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Summary

The high-throughput phenotypic screen (HTPS) has become an emerging technology to discover
synthetic small molecules that regulate stem cell fates. Here, we review the application of HTPS to
identify small molecules controlling stem cell renewal, reprogramming, differentiation, and
lineage conversion. Moreover, we discuss the use of HTPS to discover small molecules/polymers
mimicking the stem cell extra-cellular niche. Furthermore, HTPSs have been applied on whole
animal models to identify small molecules regulating stem cell renewal or differentiation /in vivo.
Finally, we discuss the examples of the utilization of HTPS in both stem cell-based disease
modeling, as well as the discovery of novel drug candidates for cancer, diabetes, and infectious
diseases. Overall, HTPSs have provided many powerful tools for the stem cell field, which not
only facilitate the generation of functional cells/tissues for replacement therapy, disease modeling,
and drug screening, but also help dissect molecular mechanisms regulating physiological and
pathological processes.
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Vandana et al. highlight the role of HTPS as a powerful tool in stem cell biology to unearth small
molecules that control cell specification and the stem cell niche, expanding the repository of novel

candidates available for use in disease modeling or therapy.
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Stem cells have the potential to develop into many different types of cells in the body. Stem

cells are defined by two characteristics: self-renewal, or the ability to proliferate and
replenish themselves over time, and differentiation, or the ability to form committed

progenitors and, ultimately, terminally differentiated cells. Stem cells are classified into two

categories: pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), and somatic stem cells (SSCs). Mouse ESCs

(mESCs) were first isolated from the inner cell mass (ICM) of early embryos or blastocysts

(Evans and Kaufman, 1981; Martin, 1981). Human ESCs (hESCs) were isolated from

blastocysts in 1998 (Thomson et al., 1998). A revolutionary advancement was further made
in 2006 and 2007, when iPSCs were derived via the reprogramming of mouse and/or human
fibroblasts by four defined reprogramming factors: Oct3/4, Sox2, Klf4, and c-Myc (OSKM)
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or Oct3/4, Sox2, Nanog, and Lin-28 (Takahashi et al., 2007; Takahashi and Yamanaka,
2006; Yu et al., 2007). SSCs, such as hematopoietic stem cells, mesenchymal stem cells, and
intestinal stem cells, have been identified in and isolated from multiple organs (Jung et al.,
2011; Pittenger et al., 1999). These SSCs play critical roles in tissue homeostasis and
regeneration.

One key question in the field of stem cell biology is how to control stem cell fate decisions,
such as self-renewal, differentiation, and reprogramming. Embryonic development
comprises of a sequence of highly concerted events, including the expression of specific
genes, soluble factors, and other proteins at appropriate levels with precise spatiotemporal
regulation. By utilizing the chemicals and growth factors mimicking the developmental
processes /n vivo, significant progress has been made to control stem cell fate decision at
different stages. For example, retinoic acid, which establishes the anterior-posterior axis in
vertebrate organogenesis, is critical for cell differentiation and commonly incorporated
during stem cell differentiation /7 vitro (Cunningham and Duester, 2015). However,
endogenous small molecules or growth factors that regulate cell fate are limited. The lack of
efficient differentiation protocols to derive mature cells prompts the need to screen for novel
chemical compounds beyond those that make up the developmental toolbox at present.

Phenotype-based approaches possess several key advantages over traditional target-based
approaches in that they are target-agnostic and one does not need to possess specific
knowledge pertaining to cellular pathways (Ursu et al., 2017). As synthetic or /n silico
approaches increase the accessibility to a vast chemical space, the HTPS approach serves as
an attractive option towards deconvoluting complex biological processes (Hoffmann and
Gastreich, 2019). Specifically, chemical compounds provide insights on graded biological
responses, as they are able to reversibly and selectively tune biological pathways. This paves
the way for the development of mature, functional cells/tissues/organs for regenerative
medicine (Figure 1).

To identify regulators of biological pathways, HTPSs are typically performed using
chemically diverse small molecule libraries using appropriate readouts. Some of the most
common readouts are based on cell viability, reporter activity, immunocytochemistry or
morphology (Figure 1). Cell viability assays are typically able to distinguish between
mitochondrial activity, cell metabolism and/or enzyme activity of live and dead cells and are
suitable for the discovery of compounds that improve PSC or SSC survival. Reporter assays
and immunocytochemistry based assays can be indicative of a specific signaling pathway.
Reporter based assays are particularly efficient for rapid discovery in HTPSs because of the
direct measure of reporter activity by detection of a luminescent or fluorescent signal while
immunocytochemistry based screens are more labor intensive and subject to variation.
However, it is important to note that it is necessary to establish stable cell lines expressing
the appropriate reporter gene in order to adopt this assay. Phenotypic changes pertaining to
disease states can additionally be evaluated by morphological changes or
immunocytochemistry. This has been applied to drug discovery using isogenic PSCs
containing disease-associated mutations/variants which recapitulate dysregulated cellular
functions.
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In this review, we will elaborate on the application of HTPSs to identify chemical candidates
or biomaterials that control stem cell fate decision. Moreover, we will discuss recent studies
utilizing HTPSs for stem cell-based drug discovery. Finally, we will highlight recent
technologies that have emerged to explore prospective targets or mechanisms of action
following the identification of hit compounds in HTPSs.

