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vitamin A leads to neonatal growth retardation and a large 
array of congenital malformations collectively referred to 
as the fetal “vitamin A defi ciency” (VAD) syndrome. More-
over, in adults, vitamin A is well known to be essential for 
several functions, such as vision, immunity, and reproduc-
tion  . However, new biologic functions for vitamin A are 
continuously being discovered in new fi elds such as lipid 
metabolism, insulin response, energy balance and the ner-
vous system. 

 It is well documented that most of these pleiotropic 
functions are not exerted by retinol itself but by active me-
tabolites. Among these metabolites is 11- cis -retinaldehyde 
(11cRAL), which is involved in phototransduction through 
binding opsin to form rhodopsin and cone pigments. In 
fact, the predominant endogenous active metabolite is all-
 trans  retinoic acid (atRA), which regulates the expression 
of a battery of target genes involved in cell growth and dif-
ferentiation, development, and homeostasis. Moreover, in 
keeping with its antiproliferative activity, retinoic acid 
(RA) is used in the treatment of certain cancers ( 4 ). Basi-
cally, RA mobilizes to the nucleus through binding to small 
intracellular lipid-binding proteins. The resulting complex 
channels RA to specifi c nuclear receptors, the so-called retin-
oic acid receptors (RAR), which work as ligand-dependent 
regulators of transcription and transduce the RA signal in 
vivo as heterodimers with retinoic X receptors (RXR) ( 5, 6 ). 
Therefore, vitamin A/RA is considered as the paradigm of 
the link between vitamin, nutrition, homeostasis, and de-
velopment via the regulation of gene expression. 

 During the last decade, this scenario became more com-
plicated with the discovery that RA also has extranuclear, 
nontranscriptional effects, such as the activation of the 
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  Vitamins are essential organic molecules that an organ-
ism depends on for survival. The main characteristics of a 
vitamin are that it cannot be synthesized by the organism 
and thus must be obtained from the diet. Vitamin A is ar-
guably the most multifunctional vitamin in the human body 
and is provided as preformed vitamin A in foods of animal 
origin (liver) and as provitamin A carotenoids found in 
plant-derived foods ( 1 ). 

 Vitamin A or retinol is essential for human survival at 
every point, from embryogenesis to adulthood ( 2, 3 ). Such 
an important role has been revealed by both experimental 
approaches and clinical observations. Indeed defi ciency of 
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considered as a bona fi de RXR ligand ( 10, 11 ), it is now 
controversial due to the inability to detect this compound 
in vivo ( 12–14 ). Note, however, that 9cRA has been de-
tected recently in pancreatic cells and found to have a 
function in regulating glucose-stimulated insulin secre-
tion ( 15 ). Thus endogenous 9cRA exists and is physio-
logical relevant. Nevertheless, RXR can bind a series of 
fl exible fatty acids, including the unsaturated fatty acid 
docosahexanoic acid (DHA), oleic acid, phytanic acid, 
and honokiol, strongly suggesting the involvement of this 
receptor as a sensor of the cellular metabolic status ( 16 ). 
Moreover synthetic “rexinoids” have been designed and 
have confi rmed that binding of a ligand to the RXR 
partner modulates the functions of the RXR/RAR het-
erodimers ( 16 ). 

 Diversity of receptors 
 RA binding to fatty acid-binding proteins in the cytosol for RA 

delivery to nuclear receptors.   In the cytosol, RA is well known 
to bind the cellular retinoic acid-binding protein CRABPII, 
which belongs to the intracellular lipid binding proteins 
iLBP family. It is a small cytosolic protein, which specifi cally 
associates with RA with subnanomolar affi nities. Upon 
binding of RA, CRABPII mobilizes to the nucleus, where it 
associates with RARs through direct protein-protein inter-
actions ( 17–19 ). The resulting complex channels RA from 
the binding protein to the RAR and markedly facilitates the 
formation of the liganded receptor. It was demonstrated 
that by directly delivering RA to RARs, CRABPII signifi -
cantly enhances the transcriptional activity of RARs and sen-
sitizes the cells to RA biological activities. 

mitogen-activated protein kinase (MAPK) signaling path-
way, which infl uences the expression of RA target genes 
via phosphorylation processes. Moreover, other studies re-
vealed that RA activates not only RARs but also other nu-
clear receptors, such as the peroxisome proliferator-activated 
receptors (PPAR). Finally, vitamin A/retinol proved re-
cently to be active and to activate the Janus kinase/STAT5 
signaling pathway. Remarkably, these two last novel effects 
result in the regulation of genes that are not direct RAR 
targets, thus increasing the widespread nature of the bio-
logic functions of vitamin A/RA, especially in the fi eld of 
energy balance. Finally, there is unexpected role of RARs 
in translation, out of the nucleus. 

 In this review, we highlight that the spectrum of activi-
ties of vitamin A and RA is much broader and more com-
plex than previously suspected due to the diversity of their 
receptors and to the large spectrum of their extranuclear 
and nontranscriptional effects. We also attempt to reca-
pitulate how all these effects crosstalk and/or cooperate 
with each other to expand the scope of vitamin A and RA 
functions. 

 DIVERSITY OF THE FUNCTIONAL EFFECTORS OF 
VITAMIN A SIGNALING 

 Vitamin A or retinol is composed of a  � -ionone ring, a 
polyunsaturated side chain, and a polar end group ( 7 ) 
(  Fig. 1  ).  This chemical structure makes it poorly soluble in 
water but easily transferable through membrane lipid bi-
layers. In fact, vitamin A exerts its effects via oxidized me-
tabolites, and the pleiotropicity of its effects is generated 
through the multiplicity of its active metabolites and of its 
targets. 

 Diversity of the active metabolites 
 11- cis  retinaldehyde and vision.   Vitamin A is essential for 

vision. In the eye, its active metabolite is 11- cis -retinalde-
hyde (11cRAL) (for review, see Ref.  8 ). It is present in the 
photoreceptor cells of the retina and belongs to the visual 
pigment responsible for sensing light ( Fig. 1 ). 11cRAL 
works as a chromophore and binds opsin, a G protein. Vi-
sual perception starts with the absorption of a photon, 
which induces isomerization of 11cRAL to 11- trans  retinal-
dehyde (11tRARL). Then 11tRAL is released from opsin 
and the 11- cis  chromophore is regenerated for sustained 
vision. 

