Mitogen-activated kinase, 76, 87
Mitogen-and stress-activated protein kinase, 

104, 135
Molecular structure, 25, 32
Mouse embryonic fibroblast (MEF), 182, 185, 

187, 212
Muscle, 158, 159, 165

N
N-CoR, 38–41, 43, 44, 48, 104
Nerve growth factor-induced protein I-B, 76, 

80, 81
Nervous system, 159, 166
Neuroblastoma, 161, 162, 165, 166
Neuron, 61, 65, 79, 110, 118, 160, 161, 184, 

208, 212, 215
N-terminal domain, 7, 13, 22–25, 28, 40, 42, 

44, 49, 57, 67, 81, 105, 107, 112, 115, 
117, 131

Nuclear magnetic resonance (NMR), 2, 9, 12, 
23, 25, 28, 76, 83, 113, 120

Nuclear receptor related 1, 76, 79
Nuclear receptors, 77–80, 82–86, 89–93
Nurr1, 76, 79–81

O
Olfactory, 82
OMICS integration, 197

P
Peroxisome proliferator-activated receptor, 13, 

29, 31, 78, 80, 82, 88, 89, 119
Phosphoinositide 3-kinase (P13K), 104, 110
Phosphorylation, 103, 106, 112, 113, 115–120
Protein kinase C (PKC), 87
Polycomb, 133, 138, 142
Polycomb group proteins, 110, 115, 138, 159, 

168
Polycomb repressive complex, 133, 137, 159
Polyunsaturated fatty acids, 92
PPAR, 29, 31, 78, 80–83, 86, 88, 89
Pregnane X receptor, 78, 81, 86
Proliferation, 81, 87, 141, 164–166, 169,  

184, 218
Proline rich motif, 106, 112, 113, 115, 117, 

133
Prostate, 140, 142
Protostomes, 58, 63, 67
Proximal promoter, 90, 136, 164, 211

R
RALDH, 57, 60, 61, 63, 67
RARα, 6, 7, 9, 24, 26–28, 44, 47, 61, 107, 

110–112, 115, 116, 118, 119, 137, 
139–141, 162, 165, 166, 169, 184, 187, 
189, 191, 192, 210, 211, 216, 217

RARβ, 7, 56, 58, 61, 107, 141, 184
RARγ, 7, 9, 10, 23, 25, 26, 58, 61, 91, 106, 

107, 111–113, 116–118, 136, 184, 
187–192, 196, 207, 217

Retinoic acid, 56–68, 151, 157, 158, 161, 167
Retinoic acid receptor (RAR), 5, 7–10, 12, 13, 

24–32, 37–49, 78, 80–83
Retinoic acid receptors, retinoid x receptors, 

7–10, 12, 13
Retinoic acid response element (RARE), 2, 8, 

9, 31, 32, 57, 106, 136, 165, 186, 208, 
213, 219

Retinoids, 24, 134, 140, 141
Retinol binding proteins, 4
Rexinoids, 8, 92, 93
RDH, 61
Retinal dehydrogenase, 57, 60, 61, 63, 67
Retinoic X receptor (RXR), 8–13, 23, 25–29, 

31, 32, 39, 42, 44–46, 48, 49, 55–59, 
61, 63, 75, 78, 80–93, 105, 107, 118, 
182, 192, 195, 210, 217

Retinol dehydrogenase, 61
RISC, 154–156, 167, 169
RNA polymerase, 32, 109, 135, 154, 189, 197, 

205, 207, 209
RNA-induced silencing complex, 154–156, 

167, 169
RNA-seq, 12, 116, 118, 120
RNA-seq high throughput qPCR sequencing, 12
RXRα, 7–9, 23–27, 56, 58, 81–83, 87, 91, 

106, 119, 135, 136, 189–191, 194,  
195, 210

RXRβ, 7, 8, 56, 58, 81, 82, 87
RXRγ, 8, 56, 58, 81, 87

S
S-adenosylhomocysteine, 142
Selective nuclear receptor modulator 

(SNuRM), 92
Short-chain dehydrogenase/reductase (SDR), 

57, 60
Silencing mediator for retinoid and thyroid 

hormone receptors (SMRT), 38–41, 59, 
77, 107, 115, 116, 206

Skin, 119
Small angle neutron scattering, 28, 29, 83



Subject Index230230

Transcriptional cofactor, 205
Transcriptional regulation, 12, 59, 90, 107, 

131, 135, 142, 158, 163, 167, 183, 191, 
207, 211–215, 217, 218

Trybutyltin chloride, 92
Tumor, 7, 87, 92, 110, 119, 140–143, 154, 

164, 217, 218

U
Ultraspiracle, 58, 63, 65, 66
3′ Untranslated region (UTR), 155, 156, 158, 

170, 171

V
Vertebrates, 56, 58–65
Vision, 2, 3, 10, 21, 64, 66
Vitamin A, 1–4, 10, 11, 13, 21, 55–57, 75, 77, 