Chemical modulators of pluripotency

Since the isolation of the first ESC line, HTPSs have been applied to identify synthetic small
molecules to maintain the pluripotency of ESCs, which facilitates the transition of ESC
culture to chemically-defined feeder-free systems. First, a HTPS used Oct4-GFP mESCs to
identify, SC1, which maintains mESCs pluripotency by dual inhibition of Ras GTPase-
activating protein (RasGAP) and extracellular-signal-regulated kinase | (ERK1) (Chen et al.,
2006). In addition, a HTPS monitoring the alkaline phosphatase (ALP) activity identified
1Q-1, which maintains the stemness of mESCs in the absence of leukemia inhibitory factor
(LIF) by upregulating R-catenin/CBP-mediated transcription (Miyabayashi et al., 2007).
Nanog is another integral protein required for the maintenance of the undifferentiated state.
A HTPS utilizing Nanog-GFP reporter mESCs screened 18,360 compounds from the
RIKEN natural products depository library (NPDepo) and identified NPD13432, a GSK-3
inhibitor, to maintain mESC self-renewal (Kobayashi et al., 2020). Adapting hPSCs to a
HTPS format revealed several candidates including antibiotics, anti-inflammatory drugs, and
cardiac glycosides that promote self-renewal or differentiation of hPSCs upon screening a
library of 2,880 small molecules and detecting OCT74 expression via high-content imaging
(Desbordes et al., 2008).

The poor survival of PSCs has also prompted the screen for compounds that increase overall
survival. Regulators of hESC cell survival have been discovered including highly specific
ROCK inhibitors and PKA/C inhibitors using HTPS (Damoiseaux et al., 2009). Automated
multi-parametric analysis including cell count per colony, colony count, nuclear staining,
TRA-1-60 staining, and morphology has been incorporated in a HTPS study, revealing
pinacidil and several steroids as potent regulators of stem cell survival and differentiation
respectively (Barbaric et al., 2010).

Although PSCs lie at the top of the hierarchy in terms of developmental potential, they lack
the ability to form extraembryonic tissues. Recently, by activating the Oct4 distal enhancer
(Oct4-DE) and eliminating transforming growth factor (TGF)- signaling dependency, a
minimal chemical cocktail of hLIF, CHIR 99021, (S)-(+)-dimethindene maleate, and
minocycline hydrochloride, has been identified to induce the formation of extended PSCs
(EPS) with bi-potential toward both lineages (Yang et al., 2017).

Chemical modulators of reprogramming

Immediately after the discovery of OSKM-mediated reprogramming, significant efforts were
applied to discover synthetic small molecules that could potentially replace one or more
transcription factors. Many HTPSs of reprogramming identified epigenetic modulators,
which play a role in altering the cellular methylation or acetylation landscape (Table 1).
First, a HTPS based on ALP activity identified DNA methyltransferase (DNMT) inhibitors,
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including RG108 and 5-azacytidine, which synergize with B1X-01294, a G9a
methyltransferase inhibitor, to reprogram MEFs into mouse iPSCs (miPSCs) in the absence
of Sox2 (Shi et al., 2008). Valproic acid (VPA) was previously reported as a HDAC
inhibitor, capable of enhancing reprogramming efficiency in MEFs, hemizygous for Oct4-
GFP, in the absence of c-mycor KIf4 with only the genetic factors, Oct4 and Sox2 (Huangfu
et al., 2008a; Huangfu et al., 2008b). A HTPS using a fluorescent reporter, Cdy1, led to the
discovery of another HDAC inhibitor, 1-26 (Vendrell et al., 2012), which promotes
reprogramming in the absence of c-myc. Recently, Headley et al. identified mocetinostat as a
potent inducer of reprogramming via epigenetic alterations of the Oct4 locus using a
chromatin /n vivo mouse platform (Headley et al., 2019). Furthermore, a chromatin focused
screen identified the acetyl-lysine competitive inhibitors, CBP30 and I-CBP112, which
accelerate reprogramming to hiPSCs using only OC74 and SOXZ2in combination with
DOTL1L inhibition (Ebrahimi et al., 2019).

Another group of compounds promoting reprogramming include modulators of endogenous
signaling processes. A HTPS based on Oct4-GFP MEFs identified RepSox and SB431542,
the TGF-P pathway regulators, which facilitate reprogramming in the absence of Sox2
(Ichida et al., 2009). Using a HTPS based on a Manog-Luciferase (Luc) MEFs, Lyssiotis et
al screened 500,000 compounds and reported, kenpaullone, a potent GSK3 inhibitor, which
promotes reprogramming with a subset of reprogramming factors lacking K/f4 (Lyssiotis et
al., 2009). Moreover, Yuan et al used a synergistic chemical screen based on Oct4-EGFP
MEFs and identified AMI-5, a protein arginine methyltransferase inhibitor, which increases
the efficiency of Oct4-induced reprogramming of MEFs in combination with a TGF-p
inhibitor, A-83-01 (Yuan et al., 2011). Furthermore, Staerk et al performed a HTPS using
Nanog-Luc MEFs and identified iPYrazine, which replaces Sox2 during reprogramming by
inhibiting Pan-Src family kinase (Staerk et al., 2011).

