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Human embryonic stem cells (hESCs) and induced pluripotent cells have the potential to provide an
unlimited source of tissues for regenerative medicine. For this purpose, development of defined/xeno-
free culture systems under feeder-free conditions is essential for the expansion of hESCs. Most
defined/xeno-free media for the culture of hESCs contain basic fibroblast growth factor (bFGF). Therefore,
bFGF is thought to have an almost essential role for the expansion of hESCs in an undifferentiated state.
Here, we report identification of small molecules, some of which were neurotransmitter antagonists (tri-
mipramine and ethopropazine), which promote long-term hESC self-renewal without bFGF in the med-
ium. The hESCs maintained high expression levels of pluripotency markers, had a normal karyotype after

20 passages, and could differentiate into all three germ layers.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Human embryonic stem cells (hESCs) and induced pluripotent
stem cells (hiPSCs) have a self-renewal ability and pluripotency
to differentiate into all three germ layers in vitro and in vivo [1-
3]. Because of these notable properties, hESCs and hiPSCs are tools
for basic biology, drug discovery research, and a cell source for
regenerative medicine.

Undifferentiated hESCs and hiPSCs are usually maintained on
mouse embryonic fibroblasts (MEFs) as feeders, or MEF-condi-
tioned medium (CM) on Matrigel, which limits their clinical appli-
cation owing to the potential risk of using animal components. In
recent years, many commercial and non-commercial media have
been reported to maintain hESCs and hiPSCs in culture under a fee-
der-free condition [4], but they have not been fully developed for
the large-scale culture of cells because these media are expensive
and often have batch-to-batch variations. One method to overcome
such issues might be the addition of small molecules to the media
as a replacement for growth factors and other components.

In this study, we aimed to identify small molecules to replace
the role of basic fibroblast growth factor (bFGF). Most defined/
xeno-free media for hESCs contain bFGF at a higher concentration.
Therefore, it is thought that bFGF is one of the most important
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components for robust expansion of hESCs in an undifferentiated
state. Moreover, small molecules are not fully defined as replace-
ments of bFGF for the expansion of undifferentiated hESCs in
culture.

Here, we adopted a high-content screening (HCS) system using
green fluorescent protein (GFP) expression regulated by the OCT4
promoter to monitor changes of cell fate in media. Furthermore,
we focused on not only the intensity of GFP expression under the
OCT4 promoter induced by each small molecule, but also the sim-
ilarities in structure and the pharmacological effects of hit com-
pounds. We found that selected small molecules support long-
term hESC self-renewal in the absence of bFGF as evidenced by var-
ious pluripotency markers, a normal karyotype and differentiation
into all three germ layers.

2. Materials and methods
2.1. Construction of the hOCT4pro-EGFP reporter gene

We created an enhanced GFP (EGFP) reporter under the control
of the human OCT4 promoter (hOCT4pro-EGFP) using a modified
method from a previous report [5]. Briefly, the promoter region
of human OCT4 was cloned from the genomic DNA of KhES-1 cells
by PCR using the following primers: forward, 5'-TTCCCATGTCAAG-
TAAGTGGGGTGG-3'; and reverse, 5'~-ACCGGTGGGGAAGGAAGGCG-
CCCCAAGCC-3'. The PCR product was cloned into a pBSSK(-)
vector and the sequence was confirmed by DNA sequencing. The
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human OCT4 promoter was digested with HindIIl and Agel, and
then inserted into pEGFP-1 (Clontech).

2.2. Maintenance and transfection of hESCs

The hESC lines (KhES-1, KhES-3, and WAQ9 (H9)) were routinely
cultured as described previously [6-8] on mitomycin C-treated
MEF feeder cells in hESC medium consisting of DMEM/F12
(D-6421; Sigma) supplemented with 20% KnockOut Serum
Replacement (KSR; Invitrogen), 0.1 mM non-essential amino acids
(Sigma), 2 mM L-glutamine (Sigma), 0.1 mM 2-mercaptoethanol
(Sigma), and 5 ng/ml bFGF (Wako, Japan). hESC medium without
bFGF was used as hESC-basal medium (BM) in this study.

