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Non-canonical cytoplasmic activities 
and signal transduction of retinoic 

acid (RA) expand RA’s pleiotropic effects 
in coordinating the epigenome in embry-
onic stem cell (ESC). Examples include 
RA-bound cellular retinoic acid bind-
ing protein I, which activates ERK2. 
By engaging both cytosolic and nuclear 
mediators, RA can efficiently augment 
ESC’s epigenome.

Introduction

Maintaining healthy embryonic stem cells 
(ESCs) in culture requires delicate pro-
cedures to ensure their unlimited prolif-
eration with pluripotency, a “stemness” 
feature unique to transiently existing cells 
in pre-implantation embryos. The “stem-
ness” property of ESCs critically depends 
on tight control of the expression of a 
core group of four transcription factors, 
octamer-binding transcription factor 4 
(OCT4, also named POU5F1), NANOG, 
SRY-box 2 (SOX2) and Kruppel-like fac-
tor 4 (KLF4).1-3 OCT4 protein expression, 
particularly, should be maintained at a 
constant, balanced level; over- or under-
expression of OCT4 results in the loss of 
stemness.4-6 This is controlled by tight 
regulation of the Oct4 gene transcription 
program. To this end, extracellular factors 
and intracellular signal transduction path-
ways can modulate chromatin remodeling 
machinery and/or transcription complexes 
of many gene loci, including the Oct4 gene 
locus, and, therefore, are important in the 
epigenetic control of the ESC genome.7-9 
Leukemia inhibitory factor (LIF) is the 
key signal to maintain pluripotency, while 
various growth factors/hormones, such 
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as FGF/TGFβ/activin and retinoic acid 
(RA), induce cell differentiation.1-3 In 
particular, RA is most commonly used 
to induce ESC for various differentiation 
processes because it acts on RA recep-
tors (RARs) that are widely expressed 
in almost all tissue/cell types to regulate 
almost all the known cellular processes, 
such as differentiation, proliferation and 
apoptosis.10-12 The canonical activity and 
signaling pathway of RA and RARs in 
these cellular processes is well known, 
and it is to provide hormone/transcription 
factor complexes to regulate specific gene 
expression.13 But, recently, certain non-
canonical cytoplasmic activities and sig-
nal transduction mechanisms of RA have 
begun to be noticed.14-18 While the physi-
ological implication of these interesting 
new observations remains debatable, their 
potential deserves attention, especially in 
our attempt to understand the increas-
ingly complex picture about epigenetic 
regulation of the ESC genome.

The Non-Canonical Activity and 
Signal Transduction of RA

RA, either entering cells through a para-
crine route or generated in situ, first binds 
two members of the cytosolic recep-
tors named cellular RA binding proteins 
(CRABPs) I and II. Classical studies have 
proposed and demonstrated different 
functional roles for these two CRABPs. 
CRABPI binding to RA is involved in 
its intracellular metabolism and, thus, is 
likely to be responsible, at least partially, 
for maintaining intracellular RA concen-
trations; CRABPII binding to RA deliv-
ers RA to the nucleus for RA to access 
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to become a repressor. Also, sumoylation 
appears critical to TR2’s biological activ-
ity, because unsumoylated TR2 recruits 
coactivators such as p300/CBP associ-
ated factor (PCAF), whereas sumoylated 
TR2 preferentially recruits co-repressors, 
including receptor interacting protein 140 
(RIP140).16,17 Relevant to the rapid effect 
of RA on TR2 is the finding that RA rap-
idly activates ERK2, which phosphorylates 
threonine-210 of TR2 to stimulate its sub-
sequent sumoylation.18 This occurs within 
minutes of exposure to RA, before the 
RAR-mediated canonical activity of RA 
can be detected, and cannot be reversed by 
RAR antagonists. Thus, in healthy prolif-
erating ESC cultures, TR2 is maintained 
at its dephosphorylated and unsumoylated 
state, which provides an activator func-
tion to help maintain constitutively active 
transcription of the Oct4 gene. However, 
when the culture is exposed to a differen-
tiating agent like RA, at least two events 
are initiated. First, RA exerts a rapid, non-
canonical activation of crucial signaling 
molecules such as ERK2, which rapidly 
reverses certain key transcription factors’ 
property (like TR2’s) to augment crucial 
stemness loci such as the Oct4 locus, thus 
reducing ESC proliferation potential and 
disturbing stemness. Importantly, this 
occurs even before the ESC genome exhib-
its any sign of RA-induced differentiation. 
Second, RA enters the nuclei to elicit its 
canonical activity—binding to RARs to 
act on specific gene targets such as those 
for differentiation.

Thus, for ESCs exposed to a differ-
entiation agent like RA, there appears to 
be intricate signal integration to alter the 
dynamics of intracellular signaling path-
ways and coordinate both the cytosolic and 
the nuclear environments. In the cytosol, 
RA acts on its cytosolic receptor CRABPI 
to rapidly jump-start the ERK pathway 
to change those factors critical to the 
maintenance of stemness (such as TR2’s 
regulation of Oct4), disrupting ESC plu-
ripotency and proliferation. Subsequently 
or simultaneously, RA enters the nucleus 
to engage its nuclear signal mediators, 
the RARs, which repress the Oct4 gene 
by binding to its promoter’s RA response 
elements and alter the expression of other 
genes, leading to differentiation. By 
engaging both the cytosolic and nuclear 

maintain ESC pluripotency: either over- 
or under-expression of OCT4 can disturb 
normal propagation of ESC cultures.4,5 
Chromatin studies show that certain gene 
loci, including the Oct4 gene locus, exist 
in a “bivalent” state in normally prolifer-
ating ESC cultures—although they are 
constitutively activated (transcribed), they 
can be rapidly repressed in response to cer-
tain signal inputs that trigger the loss of 
pluripotency.26,27