Recently, several HTPSs identified metabolic regulators that facilitate reprogramming.
Using a HTPS based on the number of TRA-1-81* colonies, Zhu et al screened a collection
of known bioactive compounds and found PS48, a pyruvate dehydrogenase kinase isozyme 1
activator, stimulates human fibroblast reprogramming with OC74. They also found that
other compounds that promote glycolysis, such as fructose-2,6-bisphosphate, oxalate, 2,4-
dinitrophenol, N-oxaloylglycine, and quercetin, show similar abilities to facilitate
reprogramming (Zhu et al., 2010). Using a HTPS by measuring Nanog-GFP reporter signal
and colony formation, Ma et al screened over 1,600 compounds and identified rapamycin
and AICAR, which increase the reprogramming efficiency through mediating AMPK-
dependent mitochondrial clearance (Ma et al., 2015). Recently, Lee et al performed a HTPS
based on ALP* colonies and identified PPARa agonists, such as fenofibrate, increase the
colony survival rate during reprogramming by mediating PPARa stimulation of antioxidant
and detoxifying enzymes (Lee et al., 2018).

A remarkable advancement in iPSC reprogramming occurred with the discovery that a
cocktail of seven small molecules could form chemically induced PSCs (ciPSCs) from
MEFs (Hou et al., 2013; Long et al., 2015). A later study revealed that it was also possible to
derive ciPSCs from mouse neural stem cells and small intestinal epithelial cells (Ye et al.,
2016).
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HTPS to Identify Chemical Modulators of Stem Cell Differentiation

Cell-based therapy and disease modeling in a dish face exciting prospects, especially with
the directed differentiation of PSCs along specific lineages. Many HTPSs were performed to
identify chemical compounds that direct PSCs differentiation, particularly pertaining to
cardiomyocytes, neurons, and beta cells (Figure 2 and Table 2).

The regenerative capacity of adult cardiomyocytes is limited and, hence, there is an
imminent need for cell-based therapy for cardiomyopathies. Using cardiac-specific a-
cardiac myosin heavy chain (Mhc) promoter-driven EGFP, Takahashi et al screened 880
compounds approved for human use and identified ascorbic acid as an inducer of cardiac
differentiation in mESCs (Takahashi et al., 2003). Wu et al used a mouse embryonic
carcinoma (EC) cell line, P19, carrying rat atrial natriuretic factor (Anf) and identified that
cardiogenol C promotes cardiogenesis (Wu et al., 2004). Using a-MHC promoter-driven
EGFP transgenic monkey ESCs, Minami et al identified KY02111 as a cardiac
differentiation inducer that inhibits the WNT pathway (Minami et al., 2012). Moreover,
IWR-1 and IWP, other WNT signaling inhibitors, have been reported to produce beating foci
from monolayer cultures (Willems et al., 2011). Recently, Lee et al identified the natural
alkaloids, lupinine and ursinoic acid, as stimulators of early WNT signaling, which promotes
cardiac mesoderm generation (Lee et al., 2019). By screening a chemical library for
activators of the signature gene Nkx2.5, Sadek et al identified sulfonylhydrazone (Shz)
molecules trigger myocardin, troponin | and sarcomeric a-tropomyosin expression (Sadek et
al., 2008). Using a HTPS based on CCS.lacz mESCs, Tsai et al discovered sodium
nitroprusside, which promotes the generation of cardiac Purkinje cells by activating cyclic
AMP signaling (Tsai et al., 2015). Ito et al, reported a compound, TT-10, that stimulates the
cell cycle of hiPSC-derived cardiomyocytes by targeting the YES-associated protein ( YAP)/
transcriptional enhancer factor domain ( 7EAD) axis using HTPS (lto et al., 2019).

In addition to cardiac differentiation, another key area of interest for directed differentiation
screens is neuronal lineages. Early studies identified cellular signaling modulators, such as
icaritin and isobavachin, which stimulate neuronal differentiation via the simultaneous
inhibition and activation of the p38-MAPK and ERK pathways, respectively (Wang et al.,
2011; Wang et al., 2009). Mei et al reported the discovery of a flavonoid, 5,7-
dimethoxy-8-(3-methyl-pent-2-enyl)-2-phenyl-chromen-4-one, which was found to exert its
effect on neuronal differentiation by activating PPARR and, consequently, tuning
mitochondrial metabolism through MFN2 expression and mitochondrial Ca2* levels (Mei et
al., 2016). In addition, Zhou et al reported that dorsomorphin plays a role in the selective
conversion of PSCs into neural cells by inhibiting BMP and Activin signaling (Zhou et al.,
2010). A combinatorial screen further identified chemical inhibitors, including SU5402,
CHIR99021, and DAPT, which promote the rapid conversion of hPSCs into PZRX3
expressing nociceptors when administered in combination with LDN-193189 and SB431542
(Chambers et al., 2012). Using a HTPS of ~2000 bioactive compounds in mESC monolayer
cultures labeled with the anti-tyrosine hydroxylase (TH) antibody (a marker for
dopaminergic, noradrenergic, and adrenergic neurons), Sun et al found that selamectin could
bind to -y-containing GABAA receptors in neural rosette progenitors, promoting the
expression of neural transcription factors (Sun et al., 2013). Finally, a luciferase based HTPS
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measuring REST activity in neural derivatives of hESCs led to the identification of a
benzoimidazole-5-carboxamide derivative, X5050, which increased the expression of
neuronal genes such as BDNFand SNAP2Z5 (Charbord et al., 2013).

