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Abstract

Vitamin A (all-trans retinol) and its active metabolites, collectively called retinoids, exert potent
effects on stem cell differentiation and thus, the formation of the entire organism, in part via the
modulation of the epigenome. All-trans retinoic acid (RA), through binding to the retinoic acid
receptors (RARsS), alters interactions of the RARs with various protein components of the
transcription complex at numerous genes in stem cells, and some of these protein components of
the transcription complex then either place or remove epigenetic marks on histones or on DNA,
altering chromatin structure and leading to an exit from the self-renewing, pluripotent stem cell
state. Different epigenetic mechanisms, i.e. first, primarily H3K27me3 marks and then DNA
methylation, may be employed by embryonic stem cells and other stem cells for control of early
vs. late stages of cell differentiation. Creating these stable epigenetic changes requires the actions
of many molecules, including tetl, polycomb protein complexes (PRCs), miRNAs, DNA
methyltransferases (DNMTSs), and telomerase reverse transcriptase. A more complete
understanding of retinoid-dependent stem cell differentiation should reward us with new insights
into the failure to maintain a differentiated state that is an essential part of neoplastic cell
transformation and cancer.
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1.1.1 Retinoids can act as Epigenetic Modifiers during Cell Differentiation

Cell differentiation, the process by which a less specialized cell, such as a stem cell,
becomes more specialized in terms of its functions in a multi-cellular organism, can be
viewed as a process in which epigenetic changes result in alterations in the genes expressed
by the cell as it becomes more specialized, i.e. more differentiated. Thus, stem cell
differentiation is a process that involves a series of epigenetic changes, defined as
modifications to the genome that do not involve a change in the nucleotide sequence.
Vitamin A (all-trans retinol) and its active metabolites, collectively called retinoids, exert
potent effects on stem cell differentiation and thus, the formation of the entire organism, in
part via the modulation of the epigenome. These epigenetic changes, many of which are
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induced in stem cells by an active biological metabolite of vitamin A, all-trans retinoic acid
(RA), can be long-term, stable changes. Such changes include DNA methylation and histone
madifications, including methylation and acetylation of specific amino acids in the various
histones that surround DNA in the nucleus. The goal of this review is to address the question
of how the RA signaling pathway interacts with the enzymes that generate epigenetic
modifications in stem cells, and the focus is on more recent publications in this area.

1.1.2 Retinoids act as Ligand-activated Transcription Factors to Modulate
Gene Expression

Two types of transcription factors, the retinoic acid receptors (multiple isoforms of RARq,
B3, and v) and the retinoid X receptors (multiple isoforms of RXRa, 8, and ), members of the
nuclear receptor family of proteins, mediate most of the actions of RA in stem cells [1]. In
the nucleus, the agonist RA binds to RARa, B, and/or y. When RA is present, this RXR/
RAR heterodimer complex, bound to DNA, activates transcription of RA primary response
genes, one of the first steps in the RA associated differentiation process [1]. Many
“immediate early” genes, such as the transcription factor Hoxal [2], are “primary response”
genes and possess enhancers containing an RARE (retinoic acid DNA response element) to
which the RXR/RAR heterodimer can bind. In some cell types, RA addition also triggers
persistent mitogen activated protein kinase signaling [3] to induce differentiation.

Additional proteins, including co-activators and co-repressors, bind to the RXR/RAR
complex, modulating the sensitivity of cells to RA’s differentiation-inducing effects and
integrating the effects of other signaling pathways. The RXR/RAR heterodimer binds co-
activator proteins, such as Ncoa3 (GCID: GC20P046130, also known as pCip; p160;
KAT13b; Actr; Aibl; Rac3; Src3; Tram1l), and recruits these proteins to RA “primary
target* gene enhancers. Ncoa3 and some other co-activators possess histone
acetyltransferase activity. Co-activator recruitment is dependent on the appropriate RAR
binding at the RARE of the target gene [4-9]. The nuclear receptor interaction domains
(NRID) of co-activator proteins contain three highly conserved motifs with a consensus
amino acid sequence LXXLL; such LXXLL motifs mediate direct interaction with the AF-2
domain of RARs upon ligand binding [10]. Ncoa3 ubiquitination is also controlled by RA,
and Ncoa3 degradation is involved both in the transcription of RA target genes and in the
growth inhibitory actions of RA [11]. Binding of Ncoa3 then allows p300 (GC22P041487,
KAT3B) and the related protein CBP (GC03P020081, KAT2B, P/CAF, GCN5, CREB
Binding protein) to bind at the transcriptional activation complex. The p160 co-activators
propagate the activating signal through at least two activation domains, AD1 and AD2,
which recruit secondary co-activator proteins. AD1 binds CBP or p300 [12], whereas AD2
recruits the co-activator associated arginine methyltransferase 1 (CARM1) [13]. Both Ncoa3
and p300 and/or CBP are involved in RA transcriptional activation of target genes in stem
cells [5]. Thus, retinoids, via their receptors and interacting proteins, initiate the
transcription of primary response genes.