 Retinoic acid and other retinoids.   The most important bi-
ologically active metabolite of vitamin A is atRA ( Fig. 1 ). 
Today, several compounds that do not fi t with the chemi-
cal structure of RA but are much more active in several 
assays have been synthesized. Now, retinol, RA, other active 
metabolites and active synthetic compounds are grouped 
as “retinoids” ( 9 ). 

 Today, it is well admitted that RA binds and activates 
RARs. However, the existence of a physiological RXR li-
gand is still being investigated. Indeed RXRs cannot bind 
atRA, and although its 9- cis  isomer (9cRA) was initially 

  Fig.   1.  Retinol   and its two main metabolites, atRA and 11cRAL. 
AtRA can bind the intracellular lipid binding proteins CRABPII or 
FBP5. Binding to CRABPII channels RA to RARs, which then regu-
late genes involved in cell growth and differentiation. In contrast, 
binding to FABP5 channels RA to PPAR � / � , which controls the 
expression of other subsets of genes involved in energy homeosta-
sis and insulin response. 11cRAL serves as a cofactor for rhodopsin 
and is critical for vision. Adapted from Ref.  127 .   
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 The NTD is also functionally important, but in con-
trast to the DBD and the LBD, it is not conserved be-
tween RARs and RXRs or even between the different 
subtypes and isoforms. Moreover, there are still no high-
resolution structures available ( 29 ). Several biochemical 
and structural studies coupled to structure prediction al-
gorithms suggest that the NTDs of RARs, as well as of any 
member of the nuclear receptor family, are of naturally 
disordered structure ( 40, 41 ). Most importantly, it has 
recently emerged that disordered domains provide the 
fl exibility that is needed for modifi cation by enzymes 
such as kinases and ubiquitin-ligases ( 42, 43 ). Such modi-
fi cations may induce changes in the structural properties 
of the domain, with profound impacts on its interactions 
with coregulators and/or on the dynamics of adjacent 
structural domains. In line with this, it is important 
to note that the NTDs of RARs and RXRs contain phos-
phorylation sites, which are conserved between RARs 
( Fig. 2A ) ( 44 ). 

 PPAR � / � : a novel nuclear receptor for RA.   Like RARs, PPARs 
belong to the superfamily of nuclear receptors and regulate 
the expression of target genes as heterodimers with RXRs. 
There are three main subtypes, PPAR �  (NR1C1), PPAR �  
(NR1C3), and PPAR � / �  (NR1C2), which are encoded by 
separate genes and display structural characteristics very 
similar to those of RARs ( 45, 46 ). 

 PPARs are lipid sensors and as such are activated by vari-
ous fatty acids and fatty acid derivatives. Most importantly, 
PPAR � / �  (but not the other PPARs) can also bind RA, but 
with an affi nity that is around 15 nM and thus over an or-
der of magnitude weaker than that of RARs, which is in the 
sub-nM range. Accordingly, the PPAR � / �  subtype depicts 
a ligand-binding pocket, which is considerably larger than 
that of other nuclear receptors, consistent with the pro-
miscuous ligand binding displayed by this receptor ( 47 ). 

 Though ubiquitously expressed, PPAR � / �  is preferen-
tially expressed in brain, adipose tissue, skeletal muscle, 
and skin. Most interestingly, keratinocytes and adipocytes 
also express high levels of FABP5 compared with CRAB-
PII, and in these cells RA activates PPAR � / � . This fi nding 
would explain why RA has a proproliferative effect in kera-
tinocytes instead of the expected antiproliferative one 
( 21 ). It also revealed   new functions of RA in the regulation 
of energy homeostasis and insulin responses ( 48 ). 

 Some recent in vitro studies suggest that RA signaling 
could be mediated by other receptors, such as ROR �  
(NR1F2) ( 49 ), COUP-TFII (NR2F2) ( 50 ), or TR2/4 ( 51 ). 
However, the in vivo relevance of such observations re-
mains to be determined. 

 Multiple coregulators 
 Over many years, a plethora of RAR coregulator molecules 

have been identifi ed. These coregulators include the well-
known classical coactivators and corepressors ( 27, 34, 52–55 ), 
which interact with a hydrophobic surface of the LBD gener-
ated by H3 and H4. At the molecular point of view, the 
discrimination between corepressors and coactivators is 
governed by the ligand, which reorientates H12 and thus 

 Recent studies have shown that in certain cell types, RA 
also binds FABP5, another fatty acid-binding protein of 
the iLBP family. Classically, FABPs are known to bind a 
variety of fatty acids and to cooperate with PPARs in a man-
ner similar to that found for CRABPII and RAR ( 20 ). Most 
interestingly, RA binding activates the nuclear transloca-
tion of FABP5, which then delivers the ligand to the 
PPAR � / �  subtype (but not to the other PPARs) ( 21–23 ). 
These observations raised a novel paradigm, according to 
which RA can alternatively activate two different types of 
nuclear receptors, RARs and PPAR � / � , depending on the 
relative expression levels of CRABPII and FABP5 ( Fig. 1 ). 

 RARs: the canonical nuclear RA receptors.   RARs consist of 
three subtypes,  �  (NR1B1),  �  (NR1B2), and  �  (NR1B3), 
which are encoded by separate genes. For each subtype, 
there are at least two isoforms generated by differential 
promoter usage and alternative splicing and differing only 
in their N-terminal regions. In vivo, RARs transduce the 
RA signal as heterodimers with RXRs, which also consist of 
three subtypes,  �  (NR2B1),  �  (NR2B2), and  �  (NR2B3) 
( 14, 24, 25 ). 

 RARs and RXRs have a well-defi ned domain organiza-
tion and structure, consisting of a variable N-terminal do-
main (NTD) and two well-structured and highly conserved 
domains, a central DNA-binding domain (DBD) and a 
C-terminal ligand-binding domain (LBD) linked by a fl ex-
ible hinge peptide ( 26–29 ) (  Fig. 2A  ).  RARs, but not RXRs, 
also depict a poorly conserved and not structured region 
extending C-terminal to H12. However, the function of 
this region is poorly understood. 