Finally, HTPS have also been applied to facilitate the discovery of modulators that commit
PSCs to endodermal lineages. For instance, a flow cytometry based-screen using mESCs
carrying a Sox17-dsRed reporter identified IDE1 and IDE2, which synergize with low doses
of Activin A or Nodal to commit mESCs and hESCs to the endodermal lineage (Borowiak et
al., 2009). Using a HTPS based on FOXA2 expression, Korostylev et al identified Fasudil
and RKI-1447, two potent ROCK inhibitors, direct the differentiation of mMESCs to form the
definitive endoderm (Korostylev et al., 2017). Following the establishment of the definitive
endoderm, PDX* pancreatic progenitor (PP) cell formation is necessary to generate
functional beta cells. At this step, (-)-indolactam V and AT7867 were discovered as robust
inducers of PP formation (Chen et al., 2009; Kimura et al., 2017). In the later stages of
differentiation, sodium cromoglicate has been found to stimulate the formation of insulin®
cells from PDX™* PP cells (Kondo et al., 2017). However, these cells do not achieve complete
maturation, in which several key markers, including MAFA and NKX6.1, are absent. In
contrast, a small scale screening identified R428, an inhibitor of the tyrosine kinase receptor
AXL, as an inducer of MAFA, which gives rise to insulin*/glucagon—/somatostatin® cells in
combination with ALKS inhibitor and T3 (Rezania et al., 2014). A HTPS using an insulin
antibody identified vascular monoamine transporter 2 (VMATZ2) inhibitors, such as reserpine
and tetrabenazine (TBZ), which act synergistically with dibutyryl adenosine 3’, 5’-cyclic
AMP to promote differentiation towards Neuroginin-3* endocrine precursors (Sakano et al.,
2014). Finally, another HTPS demonstrated that ROCKII inhibition plays a role in beta cell
maturation. H1152 was able to increase the percentage of insulin* cells and glucose
stimulated insulin secretion (GSIS) (Ghazizadeh et al., 2017).

In addition to the three lineages as described above, HTPS has been applied to screen for
compounds that promote hepatogenesis, nephrogenesis, formation of intestinal cells, and the
formation of myotubes (Araoka et al., 2014; Kabeya et al., 2018; Selvaraj et al., 2019; Shan
et al., 2013). Overall, the discovery of a myriad of chemical candidates that promote lineage-
specific differentiation in a stage-specific manner has significantly enhanced the efficiency
and maturation status of hPSC-derived cells/tissues.

Chemical modulators of lineage reprogramming

Lineage reprogramming, circumventing the pluripotent state, serves as a quicker means of
attaining the desired cell type. Most lineage reprogramming processes require a combination
of chemical compounds targeting multiple signaling pathways. A HTPS using a collection of
500,000 compounds identified a chemical cocktail including forskolin, 1ISX9, CHIR99021,
and I-BET151 or SB431542, promotes the reprogramming from fibroblasts into TAU-EGFP
*/TUJ1* positive neuronal cells (Li et al., 2015b). Moreover, the conversion of human
astrocytes into neurons was achieved by a combination of 9 master conversion molecules,
including LDN193189, SB431542, TTNPB, Tzv, CHIR99021, VPA, DAPT, SAG, and
Purmo, added in a stepwise manner (Zhang et al., 2015). A study incorporating cell
activation and signaling directed (CASD) lineage conversion determined A83-01,
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CHIR99021, sodium butyrate, LPA, rolipram, and SP600125 as necessary components for
OCT4-mediated conversion of fibroblasts into human neural stem cells (Zhu et al., 2014).
The successful derivation of MAP2* neurons from fibroblasts was further achieved using a
cocktail comprising of PGEZ2, forskolin, BML210, amino resveratrol sulfate, and PP2, which
were identified from a HTPS comprised of compounds from five annotated libraries
(Pfisterer et al., 2016). In addition, Mohamed et al. screened 5,500 compounds and reported
a combination of the TGF- inhibitor, SB431542, and the WNT inhibitor, XAV939,
reprograms cardiac fibroblasts to cardiomyocyte-like cells both /n vitro and in vivo
(Mohamed et al., 2017). Lumelsky reported a combination of retinoic acid, A83-01, pV¢,
LDE225, and Bix-01294 converted fibroblasts to islet-like cells (Lumelsky, 2014). A
combinatorial screening revealed the compounds valproic acid, CHIR98014, Repsox,
TTNPB, and celecoxib, were essential for the transdifferentiation of MEFs into
fibrocartilaginous cells (Chen et al., 2020). In summary, HTPSs have identified several
chemical combinations for lineage reprogramming.

Chemical modulators of SSCs

Since SSCs are limited in terms of their proliferation capacity, HTPSs have been widely
adopted to identify compounds that promote SSC expansion. Prostaglandin E2 (PGE2) was
found to boost HSC formation by activating B-catenin via cCAMP-mediated activation of
PKA (North et al., 2007). The discovery of PGE2 then led to the development of the long-
acting derivative 16,16-dimethyl-PGE2 (dmPGEZ2) that accelerates engraftment in human
umbilical cord blood (UCB) transplantation in Phase I clinical trials (Hagedorn et al., 2014).
Compounds that modulate blood flow, including agents that act on a.- and p-adrenergic
receptors, calcium flux modulators, NO signaling modulators, and angiotensin converting
enzyme (ACE) regulators were revealed to enhance runx1/cmyb™ HSC formation (North et
al., 2009). StemReginin 1 (SR1) and UM171 were identified to upregulate the HSC
expansion via aryl hydrocarbon receptor dependent and independent pathways respectively
(Boitano, 2011; Fares et al., 2014). VPA was found to increase the number of CD34* cells
that are derived from both peripheral and cord blood stem cells (Arulmozhivarman et al.,
2017). Moreover, Li et al, identified epoxyeicosatrienoic acids improve the homing and
engraftment efficiency of HSCs from a HTPS using the ICCB Known Bioactive library (Li
et al., 2015a). In addition, a bioluminescence imaging based HTPS revealed ergosterol as a
candidate that improves HSC homing in zebrafish and mice by increasing CXCR4
expression (Astuti et al., 2017).

