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ABSTRACT

Generation andmanipulation of lineage-restricted stem and progenitor cells in vitro and/or in vivo are
critical for the development of stem cell-based clinical therapeutics. Lineage-restricted stem and
progenitor cells have many advantageous qualities, including being able to efficiently engraft and
differentiate into desirable cell types in vivo after transplantation, and they aremuch less tumorigenic
than pluripotent cells. Generation of lineage-restricted stem and progenitor cells can be achieved by
directeddifferentiation frompluripotent stemcells or lineage conversion fromeasily obtained somatic
cells. Small molecules can be very helpful in these processes since they offer several important bene-
fits. For example, the risk of tumorigenesis is greatly reducedwhen smallmolecules are used to replace
integrated transcription factors, which are widely used in cell fate conversion. Furthermore, small
molecules are relatively easy to apply, optimize, and manufacture, and they can more readily be
developed into conventional pharmaceuticals. Alternatively, smallmolecules can be used to expand or
selectively control the differentiation of lineage-restricted stem and progenitor cells for desirable
therapeutics purposes in vitro or in vivo. Here we summarize recent progress in the use of small
molecules for the expansion and generation of desirable lineage-restricted stem and progenitor cells
in vitro and for selectively controlling cell fate of lineage-restricted stem and progenitor cells in vivo,
thereby facilitating stem cell-based clinical applications. STEM CELLS TRANSLATIONAL MEDICINE
2013;2:355–361

INTRODUCTION

The breakthrough of induced pluripotent stem
cell (iPSC) technology holds great promise for
personalized cell therapy [1, 2]. However, iPSCs
or even embryonic stem cells (ESCs), represent-
ing a very early developmental stage, cannot be
directly applied to patients, where functional tis-
sue-specific cell types are needed. Furthermore
the use of iPSCs/ESCs poses a high risk of tumor
formation [1]. Great efforts have been made to-
ward stepwise differentiation of ESCs or iPSCs
into desirable tissue-specific cell types, such as
hematopoietic stem cells (HSCs), dopaminergic
neuronal cells, cardiomyocytes, and pancreatic
islet � cells [3–6]. However, these pluripotent
cell-derived differentiated cells have some im-
portant limitations: (a) the differentiation usually
results in a heterogeneous mixture of cells that
are often very difficult to expand and maintain
in vitro, making it difficult to derive a sufficient
amount of functional cells, and (b) these cells
engraft poorly upon transplantation [2].
Therefore, advances must be made in the dif-
ferentiation of pluripotent stem cells toward

suitable cell fates before they can be generally
useful for therapy.

On the other hand, endogenous lineage-re-
stricted stem and progenitor cells reside in the
body in special microenvironments called niches
and can each differentiate into several tissue-
specific cell types [7, 8]. Some cells and the
tissues they populate, owing to ample stores of
stem cells, can readily regenerate after injury,
such as skin cells and the cells that line the diges-
tive tract. However, other tissues, perhaps be-
cause of low numbers of the tissue-specific stem
cells or inadequate activity of the niche cells
(supporting stem cells), are very difficult to re-
generate after injury, such as pancreatic islet
�-cells, hepatocytes, and cardiomyocytes [1,
3–8]. This represents an underlying mechanism
of many degenerative diseases or poor recovery
after tissue injury. Lineage-restricted stem and
progenitor cells are well suited for cell replace-
ment: they efficiently engraft and differentiate
into desirable cell types in vivo after transplanta-
tion and aremuch less tumorigenic than pluripo-
tent cells or their derivatives [2]. Some lineage-
restricted stem and progenitor cells can be
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expanded in vitro when cultured under special conditions [9],
but some are refractory to expansion. Therefore, developing
methods to obtain large amounts of lineage-restricted stem cells
represents a critical step in the realization of stem cell-based
therapeutics [2, 9]. Generally speaking, there are three methods
to obtain these stem cells: (a) expansion of stem cells directly
isolated from a donor, (b) stepwise differentiation from ESCs/
iPSCs, and (c) lineage conversion of one tissue-specific cell type
into another lineage-restricted stem cell.

