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Abstract
Retinoids are ubiquitous signaling molecules that influence nearly every cell type, exert profound
effects on development, and complement cancer chemotherapeutic regimens. All-trans retinoic
acid (RA) and other active retinoids are generated from vitamin A (retinol), but key aspects of the
signaling pathways required to produce active retinoids remain unclear. Retinoids generated by
one cell type can affect nearby cells, so retinoids also function in intercellular communication. RA
induces differentiation primarily by binding to RARs, transcription factors that associate with
RXRs and bind RAREs in the nucleus. Binding of RA: (1) initiates changes in interactions of
RAR/RXRs with co-repressor and co-activator proteins, activating transcription of primary target
genes; (2) alters interactions with proteins that induce epigenetic changes; (3) induces transcription
of genes encoding transcription factors and signaling proteins that further modify gene expression
(e.g., FOX03A, Hoxa1, Sox9, TRAIL, UBE2D3); and (4) results in alterations in estrogen
receptorα signaling. Proteins that bind at or near RAREs include Sin3a, N-CoR1, PRAME,
Trim24, NRIP1, Ajuba, Zfp423, and MN1/TEL. Interactions among retinoids, RARs/RXRs, and
these proteins explain in part the powerful effects of retinoids on stem cell differentiation. Studies
of this retinol signaling cascade enhance our ability to understand and regulate stem cell
differentiation for therapeutic and scientific purposes. In cancer chemotherapeutic regimens
retinoids can promote tumor cell differentiation and/or induce proteins that sensitize tumors to
drug combinations. Mechanistic studies of retinoid signaling continue to suggest novel drug
targets and will improve therapeutic strategies for cancer and other diseases, such as immune-
mediated inflammatory diseases.
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Vitamin A (all-trans retinol) and its active metabolites, collectively called retinoids, regulate
many events in patterning during vertebrate development and control many aspects of cell
proliferation, differentiation, and apoptosis (Gudas, 1994; Dolle, 2009; Mark et al., 2009).
Two types of transcription factors, the retinoic acid receptors (multiple isoforms of RARα,
β, and γ) and the retinoid X receptors (multiple isoforms of RXRα, β, and γ), mediate the
majority of the actions of the biologically active retinoid all-trans retinoic acid (RA) and
specific metabolites of RA. This review focuses on the molecular actions of retinoids in the
regulation of cell differentiation. The questions that will be addressed are: (1) How are
biologically active retinoids generated? (2) Why is all-trans retinoic acid (RA) such a
powerful inducer of stem cell differentiation? (3) What are the early events in the
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differentiation process? (4) How can additional research exploit the unusual ability of RA
and related retinoids to regulate stem cell differentiation? (5) How can the recent molecular
discoveries concerning retinoid induction of cell differentiation be used to improve
differentiation therapy for cancer? Other areas of retinoid biology and pharmacology have
recently been reviewed, including retinoic acid receptor (RAR) actions during development
(Dolle, 2009; Mark et al., 2009), genomic and non-genomic activities of the RARs
(Rochette-Egly and Germain, 2009), retinoid related orphan receptors (Jetten, 2009), RA
regulation of apoptosis (Noy, 2010), retinoids and cancer prevention and treatment (Fields et
al., 2007; Mongan and Gudas, 2007; Tang and Gudas, 2011), RA effects on embryonal
carcinoma and embryonic stem cells (Soprano et al., 2007), and synthetic RAR and RXR
ligands (Dawson and Zhang, 2002).

How is the Biologically Active Signaling Molecule, RA, Generated?
To understand the roles of retinoids in cell differentiation it is essential to define the roles of
biologically active retinoids in terms of their regulation of transcription and their retinoid
precursors stored in cells and tissues. First, all retinoids are obtained from the diet as dietary
vitamin A (retinol) itself, as a retinyl ester, or as the proretinoid carotenoid β-carotene
(Blaner and Olson, 1994). Because the biologically active retinoids that promote
differentiation in vivo are generally synthesized locally and act locally, it is important to
learn more about how the metabolism of vitamin A to bioactive retinoids is regulated and
how the biologically active retinoids are further metabolized.

Retinol from the diet is transported in the blood throughout the body. It is transported bound
to a protein called serum retinol binding protein (sRBP or RBP4; Mouse GENE ID: 19662).
The recently identified, multi-transmembrane protein Stra6 (GENE ID: 20897) binds
vitamin A in a complex with RBP4 (Kawaguchi et al., 2007), (Fig. 1). The enzyme LRAT
(lecithin:retinol acyl transferase), which esterifies vitamin A within the cell (Liu and Gudas,
2005; Kawaguchi et al., 2007; Kim et al., 2008; Wu and Ross, 2010), is also required for
robust uptake of vitamin A via Stra6 (Kawaguchi et al., 2007) (Fig. 1). This allows for
delivery of vitamin A to defined cell types in the body with high specificity. Stra6 is
expressed at high levels at blood/organ barriers and in various different cell types during
development and in the adult (Bouillet et al., 1997), and high Stra6 expression is suggestive
of a requirement for the actions of retinol.