Several HTPSs have been applied to study mesenchymal stem cell (MSC) differentiation. A
HTPS based on a glycosaminoglycan assay (GAG) revealed several potent inducers and
inhibitors of chondrogenesis including hypnotic, anti-neoplastic, and anti-protein synthesis
compounds (Huang et al., 2008). An epigenetic library screen identified abexinostat as a
regulator of hMSC differentiation into both osteoblasts and adipocytes (Ali et al., 2016). In a
recent study detecting ALP activity levels, DIPQUO was identified as an activator of the
p38-MAPK pathway, increasing the expression of RUNX2, Osterix, and Osteocalcin in both
human MSCs and in zebrafish (Cook et al., 2019). Another reporter-based assay has
revealed compounds, such as E05657 and E09241, which increase the OPG/RANKL ratio
and OPG secretion, decrease NFATC1 expression, and reduce osteoclastogenesis (Gong et
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al., 2016; Han et al., 2019). The identification of numerous compounds that promote
osteogenesis could facilitate /n7 vivotissue regeneration.

Screening for extracellular matrix for stem cell culture

The extracellular matrix (ECM) plays a critical role in controlling stem cell fate decisions.
Several HTPSs have been applied to develop appropriate extracellular matrices for different
stem cell cultures. For example, a HTPS study explored the extracellular proteome as a
source of effector proteins to regulate stem cell fate by screening 806 purified secreted
proteins, which led to the discovery of the pigment epithelium-derived factor as a modulator
of hESC self-renewal (Gonzalez et al., 2010). Brafman et al reported a combinatorial screen
of 7 extracellular matrix proteins which led to the identification of fibronectin and
vitronectin that promotes endodermal differentiation (Brafman et al., 2013). Moreover,
peptides such as the cell adhesion ligand, GRGDSP, have been found to stimulate ALP
activity in hMSCs (Koepsel et al., 2012).

Interestingly, synthetic materials devoid of extracellular matrix proteins have also been
evaluated as substrates in stem cell culture. Upon screening diverse polymers, poly(methyl
vinyl ether-alt-maleic anhydride) (PMVE-alt-MA) was able to support the long-term
maintenance of two hESC lines, HUES1 and HUES9 (Brafman et al., 2010). A HTPS of 141
monomers and 909 unique polymers identified poly (HPhMA-co-HEMA), which stimulates
the self-renewal of hESCs and hiPSCs (Celiz et al., 2015). Another HTPS on ~700 polymers
identified a co-polymer of isobornyl methacrylate and tert-butylamino-ethyl methacrylate
that supported myofibril organization in hESC-derived cardiomyocytes (Patel et al., 2015).
Finally, small molecule chemical functional groups were screened in a 2D
poly(ethyleneglycol) array to determine hits capable of inducing hMSC differentiation
(Benoit et al., 2008) which were subsequently used to design 3D encapsulation materials.
More complex designs have additionally been incorporated in HTPSs. For instance, Tewary
et al reported the use of a micropatterned HTPS system in order to explore peri-gastrulation
fate patterning in geometrically confined hPSC colonies treated with bone morphogenetic
protein 4 (BMP4) (Tewary et al., 2019). Recently, the cultivation of 3D organoids and
miniaturization of screening open up more opportunities for the understanding of the
intricate relationship underpinning stem cells and their extracellular environment.

Disease modeling and drug discovery

hPSC-derived cells and organoids create physiologically and pathologically relevant
platforms for drug discovery (Figure 3) (Friese et al., 2019). Zhou et al screened around
2000 compounds from the ToxCast library and discovered that a commonly used pesticide,
propargite, induces pancreatic B-cell and dopamine neuron-specific death (Zhou et al.,
2018). Amin et al combined CRISPR-based gene editing and HTPS to identify galunisertib,
a TGF-p inhibitor, which rescued the loss of GLIS3, reversing pancreatic beta cell death
(Amin et al., 2018).

More recently, stem cell-based HTPSs were applied for drug screening of infectious
diseases. A hNPC based HTPS for anti-ZIKV drugs led to the identification of emricasan as
a pan-caspase inhibitor that protects hNPCs, in addition to cyclin-dependent kinases and
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niclosamide that inhibit ZIKV replication (Xu et al., 2016). Zhou et al performed another
HTPS and identified an anti-ZIKV compound, hippeastrine hydrobromide, that suppressed
viral propagation when administered to adult mice with active ZIKV infection (Zhou et al.,
2017). Recently, Yang et al reported a panel of hPSC-derived cells and organoids to study
their permissiveness to SARS-CoV-2 infection (Yang et al., 2020). The hPSC-derived lung
organoids were adapted to HTPS to screen 1280 FDA approved drugs. Three drug
candidates, including imatinib, mycophenolic acid, and quinacrine dihydrochloride, were
discovered to block SARS-CoV-2 entry both /n vitroand in vivo (Han et al., 2020). In
summary, these stem cell based HTPSs use cells closely resembling primary disease relevant
cells/organs, which provides a new-generation platform for drug screening.

