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REVIEW
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Stem cells, including both pluripotent stem cells and multipotent somatic stem cells, hold great potential for inter-
rogating the mechanisms of tissue development, homeostasis and pathology, and for treating numerous devastating 
diseases. Establishment of in vitro platforms to faithfully maintain and precisely manipulate stem cell fates is es-
sential to understand the basic mechanisms of stem cell biology, and to translate stem cells into regenerative medi-
cine. Chemical approaches have recently provided a number of small molecules that can be used to control cell self-
renewal, lineage differentiation, reprogramming and regeneration. These chemical modulators have been proven to 
be versatile tools for probing stem cell biology and manipulating cell fates toward desired outcomes. Ultimately, this 
strategy is promising to be a new frontier for drug development aimed at endogenous stem cell modulation.  
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Introduction

Embryonic stem cells (ESCs) are derived from the in-
ner cell mass of the preimplantation blastocyst. In vitro 
cultured ESCs are able to self-renew indefinitely and dif-
ferentiate into the cells of the three primary germ layers 
(mesoderm, endoderm and ectoderm) of the body and 
even germ cells [1, 2]. Thus, ESCs are an excellent plat-
form for elucidating developmental biology, and are a 
valuable source for generating scarce or inaccessible cell 
types for therapeutic applications. Recent breakthroughs 
in stem cell biology, especially the induced pluripotent 
stem cell (iPSC) technology as well as induced lin-
eage reprogramming by similar approaches [3-7], have 
opened up a new avenue to generate patient-customized 
functional cells for disease modeling and potential au-
tologous transplantation without the challenges and con-
troversies associated with using human ESCs (hESCs). 
In addition to the research activities toward pluripotent 
stem cells (PSCs), including both iPSCs and hESCs, 
significant efforts are also required to understand the bi-

ology of multipotent somatic stem cells, the endogenous 
cell populations dedicated to maintaining tissue homeo-
stasis and mediating repair and regeneration. Dissection 
of the mechanisms that maintain pluripotency/multipo-
tency and direct lineage specification is essential for the 
eventual applications of human PSCs and somatic stem 
cells. Chemical approaches, the discovery and use of 
functional small molecules to understand and manipulate 
biological systems, have proven to be useful tools for 
many biological discoveries [8]. Specifically in the stem 
cell field, chemical approaches are becoming powerful 
strategies to interrogate unknown pathways governing 
stem cell fate and to facilitate robust cell fate conver-
sion. Compared with traditional genetic methods, which 
have been widely used for understanding the biological 
systems, chemical approaches offer distinct advantages. 
For example, small molecules typically provide a high 
degree of temporal control to rapidly inhibit or activate 
the function of specific proteins, the effects of which are 
often reversible, while traditional genetic methods are ar-
duous and often involve permanent genetic modifications 
and complex late effects. In addition, the effects of small 
molecules can be finely tuned by delicately varying the 
concentrations or combinations of the small molecules. 
In this review, we will discuss the chemical approaches 
to the study of stem cell biology. It is not intended to be 
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a comprehensive collection, but rather we will focus on 
studies that illustrate the strategies of chemical approach-
es to stem cell biology. 

Discovery-based chemical approaches

Despite rapid advances in the field, stem cell re-
search is still in its early stages. For example, chimera-
competent ESCs have only been derived from rodents. 
It is still very challenging to derive authentic ESCs from 
other highly valuable species, including livestock and 
non-human primates. Currently, our understanding of 
the different types of pluripotency during development 
is still very limited. The impact of species (and genetic 
background) difference on pluripotency is also largely 
unknown. In addition, our biological understanding of 
most somatic stem cells is still very limited, even for the 
extensively studied hematopoietic stem cells (HSCs). Be-
cause somatic stem and progenitor cells persist in many 
adult tissues and play essential roles in the maintenance 
of tissue homeostasis, dissection of the mechanisms 

regulating their fate (e.g., quiescence, activation, self-
renewal, migration, differentiation, etc.) will surely im-
prove our understanding of tissue repair/regeneration and 
degeneration, and lead to development of better therapies 
for treating various diseases. Discovery-based chemical 
approaches, typically through phenotypic screenings of 
small molecule libraries, offer unique opportunities to 
identify useful tools to modulate stem cells and interro-
gate the underlying biology. Phenotypic chemical screen-
ing is a high-throughput chemical approach to discover 
compounds that enable the induction of a desired phe-
notype (e.g., a phenotypic change in cells or organisms). 
It is an unbiased approach because it probes overall 
mechanisms (including signaling pathways and epigen-
etic mechanisms, etc.) without requiring much of prior 
knowledge of the target(s) being modulated (Figure 1). 
This approach is especially suitable to initiate discovery 
in stem cell biology. In this section, we will discuss the 
strategies and discoveries made using discovery-based 
chemical approaches, which have been critical to solving 
otherwise intractable issues and revealing previously un-

