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Abstract

The core transcriptional regulatory circuitries are important for controlling stem cell self-renewal
and differentiation. Nuclear receptors provide an ideal model to regulate gene expression in both
ligand-dependent and ligand-independent manners. Recent studies of regulatory events by nuclear
receptors in neural stem cells, embryonic stem cells, and induced pluripotent stem cells (iPSCs),
provided unique insights into mechanisms of stem cell regulation and provided invaluable
resources for regenerative medicine. Nuclear receptors have been shown to be key players in stem
cell self-renewal, pluripotency, and reprogramming. We summarize recent progress of studies on
nuclear receptors in stem cell field as well as the potential therapeutic implications of these
nuclear receptors and their cognate ligands. These studies not only uncover molecular mechanisms
of stem cell regulation, but also provide unique opportunities for drug discovery.
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1. Introduction

Neural stem cells are tissue-specific multipotent stem cells, which have the capacity to
differentiate into all three major neural cell types and have the potential to be used for cell-
replacement therapy in the treatment of nerve injury, stroke, and neurodegenerative diseases,
such as Parkinson's disease, Huntington's disease, Alzheimer's disease, and amyotrophic
lateral sclerosis (ALS).

Human embryonic stem cells are established from early embryos and can be cultured over
long periods of time while maintaining pluripotency to differentiate toward diverse cell fate.
These properties have led to the expectations that human embryonic stem cells can be used
as models to understand disease mechanisms, to screen for effective and safe drugs, and to
treat patients with various diseases and injuries, such as neurodegenerative diseases and
spinal cord injury [1].

Recently, researches on human induced pluripotent stem cells (iPSCs) have rapidly evolved.
Human iPSCs were originally generated through viral transduction of four transcription
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factors (Oct4, Sox2, KIf4 and c-Myc) into human fibroblasts [2,3]. In addition to fibroblasts,
B lymphocytes, hepatocytes and gastric epithelia cells can also be converted to iPSCs using
the same aforementioned transcription factors [4,5]. The development of iPSCs could
circumvent the ethical concerns associated with the use of human embryonic stem cells that
are derived from human embryos. Moreover, iPSCs, in combination with gene therapy, have
been used to correct the human sickle hemoglobin allele in mice and to correct human
Fanconi anemia defect in human cells successfully [6,7]. Human diseased iPSCs from
specific patients will enable insights into disease pathogenesis, offer a platform for drug
discovery, and provide genetically identical cells for cell replacement therapy.

Nuclear receptors represent a superfamily of ligand-dependent transcription factors that
govern aspects of development, reproduction, and metabolic functions. Included in this
family are the classical steroid receptors, adopted orphan receptors, and orphan receptors,
the ligand of which are not identified yet. In this review, we will highlight the recent
discoveries on nuclear receptor functions in stem cells, with an emphasis on the therapeutic
potential of nuclear receptor ligands in neural stem cells and iPSCs.

receptors in neural stem cells

Neural stem cells possess two features: self-renewal and the capability to differentiate into
all three major neural cell types, neurons, astrocytes, and oligodendrocytes. Several nuclear
receptors have been shown to be expressed in mouse brains and play critical roles in
neurogenesis. These nuclear receptors include TLX (Tailess homolog, NR2E1), LXR (Liver
X receptor, NR1H2 and NR1H3), RARp (Retinoic acid receptor g, NR1B2) , RXRs
(Retinoid X Receptor, NR2B1, NR2B2 and NR2B3), GCNF (Germ Cell Nuclear Factor 1,
NR6A1), TRs (Thyroid Hormone Receptor, NR1A1 and NR1A2 ), PPARy (Peroxisome
Proliferator Activated Receptor y, NR1C3), GR (Glucocorticoid Receptor, NR3C1), ER
(Estrogen Receptor, NR3A1 and NR3A2), and NURR1 (NUR-Related protein 1, NR4A2),
[8-11]. Here we focus on the recent progress from studies on TLX, LXR, and RAR in neural
stem cells of the mammalian brain and highlight the potential of targeting these nuclear
receptors for regenerative medicine.