Stem cells have the ability to go through numerous cycles of
cell division resulting in expansion of stem cells while maintain-
ing their intact state or keeping all of their original potential, and
this is called self-renewal, an important feature for stem cells.
The self-renewal of these lineage-restricted stem cells is strictly
controlled by their own transcriptional network and the signaling
in their niches to maintain a homeostatic balance of having
enough but not an overabundance of these cells; therefore their
numbers are usually very low [7, 9]. Because of this, it is often
very difficult to isolate them in sufficient quantity for cell-based
transplantation therapy [9], which would likely require a large
amount of cells. However, endogenous lineage-restricted stem
and progenitor cells are an ideal source for cell replacement be-
cause they are fully functional and show higher engraftment ef-
ficiency after transplantation than those generated by stepwise
differentiation from ESCs/iPSCs or by lineage conversion from
easily obtained somatic cells with transcription factors. The use
of small molecules together with cytokines/growth factors to
spur the expansion of these lineage-restricted stem cells repre-
sents a practical strategy to obtain these cells in sufficient quan-
tities. Therefore, screening small molecules that can expand
stem cells in vitro is an important aspect of stem cell research.
Recent progress has clearly shown that small molecules can fa-
cilitate the expansion of lineage-restricted stemcells in vitro, and
these expanded cells can retain their functional characteristics
upon transplantation [9].

Although much effort has gone into the directed differentia-
tion of ESCs/iPSCs to desirable cell types, often these target cell
types are terminally differentiated somatic cells with limited
expansion potential [2]. Another, perhaps more therapeuti-
cally relevant strategy is to differentiate ESCs/iPSCs into lin-
eage-restricted stem cells and allow for their capture and ex-
pansion using defined culture conditions [2, 10, 11]. The use
of small molecules has been demonstrated to be very power-
ful tool to maintain the self-renewal and allow for the expan-
sion of ESC/iPSC-derived lineage-restricted stem and progen-
itor cells [10, 11].

In an alternative strategy for differentiating cells from pluri-
potent cells, the desired cells can also be generated by lineage
conversion from other somatic cell types using various factors.
For example, the forced expression ofMyoD in fibroblasts is able
to convert fibroblasts into myocytes [12], and Bcl11b deficiency
in pre-T cells causes these cells to become NK-like cells [13]. A
similar strategy, often employingmore transcription factors, has
been used to convert adult somatic cells into lineage-restricted
stem and progenitor cells in vitro [14–16]. Significant progress
has been made; however, there are still many issues that need
resolution. For example, the efficiency of these conversions is
usually very low, and virus-based methods permanently intro-
duce ectopic genes into cells. Small molecules have been used to
enhance conversion efficiency and in some cases can even re-
place transcription factors [17], raising the possibility that con-

version of adult cells into lineage-restricted stem cells could be
accomplished without the introduction of ectopic genes in the
future.

Although there are many promising prospects with culturing
various lineage-restricted stem and progenitor cells in vitro for
cellular replacement therapy, another attractive strategy to
stem cell-based medicine is to manipulate the resident endoge-
nous stem cell population in vivo with conventional pharmaceu-
ticals. Because lineage-restricted stem cells have the potential to
differentiate into several types of cells, each of which has differ-
ent functions, selective manipulation of the differentiation of
these lineage-restricted stem and progenitor cells in vivo can
have desirable therapeutic effects. For example, selective pro-
motion of the differentiation of mesenchymal stem cells (MSCs)
into chondrocytes (cartilage cells) can ameliorate osteoarthritis
(OA) by helping to repair the damaged cartilage characteristic of
this disease [8]. Carefully designed assays have been used to
screen for small molecules that can selectively control the differ-
entiation of lineage-restricted stem and progenitor cells into a
suitable lineage for desired therapeutic effects. Such small mol-
ecules enable the precise control of the differentiation of lin-
eage-restricted stem and progenitor cells in vivo to ameliorate
the diseases and have the potential to be developed into tradi-
tional pharmaceutical therapeutics [8, 18–20].

Small molecules, which target signaling pathways, transcrip-
tion factors, nuclear receptors, or epigenetic enzymes, have
many advantages compared with genetic methods for control-
ling the fate and function of stem cells. For example, small mol-
ecules provide high temporal control over protein function, in-
cluding rapid and reversible activation and inhibition; their effect
can be adjusted by their concentration; they can target more
than one protein simultaneously; and they have the potential to
be developed into traditional therapeutics for clinical application
[1]. Additionally, the use of small molecules to direct stem cell
fate avoids the use of exogenously delivered transgenes, which
may have potential to cause cancer or other diseases [1]. In this
review, we will focus on how small molecules can be used to
facilitate the expansion and generation of desirable lineage-re-
stricted stem and progenitor cells for various purposes and how
small molecules can be used to selectively control the differen-
tiation of lineage-restricted stemandprogenitor cells in vitro and
in vivo.