Figure 1 Scheme of chemical approaches to modulating cell fates. Discovery-based phenotypic screening is a powerful strat-
egy to identify new chemical modulators of stem cell fate and to elucidate the underlying mechanisms. In contrast, the ratio-
nale-based chemical approach is hypothesis-driven, and requires the prior knowledge of stem cell and developmental biology 
to devise strategies to modulate stem cell fate by using mechanistically known small molecules.
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17-fold increase in cells that can functionally repopulate 
the hematopoietic system of NOD/SCID mice. Notably, 
SR1 alone cannot induce HSC expansion, and SR1 plus 
cytokines does not alter cell division rate compared with 
the cytokine only treatment, suggesting that SR1 may 
augment CD34 positive HSC populations mainly by pre-
venting their differentiation. Mechanistic studies show 
that SR1 functions through directly antagonizing the aryl 
hydrocarbon receptor, which had never been reported 
to modulate HSC self-renewal before. This study again 
reinforces the notion that unbiased phenotypic screen-
ing is useful to probe the unknown mechanisms in stem 
cell biology. Practically, an improved capacity to expand 
these therapeutically valuable stem cells, such as HSCs, 
will surely alleviate the serious problems associated with 
the shortage of donor cells. A more recent study from 
the same group identified a naphthyridinone (MK1) that 
induces the differentiation of primary human CD34 posi-
tive cells to megakaryocytes by screening a library of 50 
000 heterocycles using CD41, a selective megakaryocyte 
marker, as a readout. FACS analysis suggested that MK1 
facilitated the induction of megakaryocyte/erythrocyte 
progenitors from common myeloid progenitors at the ex-
pense of granulocyte/monocyte progenitors. Functional 
studies revealed that the compound acts through inhibi-
tion of platelet-derived growth factor receptor signaling 
in common myeloid progenitors. Molecules like this may 
have a utility in recovering platelets after high-dose che-
motherapy [14].

For hESC research and application, one of the signifi-
cant obstacles is the poor cell survival after single cell 
dissociation. Recently, Sasai’s group screened a panel of 
growth factors and small molecule modulators of apop-
tosis-related enzymes and kinases in dissociated hESCs. 
Small molecule Y-27632, a selective Rho-associated ki-
nase (ROCK) inhibitor was identified [15], which is able 
to promote survival of single-cell-dissociated hESCs 
without the loss of pluripotency. To gain a better under-
standing of the molecular mechanisms governing hESC 
survival, we performed a high-throughput phenotypic 
screening of 50 000 novel synthetic compounds to iden-
tify small molecules that allow hESC survival after tryp-
sin dissociation [16]. Two distinct potent compounds—
a 2,4-disubstituted thiazole (named thiazovivin/Tzv) and 
a 2,4-disubstituted pyrimidine (named Pyrintegin/Ptn)—
were identified to significantly increase single-cell sur-
vival with enhanced self-renewal. Interestingly, Tzv can 
promote cell survival in both adherent and suspension 
culture conditions, while Ptn is only effective in adherent 
culture conditions. Affinity pull-down experiments us-
ing a Tzv-immobilized matrix (along with other studies) 
revealed that Tzv enhances E-cadherin stability and cell-

known mechanisms in stem cell biology.
Leukemia inhibitory factor (LIF)-signal transducer 

and activator of transcription 3 (STAT3) and bone mor-
phogenetic protein 4 (BMP4)-SMAD signaling are well 
characterized pathways essential for maintaining mESC 
self-renewal [9, 10]. However, whether or not there are 
other deterministic mechanisms was unknown. From a 
high-throughput screening of novel small molecule li-
braries, we identified a new 3,4-dihydropyrimido (4,5-
d) pyrimidine analog named pluripotin/SC1 that could 
maintain mESCs in the undifferentiated, pluripotent state 
under chemically defined conditions in the absence of 
feeder cells, serum, LIF and BMP4 [11]. Mechanism 
studies revealed that pluripotin directly interacts with 
and inhibits the differentiation-inducing signaling com-
ponents extracellular signal-regulated kinases (ERK) 
and Ras GTPase activating protein, without affecting 
the classic mESC self-renewal pathways, including LIF/
STAT3, BMP4/SMAD or Wnt/β-catenin signaling. This 
study provided a conceptual advance that mESC self-re-
newal can be established intrinsically through inhibiting 
the differentiation-inducing signaling, and highlighted 
the power of chemical approaches in dissecting the com-
plex biology of stem cells. Currently, a number of com-
pounds that can enhance stem cell self-renewal, survival, 
differentiation and reprogramming have been identified 
through this discovery-based chemical approach and 
these findings have significantly advanced stem cell re-
search and the applications thereof. 