2.1 TLX in neural stem cells

The orphan nuclear receptor TLX is expressed exclusively in the mammalian central
nervous system [12,13]. In adult mammalian brains, TLX is highly expressed in the two
adult neurogenic areas, the subgranular zone of the hippocampal dentate gyrus and the
subventricular zone of lateral ventricles.

TLX has been demonstrated to play a critical role in maintaining neural stem cell self-
renewal in both developing and adult brains [12,14-19]. At embryonic stages, TLX is strictly
expressed in neural stem cells of the ventricular zone, with a peak of expression at E13.5
when neurogenesis also peaks. Deletion of the TIx gene at embryonic stages results in
significant thinning of the neocortex. Considerable decrease in the number of neural
progenitor cells and reduced proliferative capability of neural progenitors is also evident in
the germinal regions of embryonic TIx-null brains [15]. The embryonic defect in the TIx-null
brain is due to prolonged cell cycles and increased cell cycle exit of embryonic neural
progenitors. Transient knockdown of TIx by in utero electroporation led to a premature cell
cycle exit and precocious differentiation of neural stem cells. These findings support a
critical role for TLX in controlling cell cycle progression of neural stem cells in the
developing brain [15]. TLX has also been shown to be required for regulating the timing of
embryonic neurogenesis in the cortex [16].
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Adult TIx knockout mice have significantly smaller forebrains [20] and severe retinopathies
[21-23]. These mice exhibit cortical hypoplasia, limbic system abnormalities, cognitive
impairment, and abnormal social behaviors, such as aggressive violence (Chiang and Evans,
1997; Monaghan et al., 1997; Roy et al., 2002; Young et al., 2002). Introduction of human
TIx gene was able to correct the defective phenotypes caused by deletion of the TIx gene in
mice (Abrahams 1995). Sequence analysis revealed that some TIx mutations are associated
with cortical and psychiatric disorders in patients [24,25].

TLX is an essential regulator of neural stem cell maintenance and self-renewal in the adult
mammalian brain [14]. While the TLX-expressing cells can proliferate, self-renew and
differente into all three major neural cell types in vitro, the TIx-null cells isolated from adult
TIx-null brains failed to proliferate. Amazingly, reintroducing TLX into TIx-null cells
rescued their ability to proliferate and self-renewal [14]. Recently, the TLX-expressing cells
have been identified as type B neural stem cells in the subventricular zone of adult mouse
brains [26]. At molecular level, TLX regulates neural stem cell self-renewal by repressing
the cyclin-dependent kinase inhibitor p21 and the tumor suppressor pten expression, through
epigenetic control [27] (Figure 1). TLX has been shown to interact with histone deacetylase
5 (HDACS5) to regulate p21 and pten gene expression [17]. Both knockdown of HDAC
expression or inhibition of HDAC activity led to marked induction of p21 and pten gene
expression and reduced neural stem cell proliferation [17]. The HDAC inhibitors valproic
acid and trichostatin A have also been shown to reduce the proliferation of neural progenitor
cells in the dentate gyrus of adult mouse hippocampus [28].

Another epigenetic regulator, the lysine specific demethylase 1 (LSD1), has also been
shown to interact with TLX in neural stem cells recently [29]. LSD1 forms a complex with
TLX and HDACS on the promoter of TLX target genes, p21 and pten, in neural stem cells.
As a result, knockdown of LSD1 expression by small RNA interference led to dramatically
increased expression of p21 and pten genes. Furthermore, knockdown of LSD1 gene
expression in the hippocampus of adult mouse brains, via SiRNA expressed by a lentiviral
vector, resulted in marked reduction in the proliferation of neural progenitor cells in the
subgranular zone of the hippocampus [29]. Treatment with the LSD1 inhibitors, pargyline
and tranylcypromine, also caused cell proliferation defect in the hippocampal dentate gyrus
of adult mouse brains, suggesting epigenetic regulation of neural stem cells in adult brains
[29]. Targeting the interaction between TLX and HDAC/LSD1 may be used to promote
neural stem cell differentiation and provide potential avenues for the development of
pharmacological tools for the treatment of neurodegenerative diseases. For example,
peptides that disrupt TLX-HDAC/LSD1 interactions may trigger neuronal differentiation
and serve as drug candidates for the generation of specific neurons.