For feeder-free culture, hESCs were incubated with 2 mg/ml dis-
pase (Invitrogen) in DMEM/F12 at 37 °C for 10 min, and then de-
tached using a cell scraper. Small clumps of hESCs were seeded
onto Matrigel-coated plates in CM or hESC-BM with each com-
pound. The plates were pre-coated with 0.2 mg/ml Matrigel
(growth factor reduced; BD Biosciences) at 4 °C overnight. The
medium was removed, and the plates were washed with DMEM/
F-12 to remove unbound Matrigel and then warmed to room tem-
perature before use. CM was prepared as described previously [9]
with the addition of 5 ng/ml bFGF.

Each compound, including small molecules from the Prestwick
Chemical library, was added to hESC-BM at the indicated concentra-
tions in the presence of 0.1% DMSO. Ethopropazine, promazine, ret-
inoic acid (RA), PD98059, and trimipramine were purchased from
Sigma, methotrimeprazine from Aurora Fine Chemicals LLC, and tri-
meprazine from the United States Pharmacopeial Convention.

Cell lines carrying hOCT4pro-EGFP were established by trans-
fection with the hOCT4pro-EGFP reporter plasmid. Before transfec-
tion, KhES-1 cells were seeded onto Matrigel-coated 100 mm
tissue culture dishes in CM. ApaL1-linearized hOCT4pro-EGFP plas-
mid was transfected into KhES-1 cells using Fugene HD (Roche
Diagnostics) according to the manufacturer’s instructions. G418
selection (100 pg/ml) was applied at 24 h after transfection. After
about 14 days of selection, the surviving colonies were picked up
individually and expanded as clones.

2.3. High-content screening

For HCS, cells cultured on feeder cells were treated with a CTK
solution consisting of 1 mg/ml collagenase IV (Invitrogen), 0.25%
trypsin (Invitrogen), 1 mM CaCl, and 20% KSR, and then detached
as small clumps [6]. The cells were seeded in hESC-BM into 96-well
plates (Greiner Bio-One), and from the following day, hESC-BM
containing 2 pg/ml (~5 pM) of each small molecule from the Prest-
wick Chemical library (in the presence of 0.1% DMSO) was changed
daily. Each compound was assessed in quadruplicate. Control wells
containing 0.1% DMSO in hESC-BM were included on each plate.
After 6 days of culture, cells were fixed with 4% paraformalde-
hyde/PBS, washed with PBS, and then stained with 1 pg/ml 4/,6-
diamidino-2-phenylindole (DAPI; Invitrogen). After three washes
with PBS, fluorescence images were acquired by an ArrayScan-
VTI System (Cellomics) and processed with the Target Activation
BioApplication (Cellomics). To normalize data, a z-score based on
the EGFP fluorescence intensity was calculated for each medium
using the negative control medium (hESC-BM containing 0.1%
DMSO).

2.4. Semi-quantitative PCR

Total RNA was extracted using an RNeasy Micro Kit (Qiagen),
and then 0.5-1 pg total RNA was reverse transcribed with an
Omniscript RT Kit (Qiagen) according to the manufacturer’s
instructions. For semi-quantitative PCR analysis, PCR was

performed with TaKaRa ExTaq (TaKaRa, Japan). PCRs were opti-
mized to allow semi-quantitative comparisons within the log
phase of amplification. PCR products were separated on 2% agarose
gels and visualized by ethidium bromide staining. Gene-specific
primers are listed in Supplementary Table S1.

2.5. Teratoma formation assay

Approximately 2 x 10° cells were injected into the testes of se-
vere combined immunodeficiency (SCID) mice (CLEA Japan). After
8 weeks, teratomas were surgically dissected from the mice, and
then fixed in 4% paraformaldehyde/PBS. Samples were embedded
in paraffin, sectioned at 5 um and processed for hematoxylin and
eosin staining. Animal protocols were approved by the Institu-
tional Board on Animal Care at Kyoto University.

2.6. Statistical analysis

Data are shown as the average + standard deviation (SD). Statis-
tical significance was assessed using the Student’s t-test. The prob-
ability level accepted for significance was P < 0.05.

2.7. Other methods

See Supplementary Methods for remaining methods including
flow cytometric analysis, immunocytochemistry, Karyotype analy-
sis, the EdU incorporation assay, the TUNEL assay and in vitro dif-
ferentiation assay.