1.1.3 Retinoids also Act by Effecting Changes in Epigenetic Marks on

Histones, Creating a Heritable Change in Chromatin Responsiveness

Some examples of the epigenetic changes that occur in response to RA and their relationship
to cell differentiation are highlighted here. PHF8 (GC0XM053979, also called ZNF422,
JHDMZ1F), a histone lysine demethylase that preferentially acts on histones in the
monomethyl or dimethyl states, is involved in the response of stem cells to RA. PHF8,
which requires Fe(2+) ion, 2-oxoglutarate, and oxygen for its catalytic activity, has been
reported to act as an RARa co-activator, and PHF8 knockdown in P19 teratocarcinoma stem
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cells results in reduced RA-induced neural differentiation [14]. Additionally, in acute
promyelocytic leukemia sensitivity to RA, a drug used widely in treatment of this cancer,
depends on the enzymatic activity of PHF8; forced expression of PHF8 can resensitize RA
resistant acute promyelocytic leukemia cells to RA, while reduced expression of PHF8 can
result in RA resistance [15].

Conversely, SETD6 (GCID:GC16P058549), a lysine methyltransferase, places monomethyl
groups on substrates in ES cells. RA treatment rapidly removes these monomethyl marks,
and similarly, a genetic reduction in SETD6 expression in ES cells results in differentiation
and loss of self-renewal ability [16].

CARML1 (GCID: GC19P010982; also known as PRMT4) is a protein arginine N-
methyltransferase that catalyzes the transfer of a methyl group from S-adenosyl-L-
methionine to the side chain nitrogens of arginine residues to form methylated arginine
derivatives and S-adenosyl-L-homocysteine. Depletion of CARML1 in embryonic stem (ES)
cells results in loss of pluripotency and induction of differentiation [17]. CARML1 acts as a
“secondary” co-activator and enhances transcription, but only in the presence of Ncoa3 or its
co-activator family members [13]. Importantly, knockdown of Ncoa3 (see above) not only
compromises the expression of pluripotency markers but also impairs the differentiation of
ES cells. Ncoa3 binds to the Nanog (a stem cell marker) promoter and recruits the histone
arginine methyltransferase CARML1 to activate Nanog expression [18]. Importantly, the
ability of Ncoa3 to interact with p300 and CBP depends on the methylation state of
CARMZ1-dependent methylation sites located in a glutamine-rich region within the carboxy
terminus of Ncoa3 [19].

ASH2L (GC08P03763) is a core protein in the mixed lineage leukemia (MLL)
methyltransferase complex; the MLL complex is not able to trimethylate histone H3K4
without ASH2L. Trimethylation of H3K4 is generally associated with open chromatin.
Knockdown of ASH2L results in reduced H3K4 methylation; high H3K9 methylation, an
epigenetic mark associated with silenced chromatin; and loss of ES cell pluripotency [20].
We found that ASH2L was recruited to the Hoxal and Hoxbl1 genes and enhancer regions
upon RA treatment of ES cells [6].

Thus, numerous enzymes that alter the modifications on histones are involved in
transcriptional activation of specific genes in stem cells, and many of these enzymes are
modulated by RA treatment of stem cells. These data suggest that RA, through binding to
the RARs, alters interactions of the RARs with various protein components of the
transcription complex at numerous genes in stem cells, and some of these protein
components of the transcription complex then either place or remove epigenetic marks on
histones, altering chromatin structure and leading to an exit from the self-renewing,
pluripotent stem cell state (Fig. 1) (for rev. Gudas and Wagner [1]).

The exit from the self-renewing state of ES cells is also accompanied by an induction of the
silencing-associated histone H3 Lys 9 dimethylation and trimethylation (H3K9Me2/Me3)
marks. The protein Heterochromatin Protein 1 (HP1) (CBX5, HP1a GC12M054624,
KMT1A) can exert long term gene silencing in concert with the enzyme Suv39H1;
methylation of the histone H3 tail by Suv39H1 was found to repress transcription in an HP1-
dependent manner [21, 22]. Conversely, the H3K9me2 and H3K9me3 demethylase enzymes
JMJD1la (KDM3a, GC02P086667) and IMJD2¢c (KDM4c, GCOP006720) are positively
regulated in ES cells and knockdown of these enzymes results in ES cell differentiation [23].
JMJD2c prevents HP1 from binding to the Nanog promoter. Thus, an increase in H3K9me3
marks and HP1 binding is strongly associated with the RA-associated transition to the
differentiated state from the stem cell state (Fig. 1).
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1.2 Polycomb Complexes are Important Mediators of the Epigenetic
Changes Induced by RA