EXPANSION OF LINEAGE-RESTRICTED STEM CELLS IN VITRO WITH
SMALL MOLECULES

Lineage-restricted stem cells are usually quite susceptible to the
loss of their identity when cultured in vitro [2]. Moreover, these
cells exist in vivo in very limited amounts. Therefore, it is a for-
midable challenge to obtain these cells from donors in sufficient
quantities for therapeutic purposes. However, because of their
high degree of function, efficient engraftment potential, and the
low tumor risk they pose, they are an ideal cell source for cell
replacement therapy. Moreover, in some cases, lineage-re-
stricted stem cells provide the only way to treat many devastat-
ing diseases [9, 21–23]. For example, HSC transplantation is cur-
rently the only curative option for many patients with leukemia
or lymphoma malignances. HSCs used for transplantation are
obtained from bone marrow, from HSC-mobilized peripheral
blood, or from human umbilical cord blood. Human cord blood is
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becoming increasingly popular because it has many advantages
compared with HSC-mobilized peripheral blood and bone mar-
row cells from a donor, including no risk of graft-versus-host
disease if the cells come from the patient’s own banked cord
blood. However, the amount of HSCs obtained from human cord
blood is far less than is needed for transplantation into an adult
patient [21, 22]. Expansion of functional HSCs in vitro is urgently
needed to make HSC transplantation more accessible. Finding
small molecules that can expand functional HSCs in vitro is an
important goal for the field. Boitano et al. [9] used CD34 and
CD133 asmarkers to screen small molecules that can promote in
vitro expansion of CD34� human hematopoietic stem/progeni-
tor cells. After screening 100,000 small molecules, they found
that StemRegenin 1 (SR1) can promote HSC expansion (Table 1),
increasing the number of CD34� cells 50-fold compared with
controls after 21 days in culture. More importantly, the ex-
panded CD34� cells are enriched in HSCs that have increased
ability to functionally engraft in immunodeficient mice. Culture
of cord blood-derived CD34� cells with this compound in-
creased the number of functional HSCs by more than 17-fold
compared with uncultured CD34� cells. Mechanistic studies
show that SR1 acts by antagonizing the aryl hydrocarbon recep-
tor [9], a nuclear receptor that has been implicated in pathway-
regulating hematopoiesis with the direct role unclear. This com-
pound may prove useful in the clinic to extend the utility of our
current methods for obtaining therapeutic HSCs. These studies
clearly show that expansion of functional lineage-restricted stem
cell in vitro with small molecules is possible, and such small mol-
ecules will accelerate stem cell-based clinical applications.

DIRECTED DIFFERENTIATION/CELL FATE CONVERSION TO
LINEAGE-RESTRICTED STEM AND PROGENITOR CELLS

As discussed above, lineage-restricted stem and progenitor cells
are invaluable cells that are able to differentiate into the entire
repertoire of a certain cell lineage, maintain tissue homeostasis,
and mediate tissue/organ repair and regeneration in vivo. An
alternative strategy to obtain these cells from tissue donors is
to generate stably expandable lineage-restricted stem and
progenitor cells in vitro by either directed differentiation from
pluripotent stem cells or lineage conversion from easily ob-
tained somatic cell sources, such as fibroblasts, for use in
therapeutic transplantation. Here we will highlight some de-
velopments and strategies for obtaining desirable cell types,
particularly neural stem cells, using directed ESC differentia-
tion or somatic cell transdifferentiation by chemical ap-
proaches, which may prove useful for clinical regenerative
therapy.

Directed Differentiation of Embryonic Stem Cells to
Neural Stem Cells
ESCs possess the ability to differentiate into diverse cell types in
vitro and in vivo, including lineage-restricted stem and progeni-
tor cells. However, the paramount challenge for the directed
differentiation of ESCs is the efficient and long-term expan-
sion of desirable cell types as a homogenous population. Pro-
tocols for stepwise differentiation of ESCs into desirable cell
types in vitro have been developed that recapitulate embry-
onic development in vivo. This principle has also been applied
to screen for chemical inducers of differentiation. For exam-

ple, by using the expression of a fluorescent reporter, dTo-
mato, under control of the Sox17 promoter as an indicator,
Borowiak et al. [10] screened a collection of 4,000 compounds
and identified two compounds, IDE1 and IDE2, that are able to
induce up to 80% of mouse ESCs to definitive endoderm-like
cells (Table 1), a higher efficiency than is produced with con-
ventional growth factor treatment. These definitive endo-
derm-like cells induced by IDE1 and IDE2 express characteris-
tic markers of definitive endoderm, are able to integrate in
vivo into the endodermal epithelium of the developing mouse
embryo, and can form pancreatic progenitors.