In addition to histone modification, microRNAS, 20-22 nucleotide small RNAs, also play
important roles in the regulation of TLX function (Figure 2). MicroRNAs are endogenously
expressed small RNAs that negatively regulate downstream target mMRNAS, mainly through
their 3’ untranslated region (3" UTR). Two microRNAS, microRNA-9 (miR-9) and lethal-7b
(let-7b), have been shown to regulate neural stem cell fate determination by targeting TLX
signaling [30,31]. MiR-9 is one of the microRNAs that are exclusively expressed in the
brain. Our recent studies showed that the balance between proliferation and differentiation
of neural stem cells can be precisely maintained by miR-9 in a negative feedback loop with
TLX. While miR-9 targets the TIx 3" UTR to inhibit TLX expression, TLX also binds to the
miR-9-1 genomic loci to repress miR-9 precursor transcription. In utero electroporation of
miR-9 into the developing mouse brain reduced the expression of TLX protein, decreased
the number of proliferative cells in the ventricular zone and induced precocious neuronal
differentiation. On the other hand, antisense RNA inhibition of miR-9 expression enhanced
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neural stem cell proliferation. In this sense, miR-9 antisense RNA could serve as a potential
drug to enhance neural stem cell expansion.

In addition to miR-9, let7b is also expressed in mammalian brains and display elevated
expression upon neural differentiation. Overexpression of let-7b led to reduced neural stem
cell proliferation and increased neural differentiation, through targeting TLX and the cell
cycle regulator, cyclin D1 [31]. Studies of microRNA expression profiles in neural stem
cells will allow us to identify additional microRNA candidates for neural stem cell
regulation.

Signaling by the Wnt family of secreted glycolipoproteins controls embryonic development
and adult homeostasis via their downstream effector g-catenin [32,33]. TLX has been shown
to activate Wnt- B-catenin signaling and promote neural stem cell proliferation [34]. Both
Whnt7a and a constitutively active B-catenin rescued the proliferation deficiency induced by
the treatment of TIx short interference RNA in adult neural stem cells significantly.
Furthermore, introduction of the constitutively active B-catenin into the subventricular zone
of adult TIx-null mice rescued the cell proliferation deficits mediated by deletion of TIx gene
in vivo. These results suggest that TLX acts, at least in part, through the canonical Wnt/p-
catenin signaling pathway to control neural stem cell proliferation [34]. This study also
presents an interesting possibility that modulators of Wnt signaling may work together with
nuclear receptor regulators to enhance the efficacy of neural stem cell-based therapy.

Of particular interest in drug discovery are potential TLX ligand(s), although there is no
report for a TLX ligand so far. With the essential role of TLX in neural stem cell
maintenance and self-renewal [14], potential TLX ligands, either antagonists or agonists,
may serve as excellent drug candidates for neural stem cell-based therapy for
neurodegenerative diseases.

2.2 LXR in neural stem cells

LXRs are ligand-dependent nuclear receptors that are activated by oxidized derivatives of
cholesterol (oxysterols) [35]. Upon binding to oxysterols, LXRs form obligate LXR-RXR
heterodimers to regulate the transcription of genes controlling cholesterol homeostasis,
lipogenesis, and inflammation (Schultz et al., 2000; Zelcer and Tontonoz, 2006). Recently, a
novel role of LXR in dopaminergic neuron generation was revealed by characterizing
dopaminergic neurogenesis in Lxr-null mice [36]. Genetic ablation of Lxr led to impaired
ventral midbrain development that mainly affects the generation of dopaminergic neurons.
On the other hand, overexpression of LXRs enhanced dopaminergic neurogenesis,
indicating that LXRs are both necessary and sufficient for dopaminergic neurogenesis, and
this effect was enhanced by the LXR ligands, oxysterols. Furthermore, in the presence of
oxysterols, mouse embryonic stem cells differentiated into dopaminergic neurons more
efficiently. Oxysterols also exhibited a selective enhancement of dopaminergic neuronal
development in human embryonic stem cells that were treated by sonic hedgehog (SHH) and
fibroblast growth factor 8 (FGF8) and in primary ventral midbrain progenitor cultures.
These results established a role for the LXR ligands to enhance the generation of midbrain
dopaminergic neurons.