Since retinaldehyde (Ral) can also be generated enzymatically from the dietary precursor β-
carotene, this process must be regulated to generate appropriate amounts of retinaldehyde.
Retinaldehyde is then metabolized to retinol or to all-trans retinoic acid (RA). The
transcription factor Isx (GENE ID: 71597) regulates the maintenance of appropriate vitamin
A levels via regulation of β-carotene 15,15′-monooxygenase (Bcmo1; GENE ID: 63857),
the enzyme that cleaves β-carotene to form retinaldehyde in the intestine. The intestine is the
organ involved in the initial uptake of retinoids and carotenoids from the diet (Seino et al.,
2008). Bcmo1 is also highly expressed in hepatic stellate cells, which are an important
cellular site in the liver where dietary β-carotene metabolites (i.e. retinaldehyde, retinyl
esters) accumulate (Shmarakov et al., 2010). Indeed, hepatic stellate cells store about 90–
95% of the vitamin A present in the liver as retinyl esters (Shmarakov et al., 2010).

Once inside the cell, vitamin A can be metabolized by several different enzymes; however,
only some cell types have the ability to metabolize vitamin A to RA during development and
in the adult. In numerous cell types RDH10 (short-chain dehydrogenase/reductase, retinol
dehydrogenase 10; GENE ID: 98711) is the primary enzyme that metabolizes vitamin A to
retinaldehyde in a NAD+ dependent manner. Subsequently, RA is formed by oxidation of
retinaldehyde, primarily via ALDH1a2 (RALDH2) (GENE ID:19378) (Sandell et al., 2007;
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Cammas et al., 2007; Belyaeva et al., 2008) (Fig. 1). Thus, biologically active retinoids are
generally synthesized locally. How this metabolism of vitamin A to RA is regulated is an
important topic that requires further research.

Another important question in the retinoid research field is whether RA can also be
transported from one cell to another, and if so, how this is accomplished. There are data
from the developing embryo that suggest that RA synthesized in one cell type can act on
another adjacent cell type (Matt et al., 2005; Stafford et al., 2006; Duester, 2008;
Siegenthaler et al., 2009; Rosselot et al., 2010). For example, RAR signaling in developing
ureteric bud cells requires RA generated in nearby stromal cells by the enzyme ALDH1a2
(Rosselot et al., 2010), an enzyme needed for most fetal RA synthesis (Fig. 1). While
paracrine RA signaling is a common theme in development, there is not enough information
available about whether RA itself moves between cells or whether signaling molecules
produced in response to RA also play a role in such paracrine signaling. The mechanisms by
which RA might move from cell to cell and whether RA itself or more polar forms of RA,
such as all-trans 4-oxo-RA, are capable of moving from cell to cell must still be explored in
depth.

The more polar metabolites of RA, such as 4-hydroxy-retinoic acid (4-OH-RA), 18-
hydroxy-retinoic acid (18-OH-RA), 4-oxo-retinoic acid (4-oxo-RA), and 5,6-epoxy-retinoic
acid (5,6-epoxy-RA), are generally viewed as biologically inactive products of RA
catabolism (e.g., Niederreither et al., 2002). They are produced from all-trans retinoic acid
by the cytochrome P450 family of enzymes Cyp26a, b, and c (Fig. 1) (Abu-Abed et al.,
2001). However, these polar RA metabolites have biological activity in some systems
(Pijnappel et al., 1993; Sonneveld et al., 1999; Idres et al., 2001; Baron et al., 2005; Langton
and Gudas, 2008), and they can bind to the RARs with high affinity (Idres et al., 2002). The
specific functions of the more polar RA metabolites remain unclear.

Retinol itself is also enzymatically converted to polar metabolites with biological activity
(Achkar et al., 1996; Blumberg et al., 1996; Lane et al., 2008; Liu et al., 2009) and retinol
can also induce the differentiation of cultured ES cells, though it is not as potent as RA
(Lane et al, 2008). In fact, the major bioactive retinoid stored in the Xenopus egg and early
embryo is all-trans 4-oxoretinaldehyde, which is capable of binding to and transactivating
RARs. 4-Oxoretinaldehyde is also a metabolic precursor of two RAR ligands, 4-oxoretinoic
acid and 4-oxoretinol (Achkar et al., 1996; Blumberg et al., 1996). The regulated
metabolism of retinoids in various cell types and the ability of various cell types to store
retinol or retinol metabolites in the ester form are undoubtedly some of the properties that
create specificity of this signaling pathway, but it is equally important to decipher the
mechanisms by which each retinoid signals to the transcription machinery.