 The LBD is formed by 12 conserved  � -helices and a 
 � -turn, which are separated by loops and folded into a three-
layered, parallel helical sandwich ( 27, 30, 31 ) ( Fig. 2B ). 
One of the most important characteristics of the LBD is 
the conformational fl exibility of the C-terminal helix, H12, 
which adopts different conformations from one subtype to 
the other and also after ligand binding ( Fig. 2B ). The 
other characteristic is its functional complexity as it is in-
volved in ligand binding, dimerization, and interaction 
with multiple coregulators via numerous interaction sur-
faces. The ligand-binding pocket comprises hydrophobic 
residues mainly from helices H3, H5, and H11 and the 
 � -hairpin s1–s2 ( 32 ). Over 75% of the heterodimerization 
surface is composed by helices H9 and H10   ( 33 ). The co-
regulator binding surfaces include mainly the well-known 
hydrophobic surface involved in corepressor/coactivator 
binding ( 34, 35 ) as well as a recently evidenced binding 
domain for cyclin H, a subunit of the CAK subcomplex of 
the general transcription factor TFIIH ( 36 ) ( Fig. 2B ). 

 The DBD ( Fig. 2A ), which confers sequence-specifi c 
DNA recognition, is composed of two zinc-nucleated mod-
ules and two  � -helices that cross at right angles and fold 
into a single globular domain, which has been determined 
by nuclear magnetic resonance and crystallographic stud-
ies ( 37 ). The DBD includes several highly conserved se-
quence elements, referred to as P, D, T, and A boxes ( 38, 
39 ), which contribute to a dimerization interface and which 
are involved in the contacts with DNA. 
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 This interface removes H12 and unmasks the hydrophobic 
groove for binding of the RID  �  helix. Note that the re-
gion that maps C-terminal to H12 would also help stabilize 
H12 in an open conformation competent for corepressor 
binding ( 57 ). 

 It has been generally accepted that each partner of the 
RAR/RXR heterodimer contacts a separate RID on a sin-
gle corepressor. However, according to recent studies, it 
seems that SMRT would be recruited to the heterodimer 
only through the RAR partner. Indeed the hydrophobic 
groove of RXR has been shown to be masked by H12 ( 58 ). 
Moreover, SMRTe, a corepressor variant interacting spe-
cifi cally with RARs, depicts only one RID, excluding the 
possibility of an interaction with the RXR partner ( 59 ). 

 Note, however, that the RAR �  and RAR �  subtypes poorly 
interact with corepressors ( 54, 60, 61 ). It has been pro-
posed that in these receptors, H12 interacts with H3 even 
in the absence of ligand, thus occluding the corepressor-
docking site. 

 “Classical” coactivators.   In contrast, in the liganded 
state, RAR �  binds coactivators, which include essentially 
the p160 subfamily of steroid receptor coactivators (SRC), 
namely, SRC-1 (also referred to as NCoA-1), SRC-2 (TIF-2, 

contributes in a critical manner to change the interaction 
surface. Interestingly, most of these corepressors and co-
activators are common for RARs and PPARs. However, 
during the last years, other coregulators interacting spe-
cifi cally with RARs but with other surfaces of the LBD and 
with the NTD have been identifi ed. 

 “Classical” corepressors.   In the unliganded state, the hy-
drophobic surface of the RAR �  subtype can bind core-
pressors, such as nuclear receptor corepressor (NCoR) or 
silencing mediator of retinoic acid and thyroid hormone 
receptor (SMRT), which are genetic paralogs. In fact, 
SMRT would be the RAR-favored corepressor, and multi-
ple protein variants are produced by alternative splicing. 
The majority of the SMRT variants possess at least two re-
ceptor interaction domains (RID), which contain an ex-
tended  �  helical box with an LxxI/HIxxxI/L motif ( 55 ). 
Through one of these domains, SMRT docks with the hy-
drophobic groove found at the surface of the RAR �  LBD 
and generated by H3 and H4. However, according to re-
cent structural studies, effi cient interaction also requires 
an antiparallel  � -sheet interface involving N-terminal fl ank-
ing residues of the corepressor RID and an extended 
 � -strand conformation of the receptor H11 ( 56 ) (  Fig. 3A  ). 

  Fig.   2.  RAR structure. (A) RARs depict a domain 
organization with an unstructured NTD and two well-
structured domains: a central DBD and a C-terminal 
LBD. The phosphorylation sites located in the NTD 
and the LBD are shown. (B) Structural changes in-
duced upon RA binding. The crystal structures of 
the unliganded RXR �  and liganded RAR �  LBDs are 
shown. Helices are represented as ribbons and la-
beled from H1 to H12. The binding domains for 
corepressors/coactivators and for cyclin H are shown. 
Adapted from Protein Data Bank 1lbd and 2lbd.   
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between a conserved glutamate residue in H12 and a lysine 
in H3 can specifi cally grip the ends of a helix of the spe-
cifi c length specifi ed by the LxxLL motif of the p160 
coactivators, thereby allowing the leucine side chains to 
pack into the hydrophobic cavity. 

 In the liganded state, RARs can also recruit at the same 
surface other unconventional coregulators with LxxLL 
motifs, such as a specifi c subunit of the Mediator, which 
was identifi ed as DRIP205/TRAP220 ( 52 ), the receptor 
interacting protein of 140 kDa (RIP140/NRIP1) ( 62 ), the 
preferentially expressed antigen in melanoma (PRAME) 
( 63 ), the transcription intermediary factor-1  �  (TIF1 � /
Trim24) ( 64 ), and the thyroid receptor interacting pro-
tein-1 (TRIP1/SUG-1) ( 65 ), which is a subunit of the 19S 
regulatory subcomplex of the proteasome with an ATPase 
activity. 

 Other coregulators.   Several other molecules have been 
shown to interact with the LBD of RARs but through other 
surfaces. Among them is cyclin H, which interacts with the 
LBD at a surface involving L8–9 and the beginning of H9 
( 36 ) ( Fig. 2B   ), allowing the recruitment of TFIIH (see be-
low). There is also CRABPII, which in association with cy-
clin D3 ( 66 ) serves as an RA-channeling molecule to the 
receptor ( 17, 18 ) (see above). 

 Finally, a few proteins interacting with the NTD of RARs 
have been more recently identifi ed, among which are 
Acinus-S ′ , a nuclear protein implicated in apoptotic chro-
matin condensation and mRNA processing, and HACE1, 
an HECT domain and ankyrin repeat-containing E3 ubiq-
uitin-protein ligase ( 67, 68 ). 

 In fact, the interesting feature of the NTD of RARs (but 
not RXRs nor the other nuclear receptors) is the presence 
of a proline-rich motif (PRM), which contains phosphory-
lation sites ( Fig. 2A   ). Such PRMs bind proteins with SH3 
or WW domains, the phosphorylation preventing or favor-
ing the interaction ( 69–71 ). In line with this, the phospho-
rylated PRM of RAR �  has been shown to bind peptidyl-prolyl 
 cis - trans  isomerase never in mitosis A (NIMA)-interacting 1 
(Pin1)   ( 72, 73 ), a WW domain-containing protein. In con-
trast, according to a recent study performed in our labora-
tory, the nonphosphorylated PRM of RAR �  interacts with 
vinexinß ( 74 ), an adaptor characterized by the presence of 
three SH3 domains. Remarkably, vinexinß dissociates 
upon phosphorylation of the PRM of RAR �  ( 75 ) (see 
below). 