3. Results

3.1. High-throughput chemical screening to identify promotion of hESC
self-renewal

To carry out a screen, we first established a human OCT4-GFP
reporter system in hESCs, which contained -3917 to -1 base pairs
relative to the transcriptional start site [5] (Fig. 1A). OCT4 is highly
expressed in hESCs and downregulated upon differentiation. We
initially isolated a 3D6 hESC clone, which showed GFP expression
in an undifferentiated state, and was morphologically indistin-
guishable from the parental KhES1 cells (Fig. 1A). Furthermore,
GFP expression in the cells was lost upon differentiation by 5 days
of 10 uM RA treatment, as indicated by both fluorescence micros-
copy (Supplementary Fig. S1A) and flow cytometric analysis (Sup-
plementary Fig. S1B). Moreover, flow cytometric analysis showed
that OCT4-GFP expression was well correlated with OCT4
expression.

Undifferentiated 3D6 hESCs were seeded onto Matrigel-coated
96-well plates at a density of 3000 cells/well in hESC-BM. After
overnight incubation, a compound from the chemical library, as
described in Section 2, was added to each well (2 pg/ml, ~5 pM).
Medium containing compounds was changed daily for a further
5 days of incubation. Cells were analyzed for GFP expression using
an Arrayscan VTI system (Cellomics).

Before performing our screening, to confirm whether the inten-
sity of GFP fluorescence indicated the status of hESCs, we used CM,
bFGF and mTeSR1 medium (StemCell Technologies) as controls for
promotion of self-renewal, and RA or PD98059 as controls for
induction of differentiation (Fig. 1B, and data not shown). The
Z'-factor is a parameter in statistics to assess the performance in
high-throughput screening [10]. A Z-factor of >0.5 was routinely
obtained using this assay system, thereby supporting our conclu-
sion that the intensity of GFP fluorescence using the hOCT4pro-
EGFP reporter gene system could reliably identify small molecules
that maintained hESCs in an undifferentiated state.
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Fig. 1. High-content screening system and characterization of hit compounds. (A) (Left) Vector map of hOCT4pro-EGFP. (Right) Phase contrast and fluorescence images of
parental KhES-1 and hOCT4pro-EGFP transfectant (3D6 clone) hESCs cultured on MEF feeders. Bar indicates 200 pm. (B) (upper) Representative fluorescence image of EGFP in
3D6 clones cultured in various media (CM, hESC-BM containing 0.1% DMSO, and hESC-BM containing 10 pM RA) for 5 days. Bar indicates 500 pum. (lower) Calculation of GFP
intensity in upper fluorescence images. A.U. corresponds to arbitrary unit. Data are presented as the means + SD. (C) Five of the 18 hit small molecules from the 1120-
chemical library. The small molecules shared a z-score of higher than 2 SD, as well as structural and physiological similarities. (D) Representative fluorescence images of 3D6
hESCs cultured in hESC-BM with the five hit compounds. Expression of markers of the undifferentiated state was observed by EGFP reporter gene expression driven by the
hOCT4 promoter (hOCTpro-EGFP: green) in immunocytochemistry. Cells were identified by DAPI (blue). Bar indicates 500 um. CM, conditioned medium. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Using this assay, we screened 1120 compounds from Prestwick
libraries, and 18 hit compounds (1.6% of the total chemicals
screened; listed in Supplementary Table S2) that had effects on
the self-renewal of hESCs were identified by exhibiting higher
OCT4-GFP expression by more than two SDs. Interestingly, we
found that five out of the 18 chemicals were neurotransmitter
antagonists that may share structural and physiological similari-
ties, namely methotrimeprazine, trimipramine, trimeprazine, etho-
propazine, and promethazine (Fig. 1C and D). In this study, we used
trimipramine and ethopropazine for subsequent experiments. HCS
using OCT4 immunostaining further showed that almost of the
cells exhibited OCT4"€" in CM as a control for the undifferentiated
state (98.9%). In contrast, DMSO strongly decreased the OCT4"e"
population to 7.6%, whereas trimipramine and ethopropazine were
effective for recovery of the OCT4"2" population to 41.0% and
16.1%, respectively (Fig. 2A). The effect became more noticeable
over several passages. Both trimipramine and ethopropazine main-
tained KhES-3 and WAOQ09 hESCs in an undifferentiated state,
whereas DMSO treatment resulted in continuous differentiation
of the cells (Fig. 2B). Although we initially screened these chemi-
cals using KhES-1 hESCs, the cells were differentiated even in the
presence of the chemicals after several passages (data not shown).
In addition, OCT4-GFP or OCT4 expression in the cells, which was

increased by the addition of chemicals to the medium, was still
lower than that in cells cultured in CM (Figs. 1D and 2A).