Aside from the self-renewal of PSCs, expansion of 
most types of somatic stem cells, which are directly ap-
plicable to regenerative medicine, remains a technical 
challenge. Considering that many somatic stem cells self-
renew persistently in vivo, the failures to expand them in 
vitro reflect our currently limited understanding of their 
complex in vivo microenvironment, also called the stem 
cell niche [12]. Before the thorough molecular dissection 
of the underlying mechanisms, which is essential to ratio-
nally devise appropriate conditions for somatic stem cell 
modulation, phenotype screening (e.g., using the pheno-
type of stem cell expansion as a readout) of small mol-
ecule libraries represents a feasible way to identify and 
then mechanistically characterize small molecules that 
promote self-renewal of somatic stem cells. For example, 
by using the expression of CD34 and CD133 as a read-
out to screen a library of 100 000 heterocycles, Boitano 
et al. [13] identified a purine derivative, StemRegenin 1 
(SR1), that can promote the ex vivo expansion of primary 
CD34 positive human HSCs. In contrast to standard 
HSC expansion using serum-free media with cytokines, 
including SR1 in the media with cytokines led to an ad-
ditional ~50-fold expansion of CD34 positive cells, and a 
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cell interactions through the inhibition of ROCK, while 
Ptn regulates cell-ECM (extracellular matrix) interac-
tions to indirectly enhance E-cadherin stability. At the 
cell surface, the E-cadherin-mediated cell-cell interac-
tions and integrin-mediated cell-ECM interactions form 
a positive feedback regulatory loop via inhibition of 
Rho-ROCK signaling pathways to regulate the survival 
of hESCs. Upon cell dissociation, Rho-ROCK signal-
ing is up-regulated, resulting in the destabilization of E-
cadherin, cytoskeletal hypercontraction, and decreased 
cell adhesion ability. Loss of cell-cell adhesion, in turn, 
further increases Rho-ROCK activity. This positive auto-
regulation ultimately results in the hyperactivation of 
ROCK signaling and irreversible disruption of cell-cell 
and cell-ECM adhesion. Two concurrent studies revealed 
that hESC dissociation (breakdown of E-cadherin-
mediated interaction) led to long-lasting apoptotic cel-
lular contraction due to myosin hyperactivation in a Rho/
ROCK-dependent manner. Inhibition of ROCK or myo-
sin heavy chain ATPase (by blebbistatin) diminishes ac-
tomyosin contraction and rescues the dissociated hESCs 
from apoptosis [17, 18].

Differentiation of hESCs into desired functional cell 
types is another fundamental issue in order to unleash 
their therapeutic potential. While enormous progresses 
have been made over the years on ESC differentiation 
into a wide variety of cell types [19-23], significant 
improvements are still required to generate target cells 
more rapidly, efficiently and safely under defined condi-
tions for potential clinic applications. In vitro ESC differ-
entiation is largely a process that recapitulates normal in 
vivo lineage development [24-28]. However, due to the 
intrinsic complexities and our limited understanding of 
these processes, it is not always straightforward to devise 
the step-wise differentiation in vitro. Phenotypic screen-
ing offers a way to tackle such intractable puzzles in 
hESC differentiation. Low efficiency is a bottleneck for 
many step-wise lineage differentiation methods, which 
typically depend on various developmental morphogens. 
The concentration of morphogens is usually critical for 
the outcome of differentiation. However, the short life of 
protein factors in the media and their variable potency 
could compromise the efficiency and reproducibility of 
lineage differentiation. Moreover, protein regimens are 
very costly, especially in terms of large-scale cell culture. 
Discoveries of small molecules that can replace or en-
hance the effects of morphogen factors would facilitate 
the development of more reproducible differentiation 
paradigms. Using the expression of Sox17 as a readout, 
Zhu et al. [29] recently screened 20 000 small molecules 
for their ability to enhance mESC differentiation toward 
endoderm under low concentrations of activin A, a mor-
phogen widely used to induce endoderm at high concen-