How does RA Activate Transcription in Stem Cells?
Inside the cell, RA is transported to the nucleus bound to CRABP2 (cellular retinoic acid
binding protein 2; GENE ID: 12904) (Delva et al., 1999; Schug et al., 2007). Once in the
nucleus, RA binds to RARα, β, or γ. These RARs can bind to one of the RXRs (RXRα, β, or
γ). When the agonist RA is present, this RXR/RAR heterodimer complex, bound to DNA,
activates transcription of RA primary response genes (Fig. 2). Activation of transcription is
one of the first steps in the RA associated differentiation process. It occurs rapidly, within
minutes to a few hours, after RA addition in cell culture experiments. Numerous “immediate
early” genes, such as the transcription factor homeobox gene Hoxa1 (LaRosa and Gudas,
1988; Langston and Gudas, 1992), are direct, “primary response” targets of RA and possess
enhancers (a DNA sequence to which transcription factors bind) containing an RARE
(retinoic acid DNA response elements, e.g. Direct Repeat5 [GGTTCA(N5)AGTTCA]) to
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which the RXR/RAR heterodimer can bind (Fig. 1). Other genes have more complex
RAREs (e.g. Das et al., 2007). At later times after RA addition, many genes are
transcriptionally regulated indirectly and don’t possess RAREs. This indirect regulation
occurs because the direct target genes of RA include many different transcription factor
genes; these transcription factors then transcriptionally activate their target genes to generate
secondary responses (Fig. 2). Thus, a gene can be transcriptionally activated in response to
RA and yet not possess an enhancer with an RARE if it is a “secondary” target gene.

At certain primary, RA-responsive genes, the RXR/RAR complex binds to highly
compacted, higher order chromatin, leading to recruitment of the ATP-dependent chromatin
remodeling SWI/SNF complex and the binding of the protein NF1 to nucleosomal DNA (Li
et al., 2010). NF1 (nuclear factor-1) then stabilizes the open nucleosome structure of the
RA-responsive gene, allowing RNA polymerase II and other general transcription factors to
activate transcription (e.g. phosphoenolpyruvate carboxykinase (PEPCK), see Li et al.,
2010). This ability of the RA agonist to alter the structure of the RXR/RAR protein complex
and facilitate binding of this heterodimer to compacted, higher order chromatin near RA
primary target genes leads to cell lineage-specific, epigenetic modifications (i.e., inherited
changes in gene expression that don’t involve changes in the DNA sequence but rather
involve changes in the modifications, such as methylation or acetylation, on histones) at
these RA primary target genes. While it has not yet been demonstrated for RA-regulated
genes, we speculate that RA addition leads to major intra- and interchromosomal
transcription “interactomes” so that active, RA co-regulated genes and their regulatory
factors cooperate to generate specialized nuclear areas for coordinated transcriptional
control. For example, such “transcription factories” have been shown to occur during
erythroid differentiation (Schoenfelder et al., 2010) (Fig. 3). These RA-associated,
epigenetic modifications of histones ultimately result in the modification of transcriptional
circuits involving multiple, RA-regulated genes and ultimately, the fixation of differentiated
cell lineages (Mongan and Gudas, 2007).

Additional proteins, including co-activators and co-repressors, bind to the RXR/RAR
complex and regulate the sensitivity of cells to RA’s differentiation-inducing effects and the
effects of other signaling pathways. The RXR/RAR heterodimer binds co-activator proteins,
such as pCip (GENE ID: 17979, Ncoa3, also known as Actr; Aib1; Rac3; Src3; p160;
Tram1), and recruits these proteins to RA “primary target“ gene enhancers (Fig. 4). Co-
activator recruitment is dependent on the appropriate RAR being bound at the RARE of the
target gene (Gillespie and Gudas, 2007a; Gillespie and Gudas, 2007b). Specific RARs (α, β,
or γ) are required for specific actions of RA in various cell types (e.g., Boylan et al., 1993;
Chen et al., 2004; Glasow et al., 2005; Purton et al., 2006; Yasuhara et al., 2010; Shimono et
al., 2010).

The RAR/RXR complex is itself a target of other signaling pathways; e.g., the
phosphorylation status of the RARs is also a key factor in their ability to function as
transcription factors in controlling cell differentiation (Gaillard et al., 2006; Nasr et al.,
2008; Bruck et al., 2009; Wang et al., 2010; Santos and Kim, 2010). Thus, retinoids provide
an essential, early signal that initiates a cascade of events leading to the differentiation of
both totipotent stem cells and many types of lineage restricted stem cells.