 Polymorphism of the RA response elements and new 
RAR binding loci 

 RARs heterodimerized with RXRs bind to specifi c retin-
oic acid response elements (RARE) located in the promot-
ers of target genes. Classically, RAREs are composed of two 
direct repeats (DR) of a core hexameric motif (A/G) G 
(G/T) TCA separated by 1, 2, or 5 nucleotides and re-
ferred as DR1, DR2, and DR5 ( 26, 76, 77 ) ( Fig. 3B ). Such 
RAREs have been identifi ed in the promoters of a large num-
ber of RA target genes involved in a wide variety of functions, 
such as transcription, cell signaling, development, neu-
ronal functions, and tumor suppression. For example, the 

GRIP-1), and SRC-3 (pCIP, ACTR, AlB1, TRAM1, RAC3) 
( 52 ). Their main characteristic is the presence of three 
copies of a highly conserved LxxLL motif, which forms a 
short  � -helix. Through one of these motifs, the coactiva-
tors bind to a surface that is topologically related to that 
involved in corepressor interaction but with H12, subse-
quent to RA-induced structural changes. 

 When RA is locked in the cavity of the ligand-binding 
pocket through hydrophobic interactions, there is a  � -strand-
to- � -helix secondary structure switch ( 56 ), which induces 
the repositioning of H11 in the continuity of H10. Con-
comitantly, H12 swings in a mousetrap model, sealing the 
“lid” of the LBP and tightly packing against   H3 and H4. 
The new hydrophobic cleft formed among H3, H4, and 
H12 generates a defi ned interaction surface for the p160 
coactivators ( 27 ) ( Fig. 3A ). Indeed, a charge clamp formed 

  Fig.   3.  Coregulator binding surfaces and RA response elements. 
(A) Schematic models for the recruitment of corepressors and co-
activators. Adapted from Ref.  56 . (B) The classical retinoid re-
sponse elements 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 comprises three half-sites with DR2 and DR0 
spacing. Some RARE-associated genes are shown.   
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both cases, the structures showed an extended asymmetric 
shape, the LBD dimers being positioned at the 5 ′  end side 
of the response element with an orientation orthogonal 
to the DNA axis. They also demonstrated that the spacing 
of the repeats modulates the relative positions of the do-
mains, the RAR-RXR-DR1 complex showing a larger con-
necting volume between the DBDs and LBDs than the 
RXR-RAR-DR5 complex. Finally, these studies pointed out 
the fl exibility and the essential role of the hinge domain in 
the positioning of the LBDs and in maintaining the integ-
rity of the functional structures. Similar conclusions were 
also reached for the full-length PPAR/RXR heterodimers 
bound on DR1 elements ( 46 ). 

 CANONICAL MODEL OF REGULATION OF 
TRANSCRIPTION BY RAR-RXR HETERODIMERS 

 The transcriptional regulation of RA target genes by 
DNA-bound RAR-RXR heterodimers is a complex pro-
cess that involves several dynamic, sequential, and coor-
dinated steps. At the molecular point of view, the “on” 
switch to transcription activation relies on ligand-induced 
conformational changes that direct coregulator exchanges 
(  Fig. 4  ).   

 In the absence of ligand, transcription is turned “off” by 
RXR/RAR heterodimers bound to DNA and associated 
to corepressor complexes 

 According to the current model of gene regulation by 
RARs ( 89 ), in the absence of ligand, the DNA-bound RAR �  
subtype is associated with corepressors, which serve as adap-
tors recruiting high molecular weight complexes endowed 
with histone deacetylase (HDAC) activity ( 90 ). These com-
plexes deacetylate lysine residues in the N-terminal tails of 
histones and maintain chromatin in a condensed, repressed 
state over the target promoter ( 35, 89 ) ( Fig. 4A ). The core-
pressor complexes also contain other components, such 
as transducin  � -like 1 (TBL1) and TBL1-related protein 1 
(TBLR1), which serve as adaptors regulating corepressor 
assembly and function ( 91 ). 

 Note that transcription repression in the absence of RA 
also involves a large number of other proteins that form 
complexes with RAR/RXR heterodimers and bind specifi c 
regions of DNA. As an example, repression has been shown 
to involve interactions with polycomb group (PcG) pro-
teins ( 92, 93 ) and the multiple LIM domain-containing 
protein ajuba ( 94 ). These proteins dissociate after RA ad-
dition via a mechanism that is still ill-defi ned ( Fig.4A ). 

 Transcription is turned “on” subsequent to ligand 
binding   

 According to recent ChIP-seq experiments, the occu-
pancy of many RAREs was increased in response to RA 
( 95, 96 ). In general, there was a signifi cant correlation be-
tween transcription activation and the binding of the het-
erodimers to DNA ( 82 ), but how RA promotes RAR/RXR 
recruitment to DNA is still an open question. 

classical DR5 elements are found in the promoters of the 
 RAR � 2  gene itself, the cytochrome 450, family 26, sub-
family a, polypeptide 1 ( CYP26A1 ) gene, and several 
homeobox ( Hox ) and hepatocyte nuclear factor ( Hnf ) 
genes. However, new RARE-associated genes have been 
recently revealed by high-throughput and in silico stud-
ies ( 78 ). Moreover, in some cases, several RAREs were 
found to be associated to the same gene ( Cyp26A1 ,  RAR � 2,  
and  Meis2 ) ( 78 ). Comparison of the different studies high-
lighted similarities in the sets of target genes but also 
major differences due to species and/or cell type speci-
fi cities ( 79 ). 

 Most interestingly, the recent genome wide ChIP-seq 
(chromatin immunoprecipitation coupled with deep se-
quencing) technology allowed the identifi cation of new 
RAR-binding loci and expanded the repertoire of poten-
tial high-affi nity response elements ( 80–82 ). These stud-
ies revealed an unexpected diversity in the spacing and 
topology of the DNA elements. They also revealed that 
RARs can occupy a larger repertoire of sites with non-
canonical IR0 (inverted repeats), DR0, and DR8 spac-
ing, most DR8 elements comprising three half-sites with 
DR2 and DR0 spacing ( 81 ) ( Fig. 3B ). Intriguingly, dis-
section of these new components revealed that DR8 ele-
ments would be a new signature, whereas DR0 would be 
less favored, indicating that spacing would regulate RAR 
function. 