trations. A compound, named stauprimide, was identified 
to promote efficient induction of Sox17 in both mouse 
and human ESCs synergistically with low concentrations 
of activin A, although stauprimide alone does not have 
the effect. Target identification revealed that stauprimide 
can interact with NME2, a c-Myc-activating transcrip-
tion factor, and inhibit its nuclear localization. Upon 
stauprimide treatment, the resulted down-regulation of 
c-Myc may destabilize the self-renewal state of ESCs, 
which renders ESCs more susceptible to differentiation 
cues. Indeed, further studies showed that stauprimide 
enhances not only endoderm differentiation of ES cells, 
but also differentiation toward mesoderm and ectoderm 
lineages under appropriate lineage-specifying conditions. 
Another study used Sox17 promoter-driven dTomato 
as a reporter, and screened a collection of 4 000 com-
pounds for small molecules that could induce definitive 
endoderm in the absence of activin A. Two structurally 
similar small molecules, IDE1 and IDE2, were found to 
induce endoderm differentiation in up to 80% of mESCs 
(or 50% of hESCs) in the absence of activin A [30]. Sim-
ilar to activin A, both IDE1 and IDE2 induce SMAD2 
phosphorylation in mESCs although their molecular tar-
gets remain unknown. Another more recent study used 
reporter monkey ESCs that express EGFP driven by the 
human alpha myosin heavy chain promoter to screen 
small molecules that promote cardiac differentiation us-
ing a defined, cytokine-free media supplemented with 
glycogen synthase kinase 3 (GSK3) inhibitors. They 
found a small molecule (KY02111) that when applied 
on days 4-8 of induction could increase GFP expression, 
whereas treatment on days 0-4 completely repressed GFP 
expression. Preliminary data suggested that KY02111 
suppressed Wnt signaling downstream GSK3β in the 
canonical Wnt signaling pathway, but its precise target 
remains unknown [31]. Similarly, another study showed 
that treatment for 48 h by high concentrations of the 
GSK3 inhibitor CHIR99021 can induce highly efficient 
primitive streak induction from hESCs. Using the gen-
erated brachyury positive primitive streak population 
as the starting cells for a cardiac induction screening, 
IWR-1endo, a tankyrase inhibitor that can inhibit Wnt 
signaling through stabilizing axin, was identified from a 
collection of 300 known signal transduction modulators 
to enhance cardiac differentiation [32]. These studies 
suggest that modulation of Wnt signaling in a precise 
time window is essential for efficient cardiac differentia-
tion. Further efforts to identify chemical modulators of 
essential developmental pathways will surely facilitate 
the development of more robust and efficient PSC dif-
ferentiation methods.

Recent advances in using over-expression of defined 
transcription factors (e.g., Oct4, Sox2, Klf4, and c-Myc) 
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to reverse lineage-committed cells into a pluripotent 
state represent a major breakthrough in cellular repro-
gramming [3-7]. Although somatic cell nuclear transfer 
and cell fusion have been used to reprogram lineage-
restricted cells to the totipotent (or pluripotent) state, so-
matic cell nuclear transfer was technically complicated 
and ethically controversial for human study; and cell 
fusion-generated heterokaryons are polyploid harboring 
an additional set of chromosomes. The iPSC technology 
is remarkably simple, which has enabled its widespread 
utilizations in the generation of individual-specific PSCs. 
However, ectopic transcription factor over-expression 
could result in integration of exogenous DNA frag-
ments into the host cell genome. Although significant 
progresses have been made to generate iPSCs without 
genomic manipulation by a variety of approaches [33-
38], these approaches usually substantially compromise 
reprogramming efficiency and kinetics. As the cells are 
undergoing drastic phenotype changes during repro-
gramming, phenotypic chemical screenings can be easily 
adapted to identify chemical compounds that function 
in reprogramming. In the past several years, a number 
of small molecules and their combinations were identi-
fied that can functionally substitute for reprogramming 
transcription factors, enhance reprogramming efficiency, 
accelerate reprogramming speed, and that are useful for 
revealing mechanisms underlying the reprogramming 
process. 

Using phenotypic screening with Oct4 promoter-driv-
en GFP expression and colony morphology as the selec-
tion criteria, we identified BIX-01294, a small-molecule 
inhibitor of the H3K9 histone methyltransferase G9a [39], 
that enabled reprogramming with ectopic expression of 
only Oct4 and Klf4 in somatic cells. When BIX-01294 
was combined with a DNA methyltransferase inhibitor 
RG108 or an L-type calcium channel agonist Bayk-8644, 
fibroblasts could be as efficiently reprogrammed using 
only Oct4 and Klf4 as with the original four transcription 
factors [40, 41]. Remarkably, BIX-01294 could substitute 
for Oct4 when treating neural progenitor cells transduced 
with Sox2, Klf4 and c-Myc. This effect is consistent with 
previous findings revealing that repressive H3K9 meth-
ylation is associated with the silencing of pluripotency 
genes (such as Oct3/4 and Rex1) during differentiation 
[42]. BIX-01294 may therefore function to facilitate 
an epigenetic shift toward pluripotency by unsilencing 
Oct4 to promote its active transcription. Other chemi-
cal screenings identified histone deacetylase inhibitors, 
including valproic acid (VPA) and sodium butyrate, as 
compounds able to promote mouse and human somatic 
cell reprogramming [43-45]. In particular, VPA enabled 
human fibroblasts to be reprogrammed with two factors 