Improved understanding of signaling requirements for de-
velopment guides the design of directed differentiation meth-
ods. An excellent example is that the dual inhibition of SMAD
signaling is able to convert human ESCs/iPSC into the neural lin-
eage. Receptor-regulated SMADs act as substrates for trans-
forming growth factor (TGF)-� family of receptors and conse-
quently regulate downstream cellular processes. In brief, SMADs
1, 5, and 8 serve principally as substrates for bone morphoge-
netic proteins (BMPs), and SMADs 2 and 3 serve principally as
substrates for the TGF-�, activin A, and Nodal receptors. Based
on the knowledge that BMP inhibitors served as a critical neural
inducer in frog [23–26] and that SB431542 (activin A receptor-
like kinase [ALK] 4, 5, and 7 inhibitor) was shown to enhance
neural induction in an embryoid body-based hESC neural induc-
tion protocol [27], Chambers et al. [28] rationalized and found
that combined blockade of SMAD signaling using Noggin (BMP
inhibitor) and SB431542was sufficient to achieve highly efficient
neural conversion (Table 1). By monitoring the expression of
Pax6, an earlymarker of neuroectodermdifferentiation, the dual
SMAD inhibition led to the rapid conversion of hESCs to the neu-
ral lineagewith over 80%efficiency. This dual inhibition of activin
A and BMP pathways prevents the differentiation of hESCs to-
ward endoderm and mesoderm, respectively, and enables neu-
tralization of primitive ectoderm. Actually, in this dual inhibition
case, SB431542 inhibits the activity of activin A-mediated TGF-�
signaling pathway, which is required for hESC self-renewal. One
of the downstream targets of activin A is Nanog [29], a key
part of the pluripotency network. Therefore, this inhibition
abolishes the pluripotency network and primes the hESCs to
differentiate. The important implication revealed by this
study is that the desirable cell type, such as neuroectoderm
here, could be obtained by combining the disruption of pluri-
potency and blockade of the undesirable differentiation sig-
naling.

Another elegant study illustrates the successful capture of
stage-specific neural precursors from hESCs by small molecule
inhibitors. The basic fibroblast growth factor (bFGF)-responsive
definitive neural stem cells (NSCs) first appear on embryonic day
8.5 (E8.5) in the mouse embryo [30]. These cells can be grown
under typically used conditions (bFGF/epidermal growth factor)
but during expansion and passaging gradually transit into glial-
restricted precursors, which aremuch less neurogenic [31]. At an
earlier stage (E5.5–7.5), Tropepe et al. [32] found that there exist
primitive neuroepithelium stem cells (pNSCs) that are generated
in the presence of leukemia inhibitory factor (LIF), which is nor-
mally used to maintain ESCs in an undifferentiated state. How-
ever, these pNSCs could not be maintained in culture. To this
end, Li et al. [11] successfully developed a chemical approach
that is able to convert hESCs into homogeneous pNSCswith com-
bined treatment of human LIF and two additional small molecule
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Table 1. Small molecules used in generation and manipulation of lineage-restricted stem and progenitor cells
Name Structure Target Role Reference

SR1 AhR Promote expansion of HSCs in vitro [9]

IDE1 Unknown Induce the differentiation of ESCs
toward endoderm

[10]

IDE2 Unknown Induce the differentiation of ESCs
toward endoderm

[10]

SB431542 ALK4, 5, 7 Together with Noggin, convert human
ESCs/iPSCs into neural lineage;
work with hLIF and CHIR99021 to
convert human ESCs to primitive
neuroepithelium cells

[11, 28]

CHIR99021 GSK3� Together with SB431542 and hLIF,
convert hESCs into pNSCs

[11]

Kartogenin Filamin A Selectively promote the
differentiation of MSCs toward
chondrocyte

[8]