Polycomb group proteins control the transition from stem cells to differentiated cells [24,
25]. Polycomb group-repressive complexes (PRC1 and PRC2) mark many genes for
silencing in embryonic stem (ES) cells. Moreover, the protein Ezh2 is a component of the
PRC2 complex that places the H3K27me3 epigenetic mark recognized by PRC1 factors,
which in turn bring Ringl to mono-ubiquitinylate histone H2A lysine 119 (H2Aub) [26].
The PRC2 complex somehow senses the chromatin environment and local chromatin
compaction occurs before the H3K27me3 mark is added [27]. However, Ezh2 can, when
phosphorylated, also act as a transcriptional activator [28]. We have shown that, although
complete erasure of the polycomb repressive mark H3K27me3 is not necessary to initiate
Hoxal transcription in ES cells, RA/RARYy signaling is necessary to erase H3K27me3 from
activated Hox genes during embryonic stem cell differentiation [6, 7]. Additionally, RARYy
is not required to establish the bivalent character (DNA regions decorated with both active
(H3K4me3) and repressive (H3K27me3) marks) of Hox clusters [6, 7]. The enzyme tet1,
which carries out DNA demethylation, is necessary for chromatin binding of the PRC2
complex; greater than 95% of PRC2 targets in ES cells are tetl targets, and tetl knockdown
leads to a loss of PRC2 recruitment [29].

We have also shown that both the Nr2F1 (Coup-TF1) and the Hoxa5 gene are
transcriptionally activated by RA in WT ES cells and display increased levels of the
permissive H3K9/K14ac and tri-methylated histone H3 lysine 4 epigenetic marks in
response to RA. However, while in response to RA the PRC2 proteins and H3K27me3
marks are greatly decreased at the Hoxal and Hoxa5 promoters, these marks are initially
increased at the Nr2F1 promoter. Functional depletion of the essential PRC2 protein Suz12
enhanced the RA-associated transcription of Nr2F1, Nr2F2, Meis1, Sox9, and BMP2, but
had no effect on the Hoxa5, Hoxal, Cyp26al, Cyp26bl and RARp, transcript levels in wild
type ES cells. Our data thus indicate that upon RA addition to stem cells, PRC2 recruitment
attenuates the RA-associated transcriptional activation of a subset of genes, while at other
genes the PRC2 complex is removed after RA addition, resulting in maximal RA-associated
transcriptional activation. Such a mechanism would permit the fine-tuning of transcriptional
networks during the differentiation of ES cells [30].

Recent, high-throughput, genome-wide measurements show that in ES cells promoters
active in early developmental stages are generally CG rich and utilize H3K27me3 marks,
generated by the PRCs, to silence genes in nonexpressing lineages during differentiation. In
fact, there is a change in the protein composition of the PRC1 complex when ES cells leave
the self-renewing state and start to differentiate [31]. This composition change allows PRC1
to target different genes in stem vs. differentiating cells. In contrast, promoters of genes
generally expressed at later stages of differentiation/development utilize increased DNA
methylation to establish and maintain gene silencing [32]. Thus, different epigenetic
mechanisms, i.e. first, primarily H3k27me3 marks and later, DNA methylation, may be
employed by ES and other stem cells for control of early vs. late stages of cell differentiation

(Fig. 1).

The type of DNA methylation is also an important determinant of gene expression during ES
cell differentiation. For example, upon RA treatment of NT2 human embryonyl carcinoma
stem cells the active, anterior part of the Hoxa gene cluster becomes enriched in 5-
hydroxymethylcytosine (5hmC), following closely the colinear activation of the gene
cluster. This increase is paralleled by a reduction in 5-methylcytosine (5mC) marks.
Depletion of the 5hmC generating dioxygenase enzyme Tet2 impairs the maintenance of
Hoxa transcriptional activation and partially restores 5mC levels [33].
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1.3 Telomerase Activity and DNA Methylation Play an Essential Role in
Stabilizing Stem Cell Differentiation