 Note that PPAR/RXR heterodimers also bind response 
elements that are composed of two direct repeats of a 
core hexameric motif with DR1 spacing and that are lo-
cated in other subsets of genes involved in energy balance 
( 45, 46 ). 

 Different architecture of the RAR/RXR heterodimers 
depending on the RARE spacing 

 On DR2 and DR5 elements, RXR occupies the 5 ′  hexa-
meric motif, whereas the RAR partner occupies the 3 ′  mo-
tif (5 ′ -RXR-RAR-3 ′ ). In contrast, on DR1 elements, the 
polarity is reversed, with the RAR DBD binding upstream 
and the RXR DBD binding downstream (5 ′ -RAR-RXR-3 ′ ), 
switching the activity of the heterodimer from an activator 
to a repressor of target genes in the presence of RA ( 27, 
83, 84 ). 

 Each DBD interacts with the DNA major groove at the 
level of a half-site through the P box of the fi rst helix re-
sponsible for discrimination between different half-site se-
quences. Then they arrange head to tail with cooperative 
contacts between the DBDs, leading to a mutual reinforce-
ment of protein-protein and protein-DNA interactions. De-
pending on the DR spacing, different regions of the DBD 
of each receptor are used to create the dimerization inter-
face to achieve the required binding to the response ele-
ments ( 38, 39 ). 

 The fi rst crystal structures to be solved were those of RAR-
RXR and RXR-RXR DBDs in complex with DR1 elements 
( 85, 86 ). Recently, integrative, complementary structural 
biology approaches provided the structure of full-length 
RAR-RXR heterodimers on DR1 and DR5 elements, but 
without the NTD, which is disordered in solution ( 87, 88 ). In 
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transferases (HAT), histone methyl transferases (HMT), 
histone demethylases (HDM), and DNA-dependent ATPases 
( 34, 35, 90, 91 ) ( Fig. 4A ). All these complexes alter the 
chromatin structure surrounding the promoter of target 
genes and create tags or binding sites that form a “histone 
code” read by particular effectors, which in turn mediate 
distinct outcomes ( 100 ). In some examples, these chroma-
tin marks function in a combined   manner. This code coor-
dinates the recruitment of additional HATs, HMTs, or 
HDMs for further chromatin decompaction. It also orches-
trates the recruitment of chromatin remodelers, which use 
the energy of ATP-hydrolysis to reposition nucleosomes 
through sliding them in  cis  or displacing them in  trans , al-
lowing the formation of nucleoside-free or nucleosome-
spaced regions at the promoter. According to recent 
studies, optimal chromatin remodeling at some RA target 
genes also requires the recruitment by the RXR/RXR het-
erodimer complexes of the poly (ADP-ribose) polymerase 
(PAPR-1) ( 101 ) and of a poly (ADP-ribose) glycohydrolase 
(PARG) ( 102 ). 

 Then, activated RARs recruit the transcription machin-
ery, including the multisubunit Mediator complex, RNA 
polymerase II, and the general transcription factors ( 35, 
89 ) ( Fig. 4B ). Recent studies demonstrated that the tran-
scription machinery assembles sequentially with the nucle-
otide excision repair (NER) factors at the promoter to 
achieve optimal histone modifi cations and thus effi cient 
RNA synthesis ( 103 ). Optimal transcription also involves 
other proteins that form complexes with RAR/RXR het-
erodimers and bind specifi c regions of DNA, such as the 
zinc-fi nger protein Zfp423 ( 104 ), FoxA1, and Gata3 ( 105, 
106 ). Finally, according to recent chromatin conformation 
capture experiments, when bound at several RAREs of the 
same gene, RARs can form loops ( 96 ). One emerging view 
is that RARs, as other transcription factors, would create 
long-range chromatin loops, bridging genomic loci located 
even on different chromosomes, thus creating hot spots of 
transcription ( 107 ). 

 The end of transcription   
 At the end of the transcriptional response, liganded 

RARs have been shown to recruit unconventional coregu-
lators with LxxLL motifs, such as RIP140 and PRAME 
( Fig. 4C ). In contrast to the classical p160 coregulators, 
RIP140 and PRAME inhibit the transcriptional activity of 
RARs through the recruitment of HDACs ( 108 ) and PcG 
proteins ( 63 ) respectively. It has been suggested that they 
would constitute a functional negative feedback mechanism 
limiting and/or ending RAR activity. TIF1 �  also represses 
RAR � -mediated transcription ( 109 ), but through a mecha-
nism that is still unknown. 

 RARs are also degraded by the ubiquitin-proteasome 
system, through the recruitment of TRIP1/SUG-1, which 
is a subunit of the 19S regulatory subcomplex of the pro-
teasome with an ATPase activity ( 110–112 ). It has been 
proposed that, as for most “activators” of transcription, 
this degradation provides an effi cient way to limit RAR 
function and/or to signal the end of the transcriptional 
process ( 113 ). 

 Nevertheless, upon ligand binding, RAR �  undergoes 
conformational changes that provoke corepressor release 
and coactivator binding ( Fig. 3B ). According to recent stud-
ies ( 87, 97 ), only one coactivator molecule is recruited 
by the heterodimer through the RAR partner, and the ar-
chitecture of the DNA-bound receptor complexes orients 
the coactivator on one side of the DNA opposite to the 
RXR LBD and DBD so that it can reach its targets, the his-
tone tails. This raises the question how the RXR partner 
participates in the transcriptional activity of the heterodim-
ers in addition to increasing DNA binding effi ciency ( 98 ). 
The question is still the focus of investigations, although a 
number of studies proposed that RXR is subordinated to 
the RAR partner, which is in fact the “active” partner ( 99 ). 