One challenge that must be overcome prior to clinical application of stem cell-based therapy
is the ability to generate specific and desired cell types. For example, the generation of
dopaminergic neurons in large quantity and sufficient purity is an important step for cell-
replacement therapy of Parkinson's disease. This study supports potential applications of the
LXR ligands in drug discovery and cell replacement therapy for Parkinson's disease (Figure
3). Many nuclear receptors are known to be expressed in embryonic and adult brains, yet
their functions are not fully characterized. Defining the role of LXR in neurogenesis may
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stimulate further studies of other nuclear receptors in neural development and uncovering
the potential of their ligands in neurogenesis.

2.3 RARs in neural stem cells

There are three RAR genes (RARa, RARB and RARY) and three RXR genes (RXRa, RXRp
and RXRy). Retinoid acid (RA) acts as a cognate ligand for RAR by binding to the RAR-
RXR heterodimers. RA has been shown to regulate neural stem cell differentiation, motor
neuron axonal outgrowth and neural patterning.

RA induces neuronal differentiation of both neural stem cells and embryonic stem cells by
activating genes encoding transcription factors, cell signaling molecules, and structure
proteins [37]. It was proposed recently that RA induces neuronal differentiation by releasing
the co-repressor SMRT (silencing mediator for retinoid and thyroid receptors) from RAR on
the promoter of the histone demethylase JMJD3 (jumonji domain containing 3, histone
lysine demethylase). Derepression of JIMJID3 expression via the retinoid acid pathway
induces neurogenic differentiation [38] (Figure 4). The ability of RA to induce neuronal
differentiation can be used to produce specific neural cell types for therapeutic
transplantation. The combination of RA and growth factors or neurotrophins has been used
to induce various neuronal types from either neural stem cells or embryonic stem cells (table
1). These stem cell-derived neurons may be used to replace damaged or lost neurons in
various locations in the brain, including the striatum (for the treatment of Parkinson's or
Huntington's disease), the lateral ventricle or the subventricular zone (for the treatment of
stroke), the sciatic nerve (for the treatment of peripheral nerve injury), and the cortex ( for
the treatment of brain injury) [39].

Neurogenesis is decreased in the adult subventricular zone compared to that in the
embryonic brain, which is speculated to be caused by insufficient RA in the adult brain.
Indeed, neurogenesis in the subventricular zone of adult brains can be boosted by treatment
with agonists of RARa and RARp [40]. RARS-null mice displayed complex alterations of
dopamine-induced stereotypic motor behaviors, including exaggeration of head bobbing
movement and reduction in rearing activity. The loss of RAR signaling in the mutant mice
resulted in reduction of cyclin E2, a key cell cycle controller of transition from G1 to M
phase [41]. RAR signaling thus plays a crucial role in setting up striatal compartments that
may be engaged in neural circuits of psychomotor control [41].

The cerebellar and cerebral cortexes of the adult central nervous system express RARR.
Activation of RAR appears to be critical for neurotrophic and neuritogenic effects of RA.
After spinal cord injury in adult mammals, axons do not normally regrow, which generally
leads to paralysis. RA can stimulate neurite outgrowth in vitro through activation of RARB.
RA signaling cascade is also activated in injury events, such as sciatic nerve lesions and
spinal cord contusion injury [42]. RARP can be activated in a dose dependent manner by its
agonist CD2019 and induce neurite outgrowth via phosphoinositide 3-kinase (PI3K)
signaling. In a model of spinal cord injury, CD2019 also induces axonal outgrowth of
descending corticospinal fibers and promotes its functional recovery. These data suggest that
RARp agonists may be of therapeutic potential for human spinal cord injuries [43,44].