Ursolic acid ROR�t Selectively inhibit Th17 differentiation [18]

Digoxin ROR�t Selectively inhibit Th17 differentiation [19]

SR1001 ROR�t and ROR� Selectively inhibit Th17 differentiation [20]

SR1555 ROR�t Selectively inhibit Th17 differentiation [50]

Halofuginone Prolyl-tRNA
synthetase

Selectively inhibit Th17 differentiation [51, 52]

Abbreviations: AhR, aryl hydrocarbon receptor; ALK, activin A receptor-like kinase; ESC, embryonic stem cell; GSK3�, glycogen synthase kinase 3-�;
hESC, human embryonic stem cell; hLIF, human leukemia inhibitory factor; HSC, hematopoietic stem cell; iPSC, induced pluripotent stem cell; MSC,
mesenchymal stem cell; pNSC, primitive neuroepithelium stem cell; ROR�, retinoic acid-related orphan receptor �; ROR�t, retinoic acid-related
orphan receptor �t; Th17, IL-17 producing CD4� T cells.
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inhibitors, CHIR99021 and SB431542 (Table 1). CHIR99021, a
small molecule inhibitor to glycogen synthase kinase 3-�
(GSK3�), is able to mediate the activation of canonical Wnt sig-
naling and other downstream pathways [33] to promote stem
cell self-renewal [34], and SB431542 inhibits TGF-� pathway,
which has been implicated in the mesenchymal-to-epithelial
transition and mouse somatic cell reprogramming by other re-
ports [35, 36]. Interestingly, treatment of hESCs with these small
molecules cocktail did not safeguard the pluripotent status but
instead led to efficient conversion to pNSCs. Importantly, in
contrast to the bFGF-responsive NSCs, these pNSCs can be
expanded long term in this defined condition without losing
their highly neurogenic propensity and responsiveness to
morphogenic signals to be patterned into region-specific neu-
ronal subtypes. In addition, the converted pNSCs exhibit in
vivo engraftment potential, suggesting potential for clinical
application.

This study overcomes crucial obstacles to clinical trials for
transplantation of neuronal cells. This chemically defined condi-
tion efficiently directs hESCs to a homogenous pNSC population.
Because this condition results in a very pure and expandable cell
population that can give rise to various neural cell types, it is an
ideal method to generate neural cells for therapeutic cell re-
placement. For example, these cells could be used to treat dis-
eases and injuries in which neuronal cells are lost such as neuro-
degenerative diseases, for example, Alzheimer’s and Parkinson’s
diseases, as well as head injuries and strokes.

Lineage Conversion of Somatic Cells Into Neural
Stem Cells
The recent breakthrough of iPSC technology established the par-
adigm of ectopically overexpressing multiple target cell-specific
transcription factors (TFs) in starting somatic cells to achieve
their conversion to the target cell type. Using this strategy, a
diversity of cell types have been generated from fibroblasts, such
as neurons [37–39], hepatocytes [40, 41], and cardiomyocytes
[42–44], by ectopic expression of lineage-specific TFs. One of the
excellent representatives is that by using a combination of three
developmentally relevant transcription factors, Gata4, Mef2c,
and Tbx5, Ieda et al. [42] and Qian et al. [44] have succeeded in
rapid and efficient reprogramming of postnatal cardiac or der-
mal fibroblast into functional cardiomyocyte-like cells in vitro
and in vivo, respectively. Several recent studies advanced this
concept by converting the somatic cells into tissue-specific
stem/progenitor cells, such as hematopoietic progenitors [45]
and neural progenitor cells [14–16, 46], thus overcoming the
challenge of cell expansion. However, the efficiency of the
TF-mediated cell fate conversion is still low. To address this,
researchers have turned to small molecules in attempts to
increase the efficiency.

TF-directed conversion of fibroblasts to neuron-like cells has
beenwidely reported both in human andmouse cells. Ladewig et
al. [17] recently reported a method that combines overexpres-
sion of two factors (Ascl1 and Ngn2) with small molecule inhibi-
tors of GSK3� and TGF-� receptor. This condition was shown to
efficiently convert human fibroblasts into functional neuron-like
cells with high yields and neuronal purities. Without the small
molecule treatment, neuron-like cells comprised �5% of the to-
tal population 23 days after transgene induction; however, when
treated with small molecule cocktails, a 4- to 17-fold increase
was detected, highlighting the functional value of small mole-

cules in this process. This illustrates the importance of small mol-
ecules in advancing the utility of converting cells from other eas-
ily obtained somatic cells.