92, 131
Vitamin A deficiency (VAD), 3, 10
Vitamin D nuclear receptor, 25, 28, 30, 31, 78, 

81–85, 88–90
Vitamins, 2–4, 10, 11, 13

Small angle X-ray scattering (SAXS), 12, 
28–30, 45, 45, 83, 113

Small heterodimer partner, 79, 81
Spinal cord, 158
SRC-1, 38–41, 43, 84, 109
Src-homology-3, 00
Stem cells, 110, 118, 131, 139–142, 187
Steroid receptor coactivator, 38, 109
Systems biology, 183, 194, 195

T
Target genes, 103, 107, 110, 111, 113, 

116–118
Testis, 64, 65, 82
Thiazolidinedione, 92
Thyroid hormone receptor, 38, 77, 78, 124
TIF2, 84
TNF-related apoptosis-inducing ligand 

(TRAIL), 142, 143
Transrepression;  Alu repeats, 214–216
Transcription start site, 32, 90
Transcriptome, 13, 153, 182, 183, 193, 196
Transcription, 103, 105, 107, 109, 110, 112, 

115–119, 132–135, 138–140


	Foreword
	Contents
	1 History of Retinoic Acid Receptors 
	Abstract 
	Abbreviations
	Introduction: In Quest of a Mechanism of Action for Vitamin A
	History: Cloning of the Nuclear Retinoic Acid Receptors
	Cloning of RARs
	Cloning of a Second Family of Nuclear Retinoid Receptors: The RXRs
	Establishment of the Basis of RARs and RXRs Mechanism of Action (1990–1995)
	Genetic Evidence that RARs Transduce the Retinoid Signals in Vivo

	Development of the Field: A Huge Explosion Has Occurred in the Field of RARs During the Last Two Decades
	Future Directions
	References

	2 Architecture of DNA Bound RAR Heterodimers 
	Abstract 
	Abbreviations
	Introduction
	History: Structural Analysis of Nuclear Receptor Isolated Domains
	Studies of DNA Binding Domains
	Studies of Ligand Binding Domains

	Development of the Field: Towards Structural Characterization of Full-Length Proteins
	Current State of the Field: Architecture of Full-Length RARRXRDNA Complexes
	Functional Relevance
	Future Directions
	References

	3 Retinoic Acid Receptors: Structural Basis for Coregulator Interaction and Exchange 
	Abstract 
	Abbreviations
	A Brief History of Nuclear Receptor Coregulators
	Discovery of the Basic Principles of NR-Coregulator Interaction
	Current Structural View of RAR-Coregulator Interactions
	Overall Structure of the RAR Ligand-Binding Domain
	Structural Basis for RAR-Coactivator Interaction
	Structural Basis for RAR-Corepressor Interaction and the Coregulator Exchange
	A Working Model for RAR-Coregulator Complex Formation and Action
	Coregulator Recruitment to RAR-RXR Heterodimers

	Relevance of the Field to Our Understanding of Retinoid Biology and Chemistry
	Full and Partial Agonists
	Neutral Antagonists and Inverse Agonists

	Future Directions: What Is Still Left to Do
	References

	4 Evolution of Retinoic Acid Receptors and Retinoic Acid Signaling 
	Abstract 
	Abbreviations
	Introduction
	History: Production, Metabolism and Signaling by Retinoids in Vertebrates
	The Structure of the RAR-RXR Heterodimer
	Regulation of Endogenous RA Levels

	Development of the Field: Evolutionary Origins of RA Signaling
	Current State of the Field: RA Signaling in Non-vertebrate Animals
	Presence or Absence of RA-Signaling in Metazoan Genomes: Chordates
	Presence or Absence of RA-Signaling in Metazoan Genomes: Non-chordates
	RA Derivatives in Non-chordate Invertebrates
	Role of RA Derivatives in Non-chordate Invertebrates

	Relevance
	Future Directions
	References

	5 RXRs: Collegial Partners 
	Abstract 
	Abbreviations
	Introduction
	History: RXRs—Central Players Within the NR Superfamily
	First Evidence for a New Receptor for Retinoids
	Classification of Nuclear Receptors
	RXR Isotypes

	Development of the Field: RXR Behavior as Partners of Different Functional Complexes
	How RXR-Containing Heterodimers Bind DNA
	Structural Basis of Hetero- and Homo-Dimer Formation
	Functional Behavior of RXR-Containing Complexes
	Regulation of RXR Activity Through Post-Translational Modifications

	Current State of the Field: Addressing RXR Functions on a Global Level
	Targeted Gene Disruption: RXR-Null Mice
	Global Analyses of RXR-Dependent Transcriptional Programs
	RXR Cistrome

	Relevance: Endogenous and Synthetic RXR Ligands
	Future Directions
	References

	6 Nuclear and Extra-Nuclear Effects of Retinoid Acid Receptors: How They Are Interconnected 
	Abstract 
	Abbreviations
	History: The Canonical Model for the Regulation of RAR-Target Gene Expression
	The Functional Domains of RARs
	RAR-Mediated Gene Expression
	Repression of Transcription in the Absence of Ligand
	Initiation of Transcription in Response to the Ligand: A Process Governed by the LBD via the Exchange of Coregulators
	Turn “OFF” of Transcription