In a rat model of ALS, a fatal neurodegenerative disorder caused by extensive damage of
motor neurons, changes in the distribution and expression of retinoid receptors has been
observed. These changes may be part of a spinal cord protective response to acute injury and
to chronic degeneration. In the ALS rat model, loss of RXR}, and to a lesser extent RARp/a,
was detected in lumbar spinal cord at an early pre-symptomatic phase and throughout the
disease progression [45]. Gliosis and motor neuron loss are key pathogenic features in ALS.
The selective expression of retinoid receptors in astrocytes and motor neurons may provide
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further clues to the role of retinoid signaling in neurodegeneration and suggest new
treatment strategies based on retinoid-modulating agents [46].

3. Nuclear receptors in pluripotent stem cells

Stem cell-based therapy for neurodegenerative diseases is particularly attractive, given the
limited regenerative capacity of the mammalian central nervous system. One of the potential
sources of cell-replacement therapy is human embryonic stem cells. However, the use of
human embryonic stem cells has been associated with ethical concerns. The recent discovery
on reprogramming of somatic cells to embryonic stem cell-like cells, presents an alternative
avenue toward cell-based therapy.

The self-renewal of embryonic stem cells is regulated by core transcriptional regulatory
circuitry [47]. Oct4, Sox2, and Nanog are central to the transcriptional regulatory hierarchy
that specifies embryonic stem cell identity because of their unique expression patterns and
their essential roles during early development [47-50]. Recently, Nanog was identified to be
a key regulator of the gateway to ground state of pluripotency [49]. Systematic studies of the
expression profiles of nuclear receptors in embryonic stem cells revealed the importance of
nuclear receptors in the maintenance and differentiation of embryonic stem cells [9]. Several
nuclear receptors have been reported to be required for embryonic stem cell maintenance
and early differentiation. These receptors include Err (Estrogen-related receptor 3,
NR3B2), LRH-1 (Liver Receptor Homolog-1, NR5A2), DAX-1 (Dosage-sensitive sex
reversal, Adrenal hypoplasia critical region, on chromosome X, gene 1, NROB1), COUP-
TFs (Chick Ovalbumin Upstream Promoter-Transcription Factors, NR2F1, NR2F2 and
NR2F6 ), GCNF, RARs, RXRs, and TR2 [9,11,51-53]. Among these nuclear receptors,
Esrrp, LRH-1, DAX-1, along with RARy and RXRy, exhibit unique expression pattern. The
expression of these nuclear receptors is abundant in undifferentiated mouse embryonic stem
cells, and declined gradually during early differentiation [9].

3.1. Errs in pluripotent stem cells

Errp has been identified as a regulator for the maintenance of embryonic stem cells. Err can
interact with Oct4 and co-occupy on the Nanog proximal promoter, where it positively
regulates Nanog expression [54]. Errp has also been shown to interact with Nanog and
activate Oct4 expression to sustain the self-renewal and pluripotency of embryonic stem
cells [10,47]. Knockdown of Errp expression using either short hairpin RNA lentivirus or
small interfering RNA oligonucleotides induces embryonic stem cell differentiation [55,56].

Errg-null mice have severely impaired placental formation, and die at E10.5 post coitum
[57], consistent with its role in embryonic stem cells. In addition, the Errg-null mice
displayed abnormal trophoblast proliferation [58], similar to the phenotype observed upon
treatment of the Errf ligand diethylstilbestrol. Binding of diethylstilbestrol to Errp promoted
the dissociation of coactivators from Errp and consequently inhibited transcriptional
activitation of Errp target genes, many of which are involved in the self-renewal and
pluripotency of embryonic stem cells [59]. Interestingly, although Errf is abundantly
expressed in mouse embryonic stem cells, it is undetectable in human embryonic stem cells

[9].