Despite its importance, much less research has focused on how RA signaling leads to
transcriptional repression. The Rex1 (Zfp42, GENE ID: 22702) gene is expressed at high
levels in embryonic stem cells (Hosler et al., 1989; Hosler et al., 1993; Ben-Shushan et al.,
1998), and is transcriptionally inhibited by RA. The mechanism of inhibition involves loss
of binding of the positively acting transcription factor Oct4 (Pou5F1; GENE ID: 18999) to
an Oct4 site in the Rex1 promoter in response to RA (Hosler et al., 1993). Interestingly,
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transcriptional repression by RA in embryonic stem cells is often mediated by a different
mechanism, an increase in the expression of the orphan nuclear receptor GCNF (germ cell
nuclear receptor) (Nr6a1 GENE ID: 14536), which then represses pluripotency genes such
as Sox2, Nanog, or Oct4 (Gu et al., 2005; Akamatsu et al., 2009). GCNF mRNA and protein
expression is induced in ES cells upon RA treatment, consistent with such a role for this
nuclear receptor (Gu et al., 2005) (Fig. 5).

RA Signaling Activates Transcription and Antagonizes the Actions of
Polycomb Genes in Stem Cells and in Cancer Cells

Both transcriptional repression in the absence of RA and transcriptional activation in the
presence of RA require a large number of proteins that form multi-protein complexes that
bind specific regions of DNA/chromatin (Xu et al., 1999; Perissi et al., 2010; le Maire et al.,
2010), so RAR/RXRs must interact with other proteins to change the transcription status of
genes (Mongan and Gudas, 2007). For example, retinoid regulation of gene expression often
involves interaction with polycomb group (PcG) proteins (Gillespie and Gudas, 2007a;
Gillespie and Gudas, 2007b; Lee et al., 2007; Sessa et al., 2007; Amat and Gudas, 2010)
(Fig. 4). PcG proteins (e.g. Suz12, EZH2) can form large complexes of gene-silencing
proteins that are widely distributed during embryogenesis and play a major role in patterning
and differentiation (Simon and Kingston, 2009). PcG proteins act as global cellular
regulators for maintenance of epigenetically repressed states. In embryonic stem (ES) cells
PcG proteins actively repress genes important to embryonic development and cell fate
decisions. The mechanism by which these PcG proteins are recruited to specific regions of
mammalian DNA is not known. In untreated stem cells, RA primary target genes, such as
the homeobox gene Hoxa1, Cyp26a1, and retinoic acid receptor β2 (RARβ2), are coated with
PcG proteins. Following RA addition to the stem cells, there is a rapid dissociation of the
PcG proteins from these RA target genes by a mechanism that is not fully understood (Fig.
4) (Gillespie and Gudas, 2007a; Gillespie and Gudas, 2007b; Lee et al., 2007; Kashyap and
Gudas, 2010; Kashyap et al, (2010)). Clearly, there is a functional and antagonistic
relationship between retinoid signaling and the presence of these PcG proteins that helps to
maintain stem cell characteristics.

In fact, sustained, ectopic expression of the PcG protein CBX7 in teratocarcinoma stem cells
confers both resistance to retinoic acid-induced differentiation and a growth advantage. This
resistance to RA-induced differentiation is associated with increased promoter methylation
of many genes (Mohammad et al., 2009). Polycomb group proteins are also involved in the
establishment and maintenance of the silencing of tumor suppressor genes during neoplastic
transformation induced by the PML-RARα fusion protein in acute promyelocytic leukemia
(Martens et al., 2010; Villa et al., 2007). Similarly, the fusion protein TMPRSS2-ERG
promotes prostate cancer progression by disrupting lineage-specific differentiation and
potentiating the PcG protein EZH2-mediated dedifferentiation program (Yu et al., 2010),
indicating that dysregulation of PcG proteins is a common theme in cancer.

Moreover, targeted, pharmacologic disruption of the PcG protein, EZH2, by the S-
adenosylhomocysteine hydrolase inhibitor 3-deazaneplanocin A or specific reduction of
EZH2 by short hairpin RNA (shRNA) limits glioblastoma multiforme cancer stem cell
(CSC) self-renewal and tumor-initiating capacity (Suva et al., 2009). It would, therefore, be
of great interest to apply RA in combination with a drug, such as 3-deazaneplanocin A,
which reduces the activity of the PcG protein EZH2, for differentiation therapy to treat
glioblastoma multiforme.
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Transcription Regulatory Proteins Enhance the Actions of the Retinoic
Acid Receptors: Implications for the Use of RA in Differentiation Therapy
for Cancer

Additional transcription factors modulate RA signaling and induction of differentiation in a
positive manner. For example, Rere (atrophin2, Gene ID: 68703), which is present in a
complex with Nr2f2 (Gene ID: 7026, COUP-TF2), p300 (Ep300, Gene ID: 328572) and
RXR/RAR at the RAREs, enhances RA’s actions on target genes during development
(Vilhais-Neto et al., 2010).