Whole animal screening

HTPS in a whole animal context has been gaining momentum with the development of
robotic and automated imaging techniques. Preliminary hits identified using cell-based
systems often do not exhibit a physiological effect upon /in vivo administration, due to
unfavorable drug absorption, distribution, metabolism, excretion, and toxicity (ADMET)
properties. Caenorhabditis elegans (C. elegans), Drosophila melanogaster (D. melanogaster),
and Danio rerio (D. rerio) are excellent animal models as they are inexpensive, easy to
culture, and genetically tractable (Giacomotto and Segalat, 2010). D. rerio or zebrafish
models have been especially relevant in the context of stem cell biology. For example, the
Tg(is/1.GFP)transgenic zebrafish was utilized to discover the compound, D1, which inhibits
the phosphorylation of ERK2 to promote stem cell renewal (Yin et al., 2017). Compounds
including pentamidine, BML-267, and Vitamin D analogs have been reported to promote
bone formation in zebrafish (Chen et al., 2017). With further advancement in detection
technologies, whole organism screening could become highly valuable for disease modeling
and drug discovery.

Target deconvolution

The major challenge associated with phenotypic screening approaches lies with target
identification. The emergence of new technologies has made target deconvolution much
more feasible than before.

Affinity-based approaches have been broadly used for target deconvolution (Figure 4). In
brief, structure-activity relationship (SAR) analysis is employed to identify functional
groups for linker attachment of the lead compound to functionalized beads, which allow for
enrichment of the target(s) of the lead compound. For example, streptavidin-biotin based
affinity purification identified nucleoside diphosphate kinase B as the target protein of
stauprimide, a molecule that primes ESCs for differentiation (Zhu et al., 2009). Photoaffinity
labeling (PAL) is a similar strategy which results in cross-linking of the target with the lead
compound upon UV irradiation. A PAL-based approach was employed to discover tubulin as
the molecular target of a series of compounds, 2,6-disubstituted 3H-imidazo[4,5-b]pyridines,
which can be applied to treat dysferlinopathies in iPSC-derived myocytes (Takada et al.,
2019). Furthermore, cellular thermal shift assay (CETSA) is an emerging approach
established on the basis that many hit compounds increase target stability. Heat exposure
degrades all the other proteins while the target remains intact and can be isolated and
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validated. For example, Marian et al reported the discovery of a macrolactam,
BRDK25923209, from a HTPS as a potent modulator of the BAF (mammalian SW1/SNF)
chromatin remodeling complex in mESCs and hence, a potential therapeutic option for
HIV-1 latency reversal (Marian et al., 2018). Using CETSA, they demonstrated significant
stabilization, and thus validation, of target proteins ARID1A, PBRM1, and LAMINB1 upon
binding of BRDK259232009.

In addition to direct deconvolution methods, transcriptional profiling, proteomics,
phosphoproteomics, metabolic profiling, RNAi or CRISPR-Cas9 screens are also broadly
applied to decipher genetic associations correlated with hit compounds. The genes
discovered using these unbiased approaches are further subjected to knockout/knockdown or
activated for further validation. For instance, Kimura et al reported the combined use of
transcriptomics, namely RNA-sequencing and a siRNA screen, and phosphoproteomics to
uncover the mechanism of action of AT7867 in regulating PP cell proliferation (Kimura et
al., 2020). AT7867 was subsequently found to modulate the non-canonical WNT7B/PKC
signaling pathway by inhibiting the phosphorylation of YY1, a multifunctional transcription
factor regulating WNT7B expression.

The development of computer algorithms and machine learning applications has accelerated
the possibility of sieving through the wealth of available biochemical information (Table 3).
These approaches provide yet another strategy for target deconvolution while reducing the
time and labor necessary to deconstruct the mechanism of action of a lead compound.
Together, these biochemical, genetic, and computational target deconvolution approaches
provide a powerful combination of tools to decode the biological targets and the mechanism
of action of lead compounds.

Concluding remarks

The evolution of stem cell biology has been particularly fueled by HTPS-based discovery,
which has revealed synthetic small molecules that influence key cell fate decisions. As a
result, it has become increasingly facile to manipulate stem cells over the years, rendering
them as capable systems for disease modeling, drug discovery, and cell-based therapeutics.
However, stem cell-based systems are far from ideal. For instance, highly efficient
differentiation protocols for most of cell types are still lacking. Moreover, in vitro cellular
states do not accurately recapitulate their adult /77 vivo counterparts and often lack maturity.
Over the years, improvements in cell-culturing techniques and a greater understanding of the
stem cell niche via screens or otherwise, have helped to overcome this, at least in part.
Additionally, efforts to mimic the cell state in the physiological environment have led to the
invention of organoid and microfluidic systems which reveal the intricacies of an integrated
system. Overall, HTPSs will develop novel chemical tools to generate mature functional
cells/organoids that can be used for replacement therapy, disease modeling and drug
discovery.
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Significance

Modulating key cell fate decisions and elucidating complex biological pathways remain
some of the major challenges in the field of stem cell biology. Here, we elaborate on the
value of HTPS as a tool to uncover novel chemical candidates that regulate stem cell fate
and/or mimic the extracellular stem cell niche and to deconvolute intricate mechanisms.
Recent developments in HTPS technologies pave the way for significant breakthroughs in
stem cell biology pertaining to drug discovery, disease modeling, and regenerative
medicine.
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Highlights
. HTPS revealed modulators of self-renewal, reprogramming, and
differentiation.
. Modulators mimicking the stem cell niche have been uncovered using HTPS.
. Cellular or animal systems can be adapted for HTPS in drug discovery.
. Target validation strategies elucidating complex biological pathways are

available.
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Figure 1. Schematic of HTPSs to identify synthetic small molecules controlling stem cell fate
decision.