Recently, it has been shown that Errs can mediate reprogramming of mouse embryonic
fiborblasts to iPSCs along with Oct4 and Sox2. Err can replace Klf4 in reprogramming
assays in the absence of c-Myc. The Errp-reprogrammed cells share similar characteristics
with human embryonic stem cells.
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3.2. LRH-1 in pluripotent stem cells

The nuclear receptor LRH-1 belongs to the nuclear receptor subfamily V. It is expressed in
the inner cell mass of the blastocyst and in the embryonic ectoderm at the epiblast stage of
embryonic development. LRH-1 co-localizes with stem cell pluripotency regulators, Nanog
and Sox2, in embryonic stem cells. LRH-1 binds to the promoter of Oct4 and regulates Oct4
expression in epiblast stage of mouse embryonic development (Gu et al., 2005). LRH-1-null
mice is embryonic lethal, displaying a loss of Oct4 expression in epiblasts and die between
E6.5 and 7.5 (Gu et al., 2005). Recently, LRH-1 has been shown to enhance reprogramming
efficiency with retroviral introduction of the four reprogramming factors (Oct4, Sox2, KIf4
and c-Myc). Furthermore, LRH-1 was able to replace Oct4 in reprogramming, although it
failed to replace Sox2 or KIf4 in the reprogramming cocktail [11]. Mutation analysis
revealed that the LRH-1 DNA binding domain is critical for the reprogramming function,
while the ligand binding domain is dispensable, suggesting that LRH-1 ligands may not
facilitate the reprogramming process [11]. SF1 (Steroidogenic Factor 1, NR5A1) is another
nuclear receptor that belongs to the same nuclear subfamily V as LRH-1. Similar to LRH-1,
SF1 was also able to replace Oct4 in the reprogramming event [11].

3.3. Dax-1, COUP-TF, and GCNF in pluripotent stem cells

DAX-1 is another orphan nuclear receptor that appears to be important in early mouse
embryogenesis. DAX-1 was demonstrated to act in part through interacting with Nanog
[50]. It was shown that DAX-1 maintains the self-renewal property of embryonic stem cells
under the control of STAT3 and Oct4 signaling pathways and inhibits the transcriptional
activity of Oct4 in embryonic stem cells [60,61].

The OCUP-TFs represent the most conserved subfamily of nuclear receptors that play key
roles in angiogenesis, neuronal development, cell fate determination, and metabolic
homeostasis [62]. Recently, COUP-TFII has been shown to be retinoic acid-responsive [63].
Overexpression of COUP-TFI in embryonic stem cells resulted in high level of Nanog gene
expression [53].

Unlike COUP-TFs, the expression of which occurs late in the differentiation process of
embryonic stem cells, the expression of GCNF is activated early during differentiation. In
mouse embryonic stem cells, GCNF induces differentiation by repressing the pluripotency
genes, Oct4 and Nanog [52]. The roles of Dax-1, COUP-TFs, and GCNF in reprogramming
of somatic cells in the presence or absence of ligands await further investigation.

3.4. Potential applications of nuclear receptors in diseased iPSCs

A couple of recent studies described the initial characterization of neurological disease
models using neuronal cells derived from patient-specific pluripotent stem cells and
provided proof-of-concept for the application of these cells as platforms for drug discovery.
Recently, iPSCs derived from the ALS patient fibroblasts have been generated and
differentiated into motor neurons [64]. Motor neurons have also been derived form human
embryonic stem cells and used to identify compounds that support motor neuron growth
[65,66]. Patient-specific iPSCs were also generated from skin fibroblasts of spinal muscular
atrophy patients using a reprogramming cocktail (Oct4, Sox2 Nanog, and Lin28) [67]. The
iPSCs could be differentiated into spinal motor neurons harboring the SMN1 mutation.
Treatment of the motor neurons with valproic acid, a histone deacetylase inhibitor, rescued
the defective phenotype of the diseased motor neurons partially. Many nuclear receptors
recruit histone deacetylases to regulate gene expression, therefore are potential valproic acid
targets. Moreover, many ligands of nuclear receptors are known drugs, with extensive
clinical trial data resources. Combining nuclear receptor ligands with the platform of iPSC

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun and Shi Page 8

technology may provide novel avenues for the design, screening, and test of drugs for a
variety of human diseases.