(Oct4 and Sox2) [43], and facilitated the reprogramming 
of mouse fibroblasts into iPSCs using recombinant pro-
teins of the original reprogramming transcription factors 
[37]. In addition, parnate (an inhibitor of the H3K4/9 
histone demethylase LSD1) and EPZ004777 (an inhibi-
tor of the histone H3K79 methyltransferase DOT1-like) 
were identified as agents promoting the reprogramming 
of human cells [46, 47]. All these studies suggest that re-
modeling of the somatic epigenetic landscape represents 
a major reprogramming barrier.

Through a chemical screening, PS48, a small-mole-
cule allosteric activator of 3′ phosphoinositide-dependent 
kinase 1, was identified to enable the reprogramming of 
human adult keratinocytes, umbilical vein endothelial 
cells, or amniotic fluid-derived cells by Oct4 alone [48]. 
Mechanism studies revealed that PS48 exerts its effects 
by enhancing glycolysis at the early stage of reprogram-
ming. hESCs are highly dependent on glycolytic metabo-
lism [49, 50], which is advantageous for highly prolifera-
tive cells and stem cells by more effectively producing 
various macromolecular precursors to meet the demands 
of rapid biosynthesis while generating fewer reactive 
oxygen species that can induce oxidative damage. This 
study suggests that metabolic conversion from mitochon-
drial oxidation to glycolysis represents another funda-
mental mechanism operant during iPSC reprogramming.

As an unbiased strategy, discovery-based chemical ap-
proaches are especially versatile. In addition to applying 
this strategy to manipulate cell fate as discussed, pheno-
typic chemical screenings have also been successfully 
applied in dissecting entangled mechanisms under more 
specific physiological or pathological settings. To mimic 
the neurotoxicity of microglial activation, a recent study 
established an assay system by adding interferon-γ- and 
lipopolysaccharide-activated BV2 cells (a microgalial 
cell line) into the co-culture of stem cell-derived motor 
neurons and astrocytes. 10 000 small molecules were 
screened using this assay system, and a number of neuro-
protective small molecules were identified that prevented 
the neurons in the co-culture system from degeneration 
through diverse mechanisms, including inhibition of 
nitric oxide production by microglia, stimulation of the 
nuclear factor erythroid 2-related factor 2 pathway in mi-
croglia and astrocytes, and direct protection of neurons 
from nitric-oxide-induced cell death [51]. Approaches 
like this represent a promising strategy to discover lead 
compounds for drug development.

Rationale-based chemical approaches

The knowledge gained from developmental biology 
provides clues and hypotheses in modulating stem cell 
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fates in vitro by recapitulating normal developmental 
processes. Well characterized small molecules, especially 
those that can target essential embryonic signaling path-
ways, are becoming indispensible tools to manipulate 
stem cells either alone or in combination with other pro-
tein factors (Figure 1). Distinct from the aforementioned 
discovery-based chemical approaches, these rationale-
based chemical approaches are hypothesis-driven and 
require prior knowledge of stem cell and developmental 
biology. In this section, we will illustrate some represen-
tative works that used function-known small molecules 
to modulate cell fate and probe stem cell biology. 

Previous studies suggested that the ERK/mitogen-
activated protein kinase (MAPK) pathway plays a nega-
tive role in mESC self-renewal [11, 52]. Based on this 
prior knowledge, Ying et al. [53] found that application 
of MAPK/ERK kinase (MEK) and/or fibroblast growth 
factor (FGF) receptor inhibitors can prevent mESC dif-
ferentiation under defined conditions without LIF supple-
mentation. However, this condition cannot sustain robust 
mESC proliferation and survival. Addition of another 
small molecule inhibitor of GSK3 (CHIR99021 in this 
case), which had previously been shown to support ESC 
self-renewal, results in the maintenance of a “ground 
state” self-renewal without activating classic self-renew-
al pathways including LIF/STAT3 and BMP4/SMAD 
pathways. This study supported the notion that mESCs 
have an “innate” ability to self-renew when shielded 
from differentiation-inducing signals [11]. Similarly, the 
combinations of factors that inhibit differentiation sig-
naling pathways in conjunction with LIF supported the 
derivation and long-term self-renewal of mESCs from 
refractory strains [54, 55], rat ESCs and rat induced plu-
ripotent stem cells [56-59].