In another example, neuroblastoma cells differentiate in response to RA (Sidell et al., 1983;
Turano et al., 2006; Muley et al., 2008); and, after completion of chemoradiotherapy,
differentiation therapy with RA significantly improves survival in high risk neuroblastoma
patients (Reynolds et al., 2003). More recently, differentiation therapy with RA plus histone
deacetylase inhibitors, drugs which modify the epigenetic state of cells, was shown to be a
powerful combination for neuroblastoma treatment (Hahn et al., 2008). An interaction of the
zinc-finger protein Zfp423 (Gene ID: 94187) with the RXRα/RARα complex at RAREs was
recently shown to be required for RA to induce cell proliferation arrest and differentiation of
neuroblastoma cells (Huang et al., 2009). Thus, Zfp423 is a key co-activator of RXR/RAR
signaling. Reduced levels of Zfp423 result in resistance of the neuroblastoma cells to
differentiation induced by RA and are associated with a poor clinical prognosis (Huang et
al., 2009). Repression of ZNF423 (the human homolog of murine Zfp423) expression in
neuroblastoma can result from activation of the RAS-MEK pathway. Recently, an RNAi
genetic screen identified NF1 (neurofibromatosis 1, GENE ID: 18015) as a tumor suppressor
gene in neuroblastoma. Loss of NF1 expression or mutation of NF1 causes increased
activation of the RAS-MEK pathway and subsequent repression of ZNF423 expression with
loss of RA-associated differentiation (Holzel et al., 2010). Holzel et al. (2010) suggest the
use of a MEK inhibitor to overcome RA resistance in NF1 deficient human neuroblastomas.
Zfp423 is also a transcriptional regulator of preadipocyte determination (Gupta et al., 2010),
and its activity is required for normal cerebellar development (Warming et al., 2006).

RA has antitumor effects in nestin+ and CD133+ human stem-like glioma cells via its ability
to induce differentiation of these cells (Campos et al., 2010). Thus, it will be of interest to
determine if the activity of Zfp423 is required for RA to induce differentiation of these
glioma cells as it is in neuroblastoma cells.

Transcription Regulatory Proteins Reduce the Activity of RA in the
Induction of Cell Differentiation

Alterations in retinoid signaling occur during the development of many types of cancer, and
retinoid-dependent signaling pathways provide attractive targets for therapy (Mongan and
Gudas, 2007; Tang and Gudas, 2011). Indeed, retinoids are a key component of some types
of cancer therapy. However, there are many transcription factors and co-repressors that
block or reduce the ability of RA to signal and induce cell differentiation, and some of these
proteins may limit the effectiveness of RA in cancer treatment regimens (Fig. 5). For
instance, overexpression of the “zinc finger” protein Zfp42 (Rex1, Gene ID: 22702) reduces
RA-induced ES cell differentiation (Scotland et al., 2009). ZNF536 (Gene ID: 243937), a
novel zinc finger protein specifically expressed in the brain, inhibits neuronal differentiation
by repressing RA-induced gene transcription (Qin et al., 2009). Forced overexpression of
ZNF536 also inhibits RA-induced P19 teratocarcinoma stem cell differentiation (Qin et al.,
2009).
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The multiple LIM domain protein, Ajuba (Jub, Gene ID: 16475), selectively interacts with
the RXR/RAR complex in stem cells in the absence of ligand at RAREs of primary target
genes to repress them (Hou et al., 2010). Addition of the agonist RA leads to the dissociation
of Ajuba from these RAREs (Hou et al., 2010). Thus, Ajuba, though structurally different,
behaves in a manner similar to the well known “ligand independent” co-repressors N-CoR
(NCoR1) and SMRT (NCoR2) (Perissi et al., 2010) (Fig. 5). Strikingly, N-CoR is
overexpressed in human glioblastoma multiforme specimens, and treatment of glioma cells
with RA plus a low-dose of the phosphatase inhibitor okadaic acid resulted in inhibition of
cell proliferation and increased cell differentiation (Park et al., 2007).