 Then like corepressors, the coactivators initiate an or-
dered and coordinated recruitment of large complexes 
with different enzymatic activities, such as histone acetyl 

  Fig.   4.  Coregulator exchange at RXR/RAR heterodimers. (A) In 
the absence of ligand, RAR � /RXR heterodimers bound to DNA are 
associated with corepressor complexes. Upon ligand binding, the 
corepressors dissociate, allowing the recruitment of coactivators 
and large complexes with enzymatic activities that decompact re-
pressive chromatin. (B) When chromatin is decompacted, the tran-
scriptional machinery, consisting of the Mediator, RNA PolII, the 
general transcription factors (GTF), and the nuclear excision repair 
(NER) factors, is recruited to the promoter, resulting in the initia-
tion of transcription. (C) Transcription ends with the recruitment 
of nonconventional coactivators, such as RIP140, associated to large 
complexes with chromatin-repressing activity and/or through the 
degradation of RARs by the ubiquitin-proteasome system.   
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in membranes. Indeed, in cells that respond to RA via the 
activation of p38MAPK, RAR �  is present in lipid rafts 
where it forms complexes with G � q proteins ( 115 ) ( Fig. 5A ). 
However, in neuronal cells, the activation of Erks has been 
shown to involve either RAR �  localized in membranes 
( 121 ) or RAR �  in association with the sarcome (Src) ki-
nase ( 117 ). Altogether, these results indicate that depend-
ing on the cell type, different RAR subtypes and kinase 
cascades may be involved in the activation of the MAPK 
pathways. 

 Unexpectedly, recent studies ruled out the current 
concept, according to which retinol functions only 
through active metabolites such as RA. Indeed retinol 
that was associated to the “retinol-binding protein (RBP)” 
and that was bound to the cell surface signaling receptor 
stimulated by retinoic acid 6 (Stra6) was found to activate 
the Janus kinases (JAK)/signal transducer and activator 
of transcription 5 (STAT5) signaling cascade ( 126–128 ) 
( Fig. 5B ). 

 NUCLEAR INTEGRATION OF THE SIGNALING 
PATHWAYS INDUCED BY RA 

 Today it is admitted that signaling pathways are integra-
tors dispensing decisions to the downstream cellular and 
transcriptional machineries that coordinately manage ma-
jor cellular fates. In line with this concept, the RA- and 
retinol-induced kinases have been reported to cross talk 
with the transcriptional activity of RARs and other tran-
scription factors. This nuclear integration involves mainly 
phosphorylation processes that infl uence their DNA re-
cruitment and the timing of the sequential recruitment of 
the different classes of coregulators, as well as the stability 
of the phosphorylated proteins. 

 RAR phosphorylation 
 For several years, RARs and RXRs have been known to 

be phosphoproteins ( 129 ). Studies from our laboratory 
demonstrated that RARs are phosphorylated at two serine 
residues, one in the LBD (serine 369 in RAR � ) and the 
other one in the NTD (serine 77 in RAR � ) ( 130, 131 ) ( Fig. 
2A ). Interestingly, serine 369 is an exposed residue located 
in a loop between helices 9 and 10 within the LBD. It be-
longs to an arginine-lysine-rich motif that corresponds to a 
consensus phosphorylation motif for several kinases, in-
cluding the cyclic AMP-dependent protein kinase and 
MSK1. In contrast, serine 77 located in the NTD belongs 
to a proline-rich motif. The kinase responsible for phos-
phorylating this site has been identifi ed as cdk7 ( 130 ), the 
activity of which depends on its association with cyclin H 
and MAT1 to form the ternary cyclin-dependent kinase 
(CDK)-activating kinase (CAK) complex of the general 
transcription factor TFIIH. The correct positioning of the 
cdk7 kinase and thereby the effi ciency of the NTD phos-
phorylation by cdk7 rely on the docking of cyclin H at 
a specifi c site of the LBD located in loop L8–9 and the 
N-terminal part of H9 ( 36 ) ( Fig. 2B ). 

 ANOTHER CONCEPT: RA AND RETINOL HAVE 
EXTRANUCLEAR AND NONTRANSCRIPTIONAL 

EFFECTS AND ACTIVATE KINASE CASCADES 

 Today, it is admitted that, in addition to the above clas-
sical genomic effects, RA also has a number of nonge-
nomic effects. Indeed, studies from several laboratories 
demonstrated that RA activates rapidly (within minutes af-
ter RA addition) and transiently several kinase cascades 
(  Fig. 5A  ).  RA activates the p38 mitogen-activated pro-
tein kinase (p38MAPK) in fi broblasts, mouse embryo car-
cinoma cells, mammary breast tumor cells, and leukemia 
cells ( 96, 111, 114, 115 ). Subsequently, p38MAPK activates 
the downstream mitogen- and stress-activated kinase 1 
(MSK1) ( 96 ). However, in neuronal cells, Sertoli cells, and 
embryonic stem cells, RA instead activates the p42/p44 
extracellular signal-regulated kinases (Erk) or classical 
MAPKs ( 116–122 ). Then, whether Erks activate a down-
stream kinase, such as MSK1 or ribosomal protein S6 ki-
nase 3 (RSK2) requires further investigation. Nevertheless, 
the RA-induced activation of the two MAPK pathways is 
subsequent to the activation of upstream cascades involv-
ing Rho-GTPases ( 114, 115, 117 ), phosphoinositide 3-kinase 
(PI3K) and/or protein kinase B (PKB)/Akt ( 120, 121, 
123 ), suggesting an atypical, nongenomic activation event 
similar to that described for steroid nuclear receptors 
( 124, 125 ). 

 In line with this concept, though classically known to re-
side in the nucleus, RARs have been reported to be present 

  Fig.   5.  Extranuclear and nontranscriptional effects of RA and vita-
min A. (A) A subpopulation of RAR �  is present in membrane lipid 
rafts and initiates cascades of kinase activations upon RA binding. In 
various epithelial and fi broblast cells, in response to RA, RAR �  local-
ized in lipid rafts interacts with G � q proteins and activates Rho-GT-
Pases, p38MAPK, and MSK1. However, in neuronal cells, in response 
to RA, RAR �  activates Erks through the activation of the PI3K/Akt 
pathway. Whether Erks activate downstream effectors is unknown, 
but RSK2 would be an interesting candidate. Strikingly, in neuronal 
cells, RA has been also shown to activate Erks via RAR �  in association 
with the Src kinase. (B) Vitamin A bound to RBP binds to the extra-
cellular moiety of Stra6 and triggers the phosphorylation of its cyto-
solic domain. Phosphorylated STRA6 recruits and activates JAK2, 
which in turns phosphorylates STAT5. Then STAT5 translocates to 
the nucleus to regulate gene expression.   
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 Phosphorylation and RAR recruitment to DNA 
 The interesting feature of the phosphorylation site lo-

cated in the NTD is that it belongs to a PRM and is in the 
vicinity of the DBD. Recently our laboratory showed that 
when nonphosphorylated, the PRM of the RAR �  subtype 
interacts with vinexinß, an adaptor protein with SH3 do-
mains. As such, vinexinß represses RAR � -mediated tran-
scription via inhibiting the binding of the receptor to DNA 
and its sequestration out of chromatin ( 75 ). Remarkably, 
phosphorylation of the serine residue located in the PRM 
induces changes in its conformation and decreases its 
propensity to bind SH3 domains (B. Kieffer et al., unpub-
lished results). Consequently, vinexinß dissociates from 
RAR �  ( 75 ), allowing the binding of the receptor to DR5 
RAREs ( Fig. 6 ). Thus, phosphorylation of the NTD ap-
pears to promote DNA binding via the dissociation of pro-
teins that occlude the DBD. Such a mechanism might be 
at the basis of the observation made by several laboratories 
that the occupancy of several promoters by RAR/RXR het-
erodimers is increased in response to RA ( 80, 82, 96 ). 