4. Perspective remarks

There are substantial differences between human and mouse expression profiles of nuclear
receptors in embryonic stem cells [9]. This discrepancy may reflect the different
developmental stages of these two embryonic stem cells. Mouse embryonic stem cells are
equivalent to embryonic stage of inner cell mass in blastocysts while human embryonic stem
cells are close to epiblast, a later stage of blastocysts [68]. Many nuclear receptors are
expressed in embryonic stem cells, although the functional relevance of some of these
receptors in embryonic stem cells remains elusive. Considering the expression profiles of
these nuclear receptors in embryonic stem cells and their importance as transcriptional
sensors for many signaling pathways, further study on nuclear receptors in the maintenance,
self-renewal, and pluripotency of embryonic stem cells will provide insights into how to
generate iPSCs with high efficiency and facilitate the application of iPSCs in stem cell-
based therapy.

Furthermore, since genetic manipulation of iPSCs poses safety concern due to tumorigenic
potential of transgenes, small molecules, such as nuclear receptor ligands, are emerging as
attractive candidates for reprogramming to replace the genetic reprogramming factors
[8,9,11,69]. Nuclear receptors promise to be important players in stem cell-based disease
modeling, drug discovery, and cell replacement therapies.
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Figure 1.

Regulation of neural stem cell (NSC) proliferation and differentiation by TLX through
epigenetic modulation. TLX recruits histone deacetylases (HDACS) and the lysine-specific
histone demethylase 1 (LSD1) to the promoters of its target genes, such as the cyclin-
dependent kinase inhibitor, p21, and the tumor suppressor gene, pten, to repress their
expression, which in turn maintains neural stem cells in the undifferentiated and self-
renewable state. Potential TLX ligands (L) may trigger release of the corepressor complex
and lead to the recruitment of a coactivator complex, to activate TLX target genes, which in
turn lead to inhibition of cell proliferation and induction of differentiation.
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Figure 2.

The TLX-microRNA regulatory loop in neural stem cells (NSC). (A) NSC self-renewal is
maintained by TLX through its repression of the expression of miR-9 pri-miRNA (pri-
miR-9). (B) Under differentiation conditions, TLX protein is decreased, which leads to de-
repression of miR-9 expression. miR-9 then binds to TLX mRNA and leads to further
inhibition of TLX expression, through either TLX mRNA degradation or TLX translational
inhibition. The TLX-miR-9 regulatory loop in turn induces differentiation of neural stem
cells into neurons and glia.
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Implication of LXR ligands in dopaminergic neuron production. Embryonic stem cells can
be induced to differentiate into midbrain neural progenitors by the treatment of Shh and
Fgf8. These cells can be further induced into dopaminergic neurons by LXR ligands,
oxysterols, which promotes dopaminergic neuron induction and inhibits glial differentiation.
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Figure 4.

SMRT (silencing mediator for retinoid and thyroid receptors) regulates the fate specification
of neural stem cells through retinoic acid signaling. In neural stem cells (NSCs), retinoic
acid receptor (RAR) recruits SMRT and possibly NCoR (nuclear receptor corepressor) to
the promoter of Jmjd3, a histone H3 k27 demethylase, to repress its expression. Upon
treatment with the RAR ligand retinoic acid, the SMRT corepressor complex is dissociated
from Jmjd3 promoter, which results in activation of Jmjd3. The JMJD3 protein in turn
demethylates histone H3 lysine 27(H3K27Me) on neuronal genes, such as DIx5, and
initiates neuronal differentiation.
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Neuronal types induced by RA and other factors

Table 1

Cell types Inducing factors Neuronal types
human embryonic stem cells RA+Shh Cholinergic
mouse embryonic neural stem cell dopaminergic
Mouse embryonic neural stem cell | RA+CNTF Dopaminergic

human embryonic stem cells

RA+BDNF, RA+TGFa

Dopaminergic

Mouse embryonic neural stem cell | RA Glutaminergic
Adult neural stem cell RA+FBS mixed

Adult neural stem cell RA+KCI GABAergic
Human olfactory neural cells RA+Shh Dopaminergic
human embryonic stem cells Oxysterol Dopaminergic

Page 17

Adapted from [39]. Abbreviations: RA, retinoic acid; Shh, sonic hedgehog; CNTF, ciliary neurotrophic factor; BNDF, brain-derived neurotrophic
factor; TGFy, transforming growth factor y; FBS, fetal bovine serum.
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