RA-induced recruitment of NRIP1 (RIP140; Gene ID: 268903) to endogenous RA target
genes after short term RA treatment correlates with reduced induction of gene expression
(Hu et al., 2004; Heim et al., 2007) (Fig. 5). Thus, NRIP1 acts as a ligand-dependent co-
repressor in P19 murine embryonal carcinoma cells and in human embryonal carcinoma
cells.

The protein PRAME (RP23, Gene ID: 75829) is a dominant repressor of RAR actions, and
overexpression of PRAME blocks RA-induced ES cell differentiation (Epping et al., 2005).
Zfp206 (Zscan10, GENE ID: 332221) is a transcription factor that is expressed at high levels
in ES cells and its expression level decreases rapidly in response to RA. Engineered
overexpression of Zfp206 in ES cells blocks RA-induced ES cell differentiation (Wang et
al., 2007) (Fig. 5). NRIP, PRAME, and TRIM24 (GENE ID: 21848) are recruited to the RA
bound RXR/RAR heterodimer via LxxLL motifs, but these proteins also contain repressor
domains (Gurevich et al., 2007). Importantly, the ligand-dependent co-repressor TRIM24
(Tif1α) acts as a tumor suppressor in the liver; without TRIM24, RARα shows oncogenic
activity in the liver (Khetchoumian et al., 2007).

The “orphan” nuclear receptor Nr2F1 (COUP-TF1) can inhibit the induction of the
homeobox gene cdx1 by RA (Beland and Lohnes, 2005). The MN1/TEL fusion protein,
found in acute myeloid leukemia patients, prevents RXR/RAR mediated transcription by not
allowing co-activator complexes to be recruited to the RXR/RAR complex (van Wely et al.,
2007).

In most of these examples, solid evidence is presented that these inhibitory proteins are in a
complex with the RXR/RAR heterodimer at RAREs of target genes, indicative of inhibitory
actions on primary target genes positively regulated by RA; but, in other examples, less
mechanistic information is available. From these examples it is clear that normal stem cells
require mechanisms to regulate the intensity and duration of RXR/RAR transcriptional
activity and that this is accomplished in part by signal modulation via proteins that interact
with RXR/RAR complexes. It is also evident that in various types of cancer cells these
inhibitory proteins, when aberrantly expressed, can lead to aberrant RA signaling and/or
reduce the effectiveness of RA as a therapeutic agent.

Key Transcription Factors are Induced by the RARs
RA is a potent and effective inducer of embryonic stem cell differentiation (e.g., Tighe and
Gudas, 2004). Several transcription factors and other proteins act “downstream” of RA and
these transcription factors are often essential for mediating RA’s differentiation inducing
effects in stem cells and other cell types. These transcription factors mediate the
transcriptional activation of some of the RA secondary response genes (Fig. 2).

RA promotes the differentiation of natural regulatory T cells (nTregs), and the transcription
factor Foxp3 plays a critical role in this differentiation process (Zhou et al., 2010). Zhou et
al. show that RA plays a key role in sustaining the stability and function of nTregs when the
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inflammatory cytokine IL-6 is present, and Zhou et al. and Bai et al. (Bai et al., 2009)
suggest that nTreg cells treated with RA could be a new “differentiation therapy” for
chronic, immune-mediated inflammatory diseases.

A mixed ester of hyaluronan with butyric and retinoic acid induces the differentiation of
human mesenchymal stem cells isolated from fetal membranes of term placenta, and this
treatment increases transcription of the key cardiac lineage transcription factors GATA-4
and Nkx-2.5 (Ventura et al., 2007). Furthermore, when these stem cells treated with
hyaluronan esters of butyric and retinoic acid were transplanted into infarcted rat hearts, the
infarct size was decreased (Ventura et al., 2007).

The transcription factor FOX03A is activated by RA and translocates into the nucleus in
acute promyelocytic leukemia derived NB4 cells, leading to granulocytic differentiation.
When the activation of FOX03A is blocked by an shRNA against FOX03A, RA-induced
differentiation is blocked. Thus, activation of FOX03A is a requirement for RA-induced
differentiation of these cells and a potential therapeutic target (Sakoe et al., 2010). In
addition, transcription of the gene for TRAIL (tumor necrosis factor-related apoptosis
inducing ligand), a target of FOX03A, was increased in response to RA (see below for
additional discussion of TRAIL). Another gene, ubiquitin conjugating enzyme (UBE2D3),
was identified through an RNAi screen performed to find novel genes involved in
differentiation/growth arrest of NB4 cells after RA (Hattori et al., 2007). UBE2D3 is also a
potential therapeutic target.