SMALL MOLECULES CAN SELECTIVELY REGULATE THE
DIFFERENTIATION OF LINEAGE-RESTRICTED STEM CELLS IN VIVO

Lineage-restricted stem/progenitor cells have the ability to dif-
ferentiate into several cell types, each having different, some-
times opposing, functions. For example, MSCs, which reside in
bone marrow and many adult tissues and are widely used as a
cell source in cell therapy to treat autoimmune and many other
diseases, have self-renewal ability and can differentiate into os-
teoblasts (bone cells), chondrocytes (cartilage cells), and adi-
pocytes (fat cells) [47]. Another example is the CD4T-cell lineage:
CD4 naive T cells can differentiate, under different cytokine con-
ditions, into Th1, Th2, Th17, and regulatory T cells, each of which
has different functions [48]. Th1 cells can promote the prolifer-
ation of cytotoxic CD8� T cells and secrete interferon� to induce
the differentiation of type 1 macrophage and clear intracellular
pathogens. Th2 cells can stimulate B cells to proliferate, to switch
antibody class, to increase neutralizing antibody production, and
to clear extracellular pathogen. Th17 cells provide antimicrobial
immunity at epithelial/mucosal barriers and fight against fungal
infection. Th17 cells have also been shown toplay a critical role in
autoimmune disease such as multiple sclerosis, psoriasis, rheu-
matoid arthritis, and Crohn’s disease. Regulatory T cells can
modulate immune response, maintain tolerance to self-anti-
gens, andprotect fromautoimmunediseases [48, 49]. Since each
lineage (or cell type) has unique functions, selective inhibition or
promotion of (a) particular lineage(s) by small molecules while
minimizing the effects on other lineages could be very useful for
conventional pharmaceutical therapies.

The promotion of the differentiation of one lineage from a
progenitor could help to treat some intractable diseases. In OA, a
degenerative joint disease affecting more than 70% of Ameri-
cans between 55 and 70 years old, chondrocytes are progres-
sively lost, and cartilage degenerates. Therefore, it may repre-
sent a fertile approach to find small molecules that can be used
to repair and regenerate cartilage. Johnson et al. [8] found that
kartogenin can selectively promote differentiation of human
MSC into chondrocytes by screening 22,000 small molecules us-
ing image-based high throughput screening (HTS) assay. The au-
thors showed that kartogenin was effective in the collagenase
VII-induced chronic joint injury model and the acute surgical
model of OA (Table 1). Mechanistic studies revealed that karto-
genin can bind filamin A, disrupting its interaction with the tran-
scription factor core-binding factor� subunit (CBF�). This allows
CBF� to translocate to the nucleus where it can bind Runx1 to
promote chondrocyte differentiation [8]. Further development
of such molecules may lead to novel treatment for OA patients.

On the other hand, inhibition of differentiation of a cell type
from a progenitor, for example Th17 from naïve CD4 T cells,
could also be therapeutically useful. Xu et al. [18] screenedmore
than 2,000 known bioactive compounds in human naïve CD4 T
cells using high throughput fluorescence-activated cell sorting to
identify small molecules that can selectively inhibit Th17 cells
differentiation in vitro. Interestingly, ursolic acid (a natural prod-
uct rich in many kinds of fruits and a Food and Drug Administra-
tion-approved drug to treat cancer) was identified as a specific
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inhibitor of Th17 cell differentiation (Table 1). Mechanistic stud-
ies showed that ursolic acid can selectively bind to the ligand
binding domain of retinoic acid-related orphan receptor �t
(ROR�t), themaster transcription factor for Th17 cells, inhibiting
its transcriptional activity, while not affecting retinoic acid-re-
lated orphan receptor � (ROR�), another ROR family nuclear
receptor important for Th17 differentiation. In a mouse experi-
mental autoimmune encephalomyelitis (EAE) model (a mice
model for human multiple sclerosis), it was shown that ursolic
acid can effectively ameliorate this disease [18]. Ursolic acid has
been used clinically for cancer treatment with very few side ef-
fects; therefore it may have a potential to be developed into a
therapeutic for autoimmune diseases involving Th17 cells. Simi-
larly, Huh et al. [19] have independently identified digoxin as an
inhibitor of Th17 cell differentiation by antagonizing ROR�t
(Table 1). However, since digoxin has many other targets and is
highly toxic to human cells, a modified, less toxic, digoxin analog
was developed and remains to be further tested in animal mod-
els. Furthermore, Solt et al. [20] have identified SR1001, a syn-
thetic compound, as a specific inhibitor for Th17 cell differentia-
tion by antagonizing ROR�t and ROR� (Table 1). Considering that
ROR� plays a critical role in circadian rhythm and metabolism,
there are safety concerns for the use of SR1001. Recently, a
derivative of SR1001 has been developed, but much effort is
needed to evaluate the effect of this modified compound in
the EAE model [50]. Moreover, Sundrud and colleagues [51,
52] found that halofuginone selectively inhibits mouse and
human Th17 differentiation by activating the amino acid star-
vation response through inhibiting prolyl-tRNA synthetase ac-
tivity (Table 1).