Different cell types are treated with compounds from chemical libraries following which one
of the detection methods including immunocytochemistry-based, morphology-based,
reporter-based, or cell viability-based methods are used. Following the induction of the
desired phenotype, compounds that regulate pluripotency, reprogramming, differentiation,
lineage reprogramming in different cell types can be identified and confirmed.
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Figure 2. Representative structures of chemical candidates for directed differentiation.
Cell types of the mesodermal, ectodermal, and endodermal lineage have been obtained by

the use of chemical modulators that promote the conversion of PSCs into cardiac, neuronal,
and beta cells.
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Figure 3. Therapeutic applications of HTPS-based discoveries.
HTPSs can be adapted to include different biological systems including cells, organoid

systems, and whole animals. Following the discovery of hit compounds, targets are validated
and lead optimization is performed. Optimized compounds can eventually be used for cell-
based therapy or be developed into a clinical drug, serving multiple therapeutic purposes.
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Figure 4. Biochemical strategies available for the target deconvolution.
Direct approaches typically include the isolation or characterization of the target protein

bound to the compound of interest while indirect approaches involve the determination of
changes in gene expression associated with the treatment of the identified compound.
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HTPSs to identify chemical modulators of reprogramming

Page 24

Target Starting Library Screening Readout Hit Compounds Mechanism of Reference
population Format Action
Replacing Sox2 MEFs 2,000 known 6-well plate  ALP activity B1X-01294 and Inhibition of (Shietal.,
bioactive and BayK8644 G9a mediated 2008)
molecules morphology H3K9me2 and
potential effect
on calcium
signaling
Oct4-GFP 200 96-well GFP SB431542 and Inhibition of (Ichida et
MEFs compounds plate expression RepSox TGF-gsignaling al., 2009)
from a library
of compounds
with known
targets
Nanog-Luc Collection of 1536-well Luciferase iPyrazine Inhibition of (Staerk et
MEFs 750,000 plate activity pan-Src family al., 2011)
chemically kinases
diverse
compounds
Replacing cMyc MEFs Collection of 384-well CDy1 1-26 Inhibition of (Vendrell et
240 plate fluorescence HDACs al., 2012)
synthesized
hydroxamic
acid
derivatives
Replacing Kif4 Nanog-Luc Collection of 1536-well Luciferase Kenpaullone GSK3p (Lyssiotis et
MEFs 500,000 plate activity inhibitor, CDK al., 2009)
chemically inhibitor
diverse
compounds
Overcoming CIA-Oct4 959 molecules 384-well GFP Mocetinostat Inhibition of (Headley et
epigenetic MEFs from an plate expression HDACs al., 2019)
barriers epigenetic-
targeted
library
Human 60 compounds 96-well TRA-1-60 CBP30 and I- Competitive (Ebrahimi et
fibroblasts plate staining CBP112 inhibition of al., 2019)
acetyl-lysines
Oct4-GFP Collection of 12-well GFP Combination of Inhibition of (Yuanetal.,
MEFs 100 plate expression AMI-5 and PRMT 1/3/4/6 2011)
compounds A-83-01
Improving Neonatal Collection of 10-cm TRA-1-81 PS48, Stimulation of (Zhuetal.,
reprogramming human more than 50 plates staining fructose-2,6- glycolytic 2010)
efficiency epidermal known bisphosphate, metabolism
keratinocytes bioactive oxalate, 2,4-
compounds dinitrophenol, N-
oxaloylglycine,
and quercetin
Nanog-GFP More than 384- GFP Rapamycin and AMPK- (Maetal.,
MEFs 1600 known wellplate expression AICAR dependent 2015)
bioactive autophagy and
compounds mitochondrial
clearance
MEFs 665 FDA- 96-well ALP staining Fenofibrate Reducing (Leeetal.,
approved plate oxidative stress 2018)
compounds by PPARa
stimulation
Replacing Oct4-GFP 10,000 12-well GFP VPA, (Hou et al.,
OSKM with MEFs compounds plate expression CHIR99021, 2013)
small molecules from various and 616452,
libraries tranylcypromi
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Target

Starting Library Screening Readout Hit Compounds
population Format

Mechanism of
Action

Reference

morphology ne, FSK, and
analysis DZNep
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HTPSs to identify chemical modulators of directed differentiation

Table 2.