Comared to mESCs, hESCs display significant differ-
ences in terms of colony morphology, gene expression 
pattern, and the signaling responses in self-renewal and 
differentiation. hESCs are usually cultured with basic 
FGF (bFGF) and require the activation of MAPK and 
transforming growth factor β (TGFβ)/activin/nodal path-
ways for self-renewal. hESCs do not respond to LIF/
STAT3 signaling, and BMP4 induces their differentia-
tion. Interestingly, hESCs highly resemble the so called 
epiblast stem cells (EpiSCs). In contrast to mESCs from 
and representing the inner cell mass of preimplantation 
mouse blastocyst, EpiSCs were derived from the post-
implantation egg cylinder-stage epiblasts [60, 61]. These 
observations suggest that the pluripotency of hESCs may 
be developmentally distinct from mESCs, and raise the 
interesting question of whether a mESC-like, early stage 
of pluripotency can be established for human pluripo-
tent stem cells. By combining genetic reprogramming 

and cell signaling modulation with small molecules that 
favor the mESC-like state, mESC-like, naïve-state hu-
man iPSCs (m-hiPSCs) can be generated from human 
fibroblasts by ectopic expression of Oct4, Sox2, Nanog, 
and Lin28, in culture medium that contains human LIF 
and the combination of three chemicals, PD0325901, 
A-83-01, and CHIR99021 [56]. A-83-01 is a small mol-
ecule inhibitor of the TGFβ/activin receptors. m-hiPSCs 
form domed colonies and exhibit stable long-term self-
renewal under the condition with hLIF and the small 
molecule combination, suggesting that m-hiPSCs are dis-
tinct from hESCs in signaling responses and self-renew 
in the mESC-like state. Similarly, another study showed 
that ectopic expression of Oct4, Klf4, and Klf2 com-
bined with LIF and CHIR99021/PD0325901 can convert 
hESCs into a mESC-like state [62]. However, whether 
mESC-like hESCs can be derived from human blasto-
cysts without any ectopic gene expression still needs to 
be further investigated. 

PSC differentiation is another field where rationale-
based chemical approaches are especially effective. Pio-
neering works of ESC differentiation demonstrated that 
knowledge gained from in vivo developmental biology 
provides a basis in devising lineage specification strate-
gies [24, 63]. Given their advantages over protein factors 
as discussed, small molecules modulating critical devel-
opmental signaling pathways have been studied and used 
to control stem cell differentiation. For example, TGFβ 
signaling is important for hESC self-renewal, and meso-
derm/endoderm induction. Inhibition of TGFβ signaling, 
for example by SB431542 (a small molecule inhibitor of 
activin receptor-like kinase 4, 5 and 7), favors/facilitates 
neural induction of hESCs [64]. Recently, Chambers et 
al. [65] developed an efficient neural induction method 
for hESCs in a monolayer fashion by the combination 
of Noggin (a secreted protein that binds to and inhibits 
BMP4) and SB431542. Following-up studies showed 
that a small molecule BMP receptor inhibitor can fully 
replace Noggin for efficient neural induction together 
with SB431542 [66]. These two pathway inhibitors 
might function synergistically to destabilize self-renewal, 
to induce neural lineage and to prevent cells from differ-
entiating into trophectoderm, mesoderm and endoderm 
lineages (on which BMP and TGFβ signaling have in-
ductive effects). 

In addition to generating differentiated cells, captur-
ing/maintaining the intermediate stem/progenitor cell 
population during ESC differentiation is highly signifi-
cant. We recently identified combinations of small mol-
ecules for the induction or expansion of pre-rosette stage 
neural stem cells (primitive neural stem cells, pNSCs) 
from hESCs in culture [67]. We found that combining 
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a GSK3 inhibitor (i.e., CHIR99021) with TGFβ and 
Notch signaling pathway inhibitors induced a highly 
efficient conversion of monolayer-cultured hESCs into 
homogenous primitive neuroepithelia within one week. 
Remarkably, the combination of LIF, CHIR99021 and 
SB431542 effectively captured and maintained these 
pNSCs for long-term self-renewal in vitro. The under-
lying mechanisms of this strategy mainly involve the 
synergy of 1) TGFβ/activin pathway inhibition that 
induces neuralization of hESCs by destabilizing pluri-
potency and blocking mesendoderm differentiation, and 
2) GSK3 inhibition and LIF that promote pNSC self-
renewal [68, 69]. pNSCs are distinct from the typical 
bFGF-dependent neural precursor cells that exhibit glial 
differentiation propensity and loss of responsiveness to 
morphogen patterning. Notably, the long-term expanded 
pNSCs maintain their high neurogenic differentiation 
propensity and remain highly plastic and responsive to 
instructive regional patterning cues for differentiation 
toward midbrain and hindbrain neuronal subtypes. As it 
is practically impossible to non-invasively isolate most 
types of adult stem cells from specific tissues, derivation 
and expansion of adult stem cells from PSCs represent 
an attractive alternative approach. Applying such a strat-
egy to other lineages and developmental stages is a novel 
area of research that could lead to the development of 
new cell-based therapies.