 The next question is the in vivo relevance of RARs phos-
phorylation. Unfortunately, the genetic approaches in the 
animal ( 6, 134 ) are not appropriate yet to study the role of 
RAR and RXR phosphorylation due to their complexity 
and that of the signaling pathways. In fact, as cell differen-
tiation is one of the most crucial steps during develop-
ment, mouse embryo carcinoma cells (F9 cell line) ( 135 ) 
and embryonic stem (ES) cells ( 136 ) provided interesting 
tools to study the infl uence of RAR phosphorylation. F9 
cells markedly resemble embryonic cells from the blasto-
cyst and differentiate into endoderm-like cells in response 
to RA. Concerning ES cells, they are pluripotent cells that 
self-renew indefi nitely and can differentiate in vitro into a 
larger variety of cell types ( 137 ), such as neuronal cells, in 
response to RA ( 138 ). 

 Invalidation experiments from our laboratory revealed 
that the differentiation of F9 cells in primitive endoderm 
( 139 ) and that of ES cells into neurons (Al Tanoury et al., 
unpublished observations) involves the RAR � 2 subtype. 
Most interestingly, the generation of stable rescue cell 
lines expressing RAR � 2 phosphomutants in a RAR �  null 
background argued that phosphorylation of the RAR � 2 
NTD is critically required for the RA-induced differen-
tiation of these cells (Ref.  139  and Al Tanoury et al., un-
published observations). Moreover, recent genome-wide 
RNA-seq (high-throughput sequencing) analysis experi-
ments performed with ES cells highlighted some direct 
target genes, the expression of which is controlled by the 
phosphorylated form of RAR � 2 (Al Tanoury et al., unpub-
lished observations). These data suggest an important role 
for RAR phosphorylation in RA signaling during cell dif-
ferentiation, and they pave the way for further investiga-
tion during embryonic and tissue development. 

 Phosphorylation signals RAR degradation 
 At the end of the RA signal, the proteasomal degrada-

tion of RAR �  has been shown to depend on the phospho-
rylation by p38MAPK of an additional serine residue 
located in the NTD ( 110, 111 ). How phosphorylation of 

 How these residues become phosphorylated was ill 
defi ned until our laboratory demonstrated that, in the 
case of RAR � , phosphorylation results from a coordi-
nated cascade and must be understood in terms of 
structural features (  Fig. 6  ).  Indeed RA-activated MSK1 
phosphorylates RAR �  at S369 ( 96 ), and phosphorylation 
of this residue induces an allosteric network affecting 
the structural conformation/fl exibility of the adjacent 
loop L8–9 ( 44 ) and the subsequent binding of the cyclin 
H/cdk7subcomplex of TFIIH ( 132 ). Consequently, cdk7 
is well positioned and can phosphorylate the NTD at ser-
ine 77 ( Fig. 6 ). The phosphorylation sites are conserved 
between RARs ( 44 ). The RAR �  subtype is also phos-
phorylated at the LBD and at the NTD ( 131, 133 ), but 
whether it results from the same cascade as above is under 
investigation. 

  Fig.   6.  Crosstalk between the RA-activated p38MAPK pathway 
and the expression of RAR target genes. In response to RA, 
p38MAPK is activated (a), and then translocates into the nucleus 
and phosphorylates MSK1 (b). Activated MSK1 phosphorylates his-
tones (c) and RAR �  at a serine located in the LBD (d). Subsequent 
to conformational changes, the cyclin H subunit of the CAK sub-
complex of TFIIH is recruited to an adjacent domain (e), allowing 
the formation of a RAR � /TFIIH complex and the phosphorylation 
of the NTD by the cdk7 kinase (f). In the case of the RAR �  subtype, 
phosphorylation of the NTD promotes the dissociation of coregula-
tors, such as vinexinß (g). Finally, phosphorylated RAR �  is recruited 
to response elements located in the promoter of target genes (h).   
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resulting in the inhibition of insulin signaling and lipid 
accumulation ( 126, 128 ). 

 Finally, as RA can also activate PPAR � / � , one can specu-
late that this receptor would be also a target for phospho-
rylation. PPARs are well known to be phosphoproteins 
( 150 ), but the  � / �  isotope is the least studied in terms of 
phosphorylation. Whether it becomes phosphorylated in 
response to RA requires further investigation. 

 UNCONVENTIONAL PICTURE IN RA SIGNALING: 
CYTOSOLIC LOCALIZATION OF RARS IN SERTOLI 

AND NEURONAL CELLS 

 It is classically believed that RARs are nuclear proteins. 
However, several recent articles highlighted an unconven-
tional presence of RARs in the cytosol of Sertoli cells, hepatic 
stellate cells, and neuronal cells. However the mechanism 
and the role of this cytosolic capture or sequestration are 
still ill defi ned. 

 Several hypotheses have been proposed for this uncon-
ventional localization, among which is posttranslational 
modifi cation (  Fig.7A  ).  It has been proposed that phospho-
rylation would shift RARs out of nuclei ( 151, 152 ). Other 
studies demonstrated that, in Sertoli cells, RAR �  is a sub-
strate for small ubiquitin-like modifi er-2 (SUMO-2) and 
that a dynamic process of sumoylation and desumoylation 
infl uences the cytosolic/nuclear localization of the recep-
tor ( 153 ). In Sertoli cells and hepatic stellate cells, a cyto-
solic localization of RAR �  has been also observed upon 
interaction with the cytoplasmic adaptor for RAR and TR 
(CART1) protein or with cytoskeleton proteins that se-
quester the receptor out of nuclei ( 154, 155 ). Given that 
sumoylation and protein interactions can be regulated by 
phosphorylation processes, one cannot exclude that a 
dynamic process of phosphorylation, sumoylation, and 
protein interaction infl uences the cytosolic/nuclear local-
ization of RARs. Nevertheless, such a cytosolic capture has 
been correlated to a decrease in the nuclear pool of RARs 
for gene transcription, and changes in the modifi cations 
or interactions that sequester RARs in the cytosol restore 
their nuclear localization and transcriptional activity. 