The key question is: how are bivalent 
loci guarded in proliferating ESCs? In 
other words, how do ESCs maintain the 
strictly required expression level of OCT4? 
Traditional molecular biology studies have 
attributed this control to the presence of 
positive and negative regulatory elements 
localized in the Oct4 gene promoter and 
enhancer, which provide binding sites for 
activators like testis receptor 2 (TR2), 
liver receptor homolog-1 (LRH-1) and ste-
roidogenic factor-1 (SF-1) and for repres-
sors like sumoylated TR2, RAR, germ 
cell nuclear factor (GCNF) and chicken 
ovalbumin upstream promoter transcrip-
tion factors (COUP-TFs).16,18,28 A critical 
issue, then, is understanding how ESCs 
coordinate the dynamic and behavior of 
these activators and repressors in order to 
maintain the intricate balance between 
activation and repression of a specific gene 
locus like Oct4. Of particular importance 
is how the ESC epigenome is controlled 
to specify differentiation. This knowl-
edge requires understanding the whole 
spectrum of epigenetic mechanisms that a 
cell can exploit to execute a specific and 
precise differentiation program. We have 
studied the orphan nuclear receptor TR2, 
as well as its intriguing response to RA, to 
illuminate the delicate balance of epigen-
etic mechanisms that can modulate the 
OCT4 level in ESC.

TR2 is most highly expressed in pre-
implantation embryos.29 It regulates the 
Oct4 gene through binding to hormone 
response elements in its promoter, acting as 
an activator or a repressor depending upon 
the culture condition. In a normal ESC 
culture, TR2 is an activator and a pro-
liferating factor; but in RA-treated ESC 
culture, TR2 becomes a repressor and a 
differentiation factor.18 Interestingly, TR2 
does not bind to RA, making it intrigu-
ing how it can rapidly sense the RA signal 

RARs.19-21 In this canonical signal trans-
duction pathway, CRABPII and nuclear 
RARs gate the intra-nuclear signal of RA. 
Therefore, it has been thought that RA 
signaling plays out only in the nucleus, 
and the epigenetic control of RA-targeted 
gene expression relies primarily on the 
actions of RARs and CRABPII.

Recently, two lines of studies revealed 
certain non-canonical, cytoplasmic activ-
ities and mediators of RA, which may 
contribute to additional roles for RA in 
epigenetic regulation. The first has to do 
with an interesting behavior of RARs: In 
certain cell types such as neurons, RARs 
can also cytoplasmically localize to den-
drites where they can modulate local 
translation.22,23 Second, multiple studies 
have revealed that RA, rapidly and non-
canonically, activates extracellular signal-
regulated kinase 2 (ERK2),14,16,22,24 a 
process that appears to involve CRABPI, 
but not RAR.14 This latter observation 
is of particular interest regarding epi-
genetic control of ESC differentiation, 
because ESC commitment and differ-
entiation critically depends upon the 
MAPK pathway, where ERK is one of the 
most important upstream kinases that 
respond to a wide range of ESC growth/
differentiation factors.24,25 While the pre-
cise molecular details underlying RA/
CRABPI-elicited ERK activity remain to 
be discerned, this observation has gener-
ated insights into the plasticity of ESC 
cultures. In the following, I summarize a 
tentative signaling pathway that has been 
constructed based upon new data to illus-
trate how RA can be an epigenetic factor 
that exploits both nuclear (canonical) and 
cytosolic (non-canonical) mechanisms to 
affect ESC proliferation/differentiation 
programs.

RA-CRABPI-Activated ERK 
Modulates Specific Transcription 
Factors for Epigenetic Regulation 

of Oct4 in ESC

Among the four core transcription fac-
tors important for ESC’s pluripotency, 
OCT4 is known as the master regula-
tor. Studies of both ESC and induced 
pluripotent stem cell (iPSC) have estab-
lished the requirement for OCT4 levels to 
be kept in a narrow window in order to 
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tion. Figure 1 illustrates the integration of 
the non-canonical (cytosolic) and canoni-
cal (nuclear) RA signaling pathway to epi-
genetically alter the ESC genome.

Are there Additional Cytosolic RA 
Signaling Pathways that may also 

Contribute to Epigenetic  
Regulation in ESC?

Using gene knockout/knockdown strate-
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CRABPI in mediating RA-activation of 
ERK without involving RARs.14 In exam-
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Figure 1. Non-canonical (solid arrows) and canonical (dashed arrows) activities/signaling pathways of RA to augment the ESC epigenome. RA enters 
ESC, first encountering cytosolic receptors CRABPI or CRABPII. The canonical pathway takes the nuclear route via CRABPII, which delivers RA to nuclear 
RARs and elicits changes in RA targeted gene expression, mostly triggering ESC differentiation detectable in 12–24 h. The non-canonical pathway 
takes the cytosolic route via CRABPI, which rapidly (5–120 min) activates cytosolic ERK that can further act on numerous substrates including, for 
instance, the transcription activator for Oct4, TR2, that then becomes a repressor of Oct4, thereby lowering OCT4 level, slowing down ESC proliferation 
and disturbing its pluripotency. This tips the balance of the ESC genome and prepares ESC for specific differentiation programs that will be elicited by 
the nuclear activity of RA via RARs.
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