Page 26

Target Starting Library Screening Readout Hit Compounds Mechanism Reference
Population Format of Action
Cardiac MHC-GFP 880 FDA 96-well GFP Ascorbic acid Modulation (Takahashi et
differentiation MESCs approved drugs plate expression of SMAD al., 2003)
signaling
ANFLuc Collection of 384-well Luciferase Cardiogenol (A-D) (Wu etal.,
mESCs 100,000 plate activity 2004)
heterocyclic
compounds
Nkx2.5-Luc 47,000 96-well Luciferase Sulfonylhydrazone (Sadek et al.,
mESCs compounds from plate activity (shz) molecules 2008)
DiverSet library
and 100,000
compounds from
Chemical
diversity Labs
MHC-GFP Collection of 96-well GFP KY02111 Inhibition of (Minami et
monkey 9,600 compounds plate expression WNT al., 2012)
ESCs signaling
MYH6- 550 known 384-well mCherry IWR-1 and IWP Inhibition of (Willems et
mCherry pathway plate expression WNT al., 2011)
hESCs modulators; 244 signaling
kinase inhibitors
and 305 pathway
agonists and
antagonists
MHC- 800 compounds 96-well mCherry Lupinine and Early (Leeetal.,
mCherry comprising of plate expression ursinoic acid induction of 2019)
mESCs diverse alkaloids, WNT
flavonoids and signaling
sterols
CCS:Lacz 1,280 384-well Sodium Activation of (Tsai etal.,
ESCs pharmacologi plate galactosidase nitroprusside cAMP 2015)
cally active activity signaling
compounds,
2,320 compounds
and 1,200
compounds
including 100%
FDA-approved
drugs
Neuronal mESCs 2,000 compounds 96-well Tyrosine Selamectin Targets the (Sunetal,
differentiation comprising of plate hydroxylase 2 subunit- 2013)
FDA-approved (TH) staining containing
drugs, bioactive GABAp
compounds, and receptor
natural products
REST-Luc 5,864 compounds 384-well Luciferase X5050 (Charbord et
NSCs from the CHEM- plate activity al.,2013)
X Infinity library
and 1,120
compounds from
the Prestwick
library
Beta cell Sox17- 2,000 bioactive 384-well dsRed IDE1 and IDE2 Activation of  (Borowiak et
differentiation dsRed compounds and plate expression TGF-8 al., 2009)
mESCs known drugs, signaling

1,000 synthetic
HDAC inhibitors,
20 modulators of

stem cell fate,

400 compounds

including
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Target Starting Library Screening Readout Hit Compounds Mechanism Reference
Population Format of Action
bioactives and
natural products
mESCs 23,406 384-well FoxA2 Fasudil and ROCK (Korostylev et
compounds from plate staining RKI-1447 inhibition al., 2017)
the Enamine
screening set with
drug-like
properties and
FDA-approved
compounds
Endoderm 5,000 compounds 384-well Pdx-1 (=)-Indolactam V PKC (Chen et al.,
derived from including plate staining signaling 2009)
hESCs pathway
regulators and
kinase inhibitors
PDX1*PPs 1,327 kinase 96-well Cell number AT7867 (Kimura et
derived from inhibitors plate al., 2017)
hiPSCs
INS*PDX* FDA approved 384-well Insulin Sodium Modulation (Kondo et al.,
cells derived drug library, plate staining cromoglicate of chloride 2017)
from hESCs ICCB Bioactive channel, HSP
Library, US and 90, or GPCR
international 35 signaling
Drug Collection,
LOPAC1280, and
Prestwick Library
INS*PDX* Over 40 different MAFA gene R428 Inhibition of (Rezania et
cells derived compounds expression AXL al., 2014)
from hESCs
PDX1*PPs More than 4000 384-well Insulin H1152 ROCKII (Ghazizadeh
derived from compounds plate staining inhibition etal., 2017)
hiPSCs consisting of
FDA approved
drugs, kinase
inhibitors, and
signaling
pathway
regulators
PPs derived 1,120 96-well Insulin Reserpine, VMAT2 (Sakano et al.,
from hiPSCs biologically plate staining tetrabenazine inhibition 2014)
active compounds
derived from the
Prestwick library
Mesoderm OSRI-GFP 1,800 compounds 96-well GFP AM580 and Retinoic acid  (Araoka et al.,
differentiation hiPSCs from the plate expression TTNPB signaling 2014)
Prestwick and
ENZO library
Myotube Myogenic 80 compounds 96-well MHC staining  SB431542, DAPT, Inhibition of (Selvaraj et
maturation progenitors from the Tocris plate Dexamethasone, TGF-Band al., 2019)
derived from library Forskolin, Notch
hESCs/ PD032590 signaling
hiPSCs
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Table 3.
Computational approaches for target identification
Method Feature
Protein-Ligand Interaction The lead compound is docked to the binding pocket of a protein in energetically favorable binding poses
Fingerprints and the free energy of binding of each pose is scored.
Chemical similarity ensemble Proteins are related to each other based on the set-wise chemical similarity of their ligands.
approach
Quantitative structure activity The biological activity of the lead compound is correlated with its physiological and chemical properties
relationship (QSAR) using algorithms or an artificial neural network using molecular descriptors including molecular similarity
matrices derived from similarity calculations of parameters such as shape.
Proteochemometrics modeling Proteochemometrics serves as an extension of QSAR and models the bioactivity of multiple ligands
against multiple related targets, providing predictions on the bioactivity of compounds on untested targets.
Molecular dynamics/Binding Molecular docking and dynamics (MD) simulations are used to elucidate ligand-target interactions and
affinity calculations evaluate binding energies.
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