 Finally, two laboratories ( 156–158 ) independently dem-
onstrated that in hippocampus neurons, RAR �  is exported 
to dendritic RNA granules and associated with a subset of 
mRNAs and RNA-binding proteins ( Fig. 7B ). Interest-
ingly, in response to RA, this extranuclear pool of RAR �  
triggers rapid local translation of the postsynaptic gluta-
mate receptor GluR1 and subsequently an increase in syn-
aptic strength. It remains to be determined whether this 
nongenomic effect occurs through the MAPK signaling 
pathway that is concomitantly activated or through a novel 
mechanism ( 157, 159 ). Nevertheless, it highlights a novel 
pool of extranuclear RAR �  as a sensor to the compensa-
tory increased levels of RA generated upon neuronal activ-
ity for safeguarding information   and homeostatic plasticity 
( 160, 161 ). It also opens new avenues in the fi eld of spe-
cial learning and memory with a novel extranuclear role 
of RA. 

this residue controls the recruitment of the ubiquitin-pro-
teasome system is still ill defi ned ( 111 ), but it is modulated 
by the RXR �  partner ( 140 ). 

 In contrast, it is still unclear whether the proteasomal 
degradation of RAR �  is phosphorylation and ubiquitina-
tion dependent. Note, however, that the degradation of 
RAR �  has been correlated to the recruitment of Pin1 to 
the phosphorylated N-terminal PRM ( 72, 73 ). Pin1 is well 
known to induce  cis-trans  isomerization of the proline resi-
dues that follow the phosphorylated serines in order to 
create new specifi c recognition sites for interacting factors 
( 141 ), but the mechanism of the Pin1-mediated degrada-
tion of RAR �  remains to be defi ned. 

 Other phosphorylation targets: histones, coregulators, 
and other transcription factors 

 The kinases activated in response to RA phosphorylate 
not only RARs but also RXR �  and other actors of RA 
signaling. 

 As an example, upon recruitment to RAR �  target pro-
moters, MSK1 phosphorylates histones H3 ( 96 ). Accord-
ing to several reports ( 96, 142, 143 ), histone phosphorylation 
would contribute to transcription as a chromatin mark ac-
counting for, in cooperation with other histone modifi ca-
tions, chromatin remodeling and promoter recruitment 
of RXR/RAR heterodimers and the transcriptional ma-
chinery   ( Fig. 6 ). 

 Remarkably, not only MSK1 but also the upstream ki-
nase p38MAPK phosphorylates several targets. Indeed, 
p38MAPK phosphorylates RXR �  at three residues located 
in the NTD ( 144, 145 ), but the consequences on transcrip-
tion remain ill defi ned. P38MAPK also phosphorylates 
corepressors and coactivators to modulate their interac-
tion with RARs and the dynamics of their exchanges. This 
is exemplifi ed by the phosphorylation of SMRT, which in-
duces its release from RARs and/or disturbs the organiza-
tion of the overall corepressor complex ( 146, 147 ). In fi ne, 
it helps corepressors exchange for coactivators. The co-
activator SRC-3 is also phosphorylated ( 148 ), resulting in 
its dissociation from RARs. Then phosphorylation marks 
SRC-3 for ubiquitination and degradation by the protea-
some ( 149 ). It has been proposed that this ubiquitination-
degradation process would facilitate the dynamics of 
RAR-mediated transcription via allowing other coregula-
tors to bind. 

 It is important to highlight that the signaling pathways 
activated by retinoids can also phosphorylate other factors 
involved in the regulation of genes that are not RAR tar-
gets, thus expanding the spectrum of their biological ac-
tivities. As an example, in RA-treated P19 cells, the activated 
Erks phosphorylate testicular nuclear receptor 2 (TR2) 
that then becomes a repressor of the octamer-binding 
transcription factor 4 ( Oct4 ) gene, thus facilitating the dif-
ferentiation program that is expected to take place in re-
sponse to RA ( 116 ). There is also the recent discovery that 
the retinol-activated JAKs phosphorylate the transcription 
factor STAT5, which then translocates in the nucleus ( Fig. 
5B ) to regulate the expression of target genes, such as the 
suppressor of cytokine signaling 3 ( SOCS3 ) and  PPAR �  , 
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pathways, resulting in the activation of other subsets of 
genes involved in lipid homeostasis and insulin responses, 
increasing again the spectrum of action of retinoids. 

 Consequently, one can speculate that the integrity of all 
these pathways would be required for “correct” RA and vi-
tamin A signaling. As an example, diverting RA to PPAR � / �  
might be a critical component to facilitate tumor prolifera-
tion ( 21, 22 ). Moreover, deregulation of the “kinome” would 
have deleterious downstream effects. In line with this hy-
pothesis, in xeroderma pigmentosum patients, who are 
characterized by mutations affecting subunits of the core 
of the general transcription factor TFIIH, RAR �  is not 
effi ciently phosphorylated by cdk7, with characteristic down-
stream consequences on the expression of RAR target 
genes ( 162 ). This defi cient phosphorylation has been cor-
related at least in part to the clinical abnormalities of the 
patients. Another example is that of several cancers char-
acterized by amplifi ed or deregulated cytosolic kinase cas-
cades ( 163 ), ending at Akt or at different MAPKs (Erk, 
JNK, p38MAPK). These cancers are generally resistant to 
the antiproliferative action of RA ( 164, 165 ). Most inter-
estingly, in these cancers and others, the RA-induced acti-
vation of the MAPK pathway is abrogated ( 115 ), and RAR �  
and RXR �  are aberrantly phosphorylated ( 166–168 ). Thus 
one can postulate that aberrant RAR phosphorylation and 
activity would correlate with tumoral growth and/or RA 
resistance ( 169 ). 

 Finally, the observation that RARs are present in neu-
ronal dendrites to control translation and synaptic plastic-
ity expands the scope of their biologic functions. Further 
insights into the effects of vitamin A/RA will likely con-
tinue to reveal new targets and mechanisms that will help 
explain their pleiotropicity and that might be manipulated 
in the treatment of metabolic disorders.  
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