Although the detailed mechanisms of reprogramming 
to pluripotency are largely unknown, reprogramming is 
concomitant with dramatic cellular changes (e.g., chang-
es in gene expression, morphology, and metabolism), 
which may be required for, or even represent barriers 
to, successful reprogramming. Rather than being simply 
consequences of the reprogramming process, regulating 
these changes directly may modulate the reprogram-
ming process. For example, reprogramming fibroblasts 
into iPSCs entails a mesenchymal-to-epithelial transition 
(MET). Therefore, it would be tempting to test if small 
molecules that facilitate the MET process could enhance 
reprogramming. Indeed, small molecules that target three 
known MET-related mechanisms, including inhibition of 
TGFβ receptors (by SB431542), MEK (by PD0325901), 
or ROCK (by thiazovivin) significantly enhanced repro-
gramming efficiency and accelerated reprogramming 
speed when added individually or in combination, at 
least in part by derepressing the epithelial phenotype via 
up-regulation and stabilization of E-cadherin expression 
[70]. In addition, the initiation of reprogramming has 
been shown to elicit a stress response resulting in cel-
lular senescence, as demonstrated by observations of up-
regulation of p53 and p21 expression and accumulation 
of reactive oxygen species shortly after the transduction 

of reprogramming transcription factors. Thus compounds 
that alleviate cellular senescence may promote repro-
gramming. Consistently, it was found that vitamin C can 
enhance reprogramming in part by reducing p53 expres-
sion and alleviating senescence [71]. A recent study 
further showed that vitamin C promoted reprogramming 
also by modulating Jhdm1a/1b, two known vitamin C-
dependent H3K36 histone demethylases that are potent 
regulators of reprogramming [72]. Consistently, Jhdm1b 
activation accelerates cell cycle progression and sup-
presses cellular senescence by repressing the INK4/ARF 
locus. Another study demonstrated that aberrant epigen-
etic silencing of the imprinted Dlk1-Dio3 gene cluster, 
which was observed in some generated iPSC lines, could 
be prevented with vitamin C treatment through indirectly 
interfering with Dnmt3a-mediated hypermethylation of 
the Dlk1-Dio3 locus [73]. The presence of vitamin C 
during reprogramming allowed the generation of high 
quality iPSCs even from mature B cells with the capacity 
to generate all iPSC-mice through tetraploid complemen-
tation [73].

Chemical approaches modulating in vivo regenera-
tion

With the availability of appropriate cell sources, re-
placement of damaged cells is a straightforward solution 
for many degenerative diseases and tissue injuries. How-
ever, considering the tremendous challenges to develop, 
manufacture and transplant appropriate cells, an alterna-
tive approach is to pharmacologically modulate endog-
enous stem/progenitor cells for repair and regeneration. 
Recent progresses have adopted the chemical strategies 
outlined above to modulate the fates of endogenous stem 
cells. 

Zebrafish, which can be cultivated in multi-well plates 
during various developmental stages, is a widely used 
model animal for chemical phenotypic screenings for 
various purposes, including induction of in vivo regen-
eration. North et al. screened a collection of biologically 
active compounds using zebrafish to identify modula-
tors of HSC induction in the zebrafish aorta-gonad-
mesonephros region, from where the definitive HSCs are 
primarily initiated. Their work led to the discovery that 
small molecules that enhance prostaglandin E2 (PGE2) 
synthesis, including PGE2 itself, increased HSC num-
bers [74, 75]. These results have been further confirmed 
by in vitro and in vivo studies in the murine model. This 
discovery has led to a rapid phase I clinical trial of ex 
vivo 16, 16-dimethyl-PGE2 (a more stable derivative of 
PGE2) treated umbilical cord blood units in a transplan-
tation setting. Similar approaches using zebrafish have 
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also been successful in identifying small molecules that 
can induce expansion of endogenous cardiac progenitor 
cells [76], and pancreatic beta cells [77]. In addition to 
the zebrafish model, Pieper et al. [78] recently reported 
a study, where an in vivo chemical screening of 1 000 
compounds was carried out to identify proneurogenic 
compounds that stimulate neurogenesis in the subgranu-
lar zone in mice. One of the hits, designated P7C3, was 
shown to promote survival of newborn neurons without 
apparently stimulating neural precursor cell proliferation. 
In vivo administration of P7C3 rescued the morphologi-
cal and electrophysiological deficits in dentate gyrus of 
the mice lacking Npas3, a critical transcriptional factor 
for neurogenesis. Prolonged treatment of aged rats with 
P7C3 enhanced neurogenesis and ameliorated cognitive 
decline. Although the precise target of P7C3 remains un-
known, P7C3 may function through inhibition of apop-
totic cell death by preserving the mitochondrial mem-
brane integrity [78]. Subsequent structure optimization 
generated more potent analogs of P7C3 with improved 
pharmacokinetic properties [79]. These discovery-based 
in vivo chemical approaches represent powerful strate-
gies to uncover discovery of new therapeutic targets and 
drug candidates.