In ES (embryonic stem) cells, RA-associated induction of the homeodomain containing
protein Hoxa1 is required for neuronal differentiation (Martinez-Ceballos and Gudas, 2008).
Appropriately regulated Wnt signaling is also necessary for RA to induce neuronal
differentiation (Engberg et al., 2010) and an inhibitor of the enzyme GSK3β activity
prevented RA from inducing neural lineage differentiation (Tonge and Andrews, 2010).
Cdc42-mTOR signaling is required for P19 embryonal carcinoma cells to differentiate to
neural cells in response to RA (Endo et al., 2009). The suppression of transcription of the
stem cell transcription factor Oct4 gene by GCNF in response to RA is important for the
transition from primitive to definitive neural stem cells (Akamatsu et al., 2009).

Sox9 mediates the actions of RA in terms of inhibiting the proliferation of breast cancer
cells (Afonja et al., 2002), and the increase in Sox9 expression in response to RA mediates
the inhibition of cell proliferation in MCF7 breast cancer cells (Muller et al., 2010).
Recently, Sox9 was shown to inhibit proliferation by activating the transcription factor Hes1
(Muller et al, 2010). Sox9 transcriptional activation by RA is also required for inhibition of
melanoma cell proliferation in response to RA (Passeron et al., 2009). One action of Sox9 in
melanoma cells is to down-regulate the levels of PRAME, a negative regulator of RA action
(a ligand-dependent co-repressor, see above, Fig. 5). These recent data suggest that small
molecule activators of Sox9 transcription could be beneficial in combination cancer therapy
by improving the therapeutic effects of RA.

RA acts upstream of the transcription factor STAT3 (GENE ID: 20848) to prevent its
phosphorylation in response to phorbol ester, resulting in a reduction in the incidence of skin
cancer. Since RA can’t prevent carcinogenesis in mice expressing a constitutively active
STAT3 (Syed et al., 2009), phosphorylated-STAT3 must be a critical mediator of
carcinogenesis in this mouse model. The mechanism by which RA prevents STAT3
phosphorylation is not clear, but may involve the actions of the transcription factor Rex1
(Xu et al., 2008).

While the examples above highlight the actions of RA in promoting stem cell and cancer
cell differentiation and proliferation arrest, conversely RA can inhibit adipogenesis. In
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mesenchymal stem cells, treatment with RA increases expression of the transcription factor
SMAD3; SMAD3 then interacts with the transcription factor C/EBPβ and interferes with the
binding of C/EBPβ to DNA. Since C/EBPβ activity is necessary for stimulation of the later
stages of adipogenesis, without C/EBPβ activity adipogenesis doesn’t occur (Marchildon et
al., 2010). Furthermore, RA is not effective in inhibiting adipogenesis in the absence of
SMAD3 expression (Marchildon et al., 2010).

How does RA Influence Signaling From Other Nuclear Receptors with
Respect to Cell Differentiation?

When RARα and RARγ gene targets were identified in MCF7 human breast cancer cells by
chromatin immunoprecipitation, many of the same genomic regions bound RARα/RARγ
and estrogen receptorα (ERα). Data from gene expression profiling indicated that RA and
estrogen antagonistically regulated breast cancer target genes (Hua et al., 2009), suggesting
that RA has potential as a therapeutic agent in breast cancer. However, other researchers
reported results that differed from those of Hua et al (Hua et al., 2009). Ross-Innes et al.
(Ross-Innes et al., 2010) showed that RARα is required for efficient ERα mediated
transcription and cell proliferation and that RARα can interact with ER-binding sites in an
ERα-dependent manner in MCF7 cells (Ross-Innes et al., 2010). It is clear that RA can
inhibit the proliferation of ERα+ human breast cancer cells (Seewaldt et al., 1995; Liu et al.,
1996; Farias et al., 2002), suggesting that the RAR and the ERα signaling pathways interact
in an antagonistic manner in terms of cell proliferation, with ERα promoting cell
proliferation and RARα promoting cell proliferation inhibition and cell differentiation. The
RA ligand-dependent corepressor protein RIP140 (NRIP1, see Fig. 5) has been reported to
mediate the RA-associated repression of ERα activity, and a knockdown of RIP140 levels in
human breast cancer cells resulted in a proliferation advantage for these estrogen dependent
cells (White et al., 2005).

The actions of ERβ (estrogen receptor β) sensitize breast cancer cells to retinoids (Rousseau
et al., 2004). Retinoids altered ERβ-mediated transcriptional activity from an estrogen
response element and conversely, the expression of ERβ caused a greater induction of
RARβ2 gene expression during RA treatment without altering the expression of RARα
(Rousseau et al., 2004).