	Development of the Field: RARs also Have Non-canonical Extra-Nuclear Effects, Which Are Integrated in the Nucleus
	RA Activates Kinase Signaling Pathways via a Pool of RARs Present in Membrane Lipid Rafts
	In the Nucleus, RARs Are Rapidly Phosphorylated by a Cascade of Kinases
	Consequences of RARs Phosphorylation at the NTD: Dissociation of Coregulators and Degradation by the Proteasome
	Not only RARs but also Several Other Proteins Integrate MAPK Signaling and Become Phosphorylated in Response to RA

	Current State of the Field
	The RA-Induced Kinases and RAR Recruitment to DNA
	A Working Model for the Role of Phosphorylation in the Activation of RAR-Target Genes

	Relevance: In vivo Relevance of the Cross Talk Between the Nuclear and Extra-Nuclear Effects of RARs
	Embryonic Development and cell differentiation
	Cancer and Diseases
	Relevance in the Biology of Other Nuclear Receptors

	Future Directions: What Is Still Left to do
	References

	7 The Roles of Retinoic Acid and Retinoic Acid Receptors in Inducing Epigenetic Changes 
	Abstract 
	Introduction
	History: Epigenetic Regulation Is Achieved by a Number of Different Mechanisms
	Histone Protein Tail Modifications and Transcriptional Regulation
	DNA Methylation and Gene Silencing
	Other Epigenetic Regulators of Gene Expression

	Development of the Field: Retinoids and RARs Mediate Histone Modifications
	Current State of the Field: DNA Demethylation Is Involved in the RA Transcriptional Response
	Relevance: RA Regulated Epigenetic Changes in Carcinogenesis
	The Future: RA Action and Epigenetics, Cell Differentiation and Cancer
	References

	8 RARs and MicroRNAs 
	Abstract 
	Abbreviations
	History
	Development of the field
	Current State of the Field
	MicroRNA and Retinoic Acid Regulatory Networks in Embryo Development
	Homeobox Genes
	Heart and Muscle Development
	Polycomb Group Proteins
	Nervous System Development

	Relevance
	MicroRNA and Retinoic Acid Regulatory Networks in Adult Life and Disease
	Direct or Indirect Mechanisms: Insights from the RA-Responsive Leukemia Models
	Normal Hematopoiesis
	miRNA-Mediated Tumor Suppressive Activities of RA in the Hematopoietic System
	Normal and Neoplastic Neural Differentiation
	Other Biological Model Systems
	Retinoic Acid-Induced Nuclear Roles of miRNAs

	Future Directions
	MicroRNA Targeting of Retinoid Receptors

	References

	9 Integrative Genomics to Dissect Retinoid Functions 
	Abstract 
	Abbreviations
	History: Retinoic Acid Signaling in the Post-Genomic Era
	Genome-Wide Mapping of Retinoic Acid Receptors Binding Sites

	Development of the Field: Identification of Decision Points and Key Factors that Diversify and Dynamically Regulate RA-Induced Gene Expression
	Current State of the Field: Taking Advantage of in Silico Integrative Approaches to Expand Understanding of RA-Driven Signal Transduction Processes
	Relevance: Importance of a Systems Biology of Nuclear Receptors
	Future Directions: An Integrative Genomics Era
	Multiple RXR: RAR Heterodimers Mediate RA-Signaling
	Pioneers, Epigenetic Modifications, and Co-Regulators Establish Regulatory Principles Affecting RA-Regulated Gene Programs Upstream and Downstream of RARRXR Heterodimer Action
	The Dynamic Role of Three-Dimensional Chromatin Organization
	Computational Challenges for Omics Data Processing and Integration

	References

	10 Complexity of the RAR‐Mediated Transcriptional Regulatory Programs 
	Abstract 
	Abbreviations
	History: Transcriptional Cofactors That Regulate RAR Transcriptional Activities
	Coactivators and Corepressors
	ncRNAs as RAR Cofactors
	Enhancers as Transcription Units: Induction of Enhancer RNAs
	DNA Damage Repair Components also Function as RAR Cofactors
	RAR Modifications also Affect its Interaction with Cofactors

	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
	RAR Binding is Dynamically Regulated During Differentiation
	New RAR Binding Motifs
	Trans‐binding of RAR and Transcriptional Regulation

	Current State of the Field: Deeper Understanding of RAR-Mediated Transcriptional Regulation
	RAR Regulates Both Pol II and Pol III Transcriptional Programs
	Cross-talk Between the RAR-Mediated Transcriptional Program and the EstrogenEstrogen Receptor Pathway

	Relevance: RAR-Mediated Transcriptional Regulation and Disease
	Future Directions: Future Questions on RAR-Mediated Transcriptional Regulation
	References

	Subject Index