Similarly, rationale-based chemical approaches have 
also been used to modulate cell fate in vivo. Neurofibro-
matosis type I (NF-1) is a human genetic disorder with 
an incidence of about 1 in 3 500 live births. The most 
common complication of NF-1 patients is cognitive and 
learning disability associated with brain structural de-
fects, such as enlarged corpus callosum. NF-1 is caused 
by loss-of-function mutations of the neurofibromin 1 
gene, which encodes a RAS GTPase-activating protein 
that negatively regulates RAS/ERK signaling. Neuro-
fibromin 1-deficient mice phenotypically recapitulate 
human NF-1 disease. Studies suggested that neurofibro-
min 1 mutations result in hyper-activation of RAS/ERK 
signaling, which promotes ectopic expression of Olig2, 
specifically in the subventricular zone type C neural 
progenitors, and shifts their differentiation propensity to-
ward glial cells at the expense of neurogenesis in neona-
tal mice. Based on this knowledge, transient treatment of 
neurofibromin 1-deficient mice on postnatal days 0.5-18 
with MEK inhibitor PD0325901 completely rescued the 
phenotypes of these mice by restoring the normal differ-
entiation propensity of subventricular zone type C neural 
progenitors. This study indicates that MEK inhibition is 
a promising strategy to prevent and treat NF1 [80].

Stromal cell-derived factor 1 (SDF-1), which interacts 
with and signals through C-X-C chemokine receptor type 
4 (CXCR4), chemoattracts hematopoietic stem and pro-
genitor cells. The SDF-1/CXCR4 axis has been implicat-

ed in the homing and retention of HSCs. CD26/dipepti-
dylpeptidase IV is a membrane-bound extracellular pep-
tidase that cleaves and inactivates SDF-1. Previous stud-
ies showed that inhibition/deletion of CD26 enhanced the 
homing and engraftment of mouse long-term competitive 
repopulating HSCs in lethally irradiated congenic mice 
[81]. It is worth noting that the SDF-1/CXCR4 axis rep-
resents a general chemotactic mechanism not restricted to 
the bone marrow. For example, in ischemic heart tissue, 
SDF-1α is the major chemokine attracting endogenous 
endothelial progenitors that express the SDF-1α receptor 
CXCR4 and home to the injured heart [82]. Accordingly, 
Zaruba et al. recently described a small molecule-based 
regenerative strategy for treating myocardial infarc-
tion by recruiting endogenous bone marrow endothelial 
progenitors to the heart, which ultimately led to the gen-
eration of new blood vessels and improvement of heart 
functions [83]. The authors demonstrated that combined 
administration of granulocyte colony-stimulating factor 
(G-CSF) and the CD26 inhibitor Diprotin A can enhance 
the recruitment of CXCR4 positive stem cells to myocar-
dium and improve survival and myocardial function by 
increasing neovascularization. Here, G-CSF was used to 
mobilize endothelial progenitors from the bone marrow. 
Although this study did not involve the direct targeting 
of endogenous stem cells by the small molecule, it rep-
resents an excellent example where a small molecule is 
used to facilitate the trafficking of stem cells to injury 
site for tissue repair. Similar strategy could be useful for 
other degenerative diseases using elaborately balancing 
the modulation of endogenous stem cell migration, ex-
pansion and differentiation using small molecules and/or 
protein factors to achieve tissue repair and regeneration. 

Summary and perspective 

Chemical approaches are powerful tools to manipulate 
stem cell fate, which facilitate not only improved genera-
tion of desired cell types, but also better understanding 
of the underlying molecular mechanisms. With new ad-
vances in stem cell research and chemical biology, this 
approach will be further strengthened by the decades of 
experiences in development of conventional pharmaceu-
tical molecules. Prospectively, these molecules, identi-
fied in their crossover with stem cells, represent promis-
ing candidates in efforts to develop new drugs aimed to 
induce in vivo regeneration through modulating endog-
enous cells.
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