It must be noted that choosing suitable markers or signature
genes is very important for cell-based chemical screening. In rare
cases, a single marker may work reasonably well for a primary
HTS, but in many cases, a single marker is insufficient for this
purpose and leads to biased and inappropriate hit selection.
Therefore, it is highly desirable to use a cohort of gene expres-
sion to define a particular cellular phenotype. Although technol-
ogies, such as Luminex and Fluidigm, can partially provide the
solution, it is still a significant challenge to perform amedium- to
large-scale chemical screen using multiplexed methods. As DNA
sequencing becomes more affordable, RASL-seq technology
(RNA Annealing, Selection, and Ligation, followed by next gener-
ation sequencing) provides a cost-effective and true high-
throughput, multiplexed platform for cell-based chemical
screening. Briefly, two short probes per target mRNA (DNA oli-
gonucleotides) that canmatch two adjacent exons are incubated
together with cell lysate. After annealing, selection, and ligation,
purified ligated DNA oligonucleotides are amplified and bar-
coded by polymerase chain reaction before pooling for parallel
sequencing [53]. The quantity of ligated oligonucleotides can be
determined by read frequencies during sequencing and can re-
flect the relative expression of target mRNAs. This new technol-
ogy will greatly accelerate identification of new chemicals that
can regulate self-renewal, differentiation, and reprogramming
of lineage-restricted cells in vitro and in vivo.

All of the examples listed above suggest that carefully de-
signed screening assays can be used to screen small molecules
that selectively modulate the differentiation of tissue-specific
progenitor cells, and these small molecules can function in vivo
to ameliorate disease phenotypes involving the progenitor and
its differentiated cell types. These kinds of small molecules could

be further developed into pharmaceuticals to control cell fate in
vivo with therapeutic effects.

CONCLUSION

Substantial advances toward regenerative medicine have been
made in the past several years, especially since the discovery of
iPSCs.With the growing understanding of themechanisms of cell
fate commitment, including programming and reprogramming,
effective approaches that exert precise control of cell fate, be-
havior, and cellular function have emerged as the prerequisite
for successful clinical therapy. ESCs/iPSCs, although possessing
the potential to develop into all cell types in vitro and in vivo,
exhibit significant risk of tumorigenesis. The two alternative
strategies are acquisition of expandable lineage-restricted stem
and progenitor cells in vitro for transplantation and control of
the cell fate switch, especially the lineage-restricted stem and
progenitor cells, for existing cell populations in vivo.

Althoughmuch progress has beenmade toward these goals,
regenerative biology and medicine is still in its early stage. Effi-
cacious cell replacement requires the generation of correct cell
type, which is tightly controlled by their intrinsic regulators and
external cues. Chemical approaches are highly attractive for such
manipulation of cell fate. However,more potent and functionally
specific small molecules are required for precise control of cer-
tain biological processes, such as signaling pathways or enzy-
matic activity. Additionally, optimization of the specific timing,
dose, and combination of small molecules is essential to bring
about the desired outcome. Notably, delivery of the small mole-
cules to the desirable target tissue in vivo is still challenging.
Therefore, continuous identification and characterization of
small molecules, as well as comprehensive understanding of the
detailed mechanisms, particularly context-dependent behavior,
would no doubt be of great interest for both chemists and biol-
ogists. The development of this promising area would definitely
facilitate themechanistic study of stem cell biology, drug discov-
ery, and, more importantly, the development of clinical therapy
of human diseases.
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