The question of how the differentiation state is stably maintained is also a critical one, as
loss of the differentiated phenotype can result in carcinogenesis and the generation of cancer
stem cells or cancer initiating cells. ES cells that lack the catalytic subunit of the telomerase
protein, telomerase reverse transcriptase (TERT, GC05M001253), have short telomeres and
express very high levels of the homeobox transcription factor Nanog (GC12P007940) [34];
this high Nanog transcript expression is associated with a lower level of H3K27me3
epigenetic marks at the Nanog promoter and global genomic hypomethylation of DNA at
CpGs. Addition of RA to the Tert-/- ES cells caused a reduction in Nanog transcript levels,
but a few days later Nanog levels increased again in the Tert-/- but not in the wild type (WT)
ES cells [34]. However, the RA-induced differentiation state could be stabilized in the
Tert-/- cells by reintroduction of exogenous Tert into the cells, by shRNA knockdown of
Nanog, or by forced expression of DNMT3b, a DNA methyltransferase [34]. Similarly, ES
cells that lack all three DNMTs, DNMT1, DNMT3a, and DNMT3b, can differentiate, but
when replated under pluripotency promoting culture conditions, the ES cells that lack the
three DNMTSs quickly revert back to an undifferentiated state while the WT do not [35].
Thus, DNA methylation appears to be critical for stabilizing the differentiation state, though
it is not required for initial activation of stem cell differentiation and exit from the
pluripotent, self-renewing state. How short telomeres result in global DNA hypomethylation
is not yet understood.

Treatment of cells with DNA damaging agents and cellular oxidative stress can also recruit
DNA methyltransferase 1 (DNMT1) to damaged chromatin. DNMT1 and DNMT3b then
interact with members of Polycomb Repressive Complex 4; these protein complexes migrate
from non-GC-rich to GC-rich areas, sometimes leading to heritable silencing of CpG island-
containing promoters via increased DNA methylation [36, 37]. Such actions of DNMTSs thus
link alterations in DNA methylation state with aberrant differentiation and cancer
development.

1.4 MicroRNAs and DNA Methylation Play Key Roles in Controlling
Retinoid-dependent Stem Cell Differentiation

MicroRNAs (miRNAs), small non-coding RNAs that regulate gene expression post-
transcriptionally, are involved in the RA-associated differentiation of various types of cells
and in cancer development. For example, two miRNAs upregulated during the
differentiation of neuroblastoma cells--miR-9 and miR-103-- directly target the coding
sequence and 3’ untranslated region of the transcription factor ID2 mRNA, respectively. The
two miRNAs show an inverse correlation with D2 expression during neuroblastoma cell
differentiation induced by retinoic acid [38]. In addition, microRNAs miR-29a and
miR-142-3p promote the phorbol 12-myristate 13-acetate-induced monocytic and RA-
induced granulocytic differentiation of HL-60, THP-1, or NB4 cells. A decrease in miR-29a
and miR-142-3p levels and their target protein levels was also observed in blasts from acute
myeloid leukemia, suggesting that these microRNAs play a role in the regulation of the RA-
associated differentiation of stem cells along the myeloid lineage [39]. Importantly, in
human ES cells, CBP/p300 acetylates the protein p53 at lysine 373 in response to RA; this
stabilizes p53. p53 then activates expression of miR-34a and miR-145, which repress the
stem cell factors OCT4, KLF4, LIN28A, and SOX2 and reinforce the differentiation
initiated by RA [40].
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A recent report has shown that toll-like receptor TLR3 stimulation upregulates four
miRNAs, miR-2b, -29c, -148b, and -152, in prostate and breast cancer lines. miR-148b and
miR-152 target DNA methyltransferase 1 [41], and miR-29b and -29c target DNA
methyltransferases 3A and 3B and silence these genes [42]. This results in the partial
demethylation and re-expression of the RARPB2 gene in these tumor cells and the authors
also present tumor xenograft data that the TLR3 agonist poly(l:C) and RA together inhibit
prostate tumor growth [43]. These data thus link RA actions, DNA methylation, and
expression of specific microRNAs.

Conclusions

Recent research has demonstrated that retinoids control gene expression by several inter-
related mechanisms. Beyond regulating transcription by a classic ligand-dependent
transcriptional activation mechanism, retinoids promote epigenetic changes both by
influencing histone modifications and by influencing the methylation state of the DNA.
These epigenetic changes can create heritable changes in gene expression and influence the
ability of stem cells to respond to both retinoids and to other different signaling pathways.
Creating these epigenetic changes requires the actions of many molecules, including
miRNAs, DNMTs, and telomerase reverse transcriptase. A more complete understanding of
retinoid-dependent cell differentiation will require us to dissect the complex interactions of
all of these proteins; this effort should reward us with greater knowledge of differentiation
and with new insights into the failure to maintain a differentiated state that is an essential
part of neoplastic cell transformation and cancer.
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Abbreviations

5mC 5-methylcytosine

5hmC 5-hydroxymethylcytosine

CARM co-activator associated arginine methyltransferase 1

DNMT DNA methyltransferase

ES embryonic stem

mMiRNA micro RNA

MLL mixed lineage leukemia

PRC Polycomb group-repressive complex

RA all-trans retinoic acid

RAR retinoic acid receptor

RARE retinoic acid DNA response element
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Figure 1.

Interaction of RA Signaling System with Various Epigenetic Modifications. (modified from
Baylin et al [44]).
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