Sin3 (Sin3a, GENE ID: 20466) is a co-repressor protein that can silence gene transcription
via associated histone deacetylases (HDACs) (Grzenda et al., 2009). In cancer cells, aberrant
recruitment of Sin3 to genes results in abnormal gene silencing. A recent, exciting
development is that interference with Sin3 function causes epigenetic reprogramming and
restores sensitivity of even “triple negative” (i.e., no ERα, PR (progesterone receptor), or
HER2 expression) human breast cancer cells to both tamoxifen and retinoids (Farias et al.,
2010). Interference with the actions of Sin3 reversed the silencing of genes involved in the
differentiation of breast epithelial cells and restored the RA sensitivity of these cells (Farias
et al., 2010). Because a small molecule, a SID (Sin3 interaction domain) decoy, was
employed in these studies, these results have major implications for human breast cancer
treatment. These recent results indicate that a combination of tamoxifen and retinoids may
be useful in the treatment of “triple negative” human breast cancer if administered along
with a SID to block the repressive activity of Sin3a. Furthermore, RA plus tamoxifen
inhibited cell proliferation and altered cell differentiation in HER2-overexpressing, ERα
positive BT474 human breast cancer cells (Koay et al., 2010). In a related study a RARα
agonist, AM580, was employed in the MMTV-Wnt1 murine transgenic breast cancer model.
This drug induced differentiation, increased RARβ expression, inhibited the Wnt signaling
pathway, and increased tumor-free survival in the mice (Lu et al., 2010).
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β-Catenin, TRAIL, and Retinoic Acid Signaling Pathways
TRAIL (tumor necrosis factor-related apoptosis inducing ligand; TNFSF10, GENE ID:
22035) is a membrane-bound tumor necrosis factor ligand that causes apoptosis in cancer,
but not normal cells (Koschny et al., 2007). Retinoids can increase the expression of TRAIL
receptors and decrease expression of TRAIL decoy receptors in cancer cells (e.g., Sun et al.,
2000; Altucci et al., 2001). Recently, it was shown that vitamin A (retinyl acetate) plus
TRAIL can induce apoptosis in premalignant cells in the intestine, without affecting normal
cells, in a murine colon cancer model (Zhang et al., 2010). Vitamin A, presumably via
metabolism to RA, induces the TRAIL receptors TNFRSF10A and TNFRSF10B (DR4,
DR5) in this model (Zhang et al, 2010). The induction of the receptors TNFRSF10A and
TNFRSF10B by vitamin A in these cells is associated with the differentiation of these
intestinal epithelial cells. In contrast to the normal epithelial cells, these pre-malignant cells
exhibit activated β-catenin, which leads to apoptosis only when these cells are in the
presence of both TRAIL and retinoids. Moreover, TRAIL plus vitamin A treatment, in an
intermittent or in a short term dosing schedule, causes apoptosis in intestinal polyps in the
ApcMin mouse model of intestinal carcinogenesis (Zhang et al. 2010). Therefore, vitamin A
plus TRAIL “differentiation” therapy might be very useful in the prevention of colon cancer
in humans.

Conclusions
When biologically active retinoids are produced, they bind to RAR/RXR receptors, initiating
a cascade of changes in chromatin structure. These changes can promote differentiation,
initiate stable epigenetic changes, and change the sensitivity of cells to other signaling
pathways. In cancer cells, these changes have the potential to promote differentiation to a
less neoplastically-transformed state. Retinoids are effective components of some current
cancer therapies. Because they can act both by promoting stem cell differentiation and
changing the pattern of gene expression in tumor cells to make them more sensitive to other
therapies, retinoids are likely to be a component in many future cancer therapies. Our
emerging knowledge of these molecular mechanisms is providing a rational basis both for
understanding the role of retinoids in normal differentiation and for developing additional
retinoid-based differentiation cancer chemotherapies, especially for use in combination with
other drugs that modulate the epigenetic state of cells.
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Fig 1.
Uptake and intracellular metabolism of retinol (modified from Mongan and Gudas, [2007]).
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Fig 2.
Primary versus secondary transcriptional responses to RA.
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Fig 3.
Hypothetical depiction of transcriptional activation at “transcription” factories in response to
RA. Genes 1, 2, and 3 may be on different chromosomes.
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Fig 4.
RA activates transcription by recruiting co-activators (e.g., pCIP/p300) and influencing
chromatin modifying proteins (e.g., Suz12, a Polycomb group protein) if the appropriate
RAR/RXR complex is bound to the RARE (Gillespie and Gudas, [2007a], [2007b]).
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Fig 5.
Repression of transcription: various mechanisms 1) and 2) co-repressors act at RAREs to
block transcriptional activation. 3) Co-repressor/GCNF complex acts to inhibit gene
transcription in response to RA.
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