3.2. Effect of trimipramine and ethopropazine on long-term culture of
hESCs

We found that two hESC lines (KhES-3 and WAO09) cultured on
Matrigel in hESC-BM containing trimipramine or ethopropazine
proliferated for at least 20 passages without bFGF in the medium.
Under these culture conditions, the cells showed compact colonies
(Fig. 3A), which were similar to the undifferentiated colonies cul-
tured in CM generally used as gold standard. We karyotyped 50
randomly selected cells by G-banding of both cell lines after 20
passages. Cells cultured with trimipramine or ethopropazine had
normal karyotypes (Fig. S2A). Furthermore, RT-PCR analysis re-
vealed that hESCs maintained high expression levels of pluripoten-
cy markers including OCT4 and NANOG, while the expression of
differentiation marker genes was suppressed (Fig. 3B). Immunoflu-
orescence analysis showed that the cells maintained the expres-
sion of pluripotency markers OCT4, NANOG and SOX2 (Fig. 3C).
Flow cytometric analysis further indicated that the majority of
hESCs cultured with these chemicals expressed pluripotency
markers SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, and OCT4 with only
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Fig. 2. Small molecules support short-term culture of hESCs without bFGF in the medium. (A) Histograms of the intensity of OCT4 immunostaining in hESCs treated with CM,
DMSO, or small chemicals. (B) Morphology of KhES-3 and WA09 hESCs cultured in hESC-BM with trimipramine or ethopropazine after several passages, respectively. DMSO
caused differentiation of hESCs, whereas CM and small molecule-containing media maintained the undifferentiated state of hESCs.

low-level of expression of the differentiation marker SSEA-1
(Fig. 3D). Thus, trimipramine and ethopropazine may become sub-
stitutes for bFGF to maintain hESCs in an undifferentiated state.
Furthermore, we found that trimipramine and ethopropazine
treatments resulted in a similar proliferation rate of both hESC
lines compared with those cultured in CM (Fig. 3E). We could not
detect significant differences between trimipramine or ethopropa-
zine in hESC-BM and CM in terms of cell cycling using a 5-ethyl-2’-
deoxyuridine (EdU) uptake assay (S-phase) (Supplementary
Fig. S2B). In addition, the chemicals did not induce apoptosis of
hESCs using the TUNEL assay, although they showed insignificantly
increased apoptosis of KhES-3 hESCs compared with those cultured
in CM (Supplementary Fig. S2C). Together, we concluded that
hESCs cultured with trimipramine or ethopropazine showed simi-
lar behavior compared with those cultured in CM.

Finally, we confirmed the pluripotency of hESCs that had been
expanded in the presence of trimipramine or ethopropazine by

examining their ability to form teratomas comprised of all three
germ layers including neuroepithelium (ectoderm), intestinal epi-
thelium (endoderm) and cartilage (mesoderm) (Fig. 4A). To assess
the pluripotency of hESCs in vitro, the cells were cultured in a dif-
ferentiation medium described in the Supplementary Methods. We
found that hESCs could differentiate into ectoderm (B-III tubulin),
mesoderm (a-smooth muscle actin (SMA)) and endoderm (a-feto-
protein (AFP)) as determined by immunohistochemical analyses
(Fig. 4B).

4. Discussion

Small molecules are different from proteins in terms of molec-
ular size, and can penetrate multi-layer tissues easily. Therefore,
small molecules are expected to be more efficient for maintenance
of the undifferentiated state of hESCs and hiPSCs to subsequently
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Fig. 3. Small molecules support long-term culture of undifferentiated hESCs without bFGF in the medium. (A) Phase contrast micrographs of KhES-3 and WAQ9 hESCs
cultured in hESC-BM with trimipramine or ethopropazine after 25 passages. Bar indicates 200 pm. (B) Expression of pluripotency marker genes (OCT4 and NANOG) and
differentiation marker genes (ectoderm: LHX2 and DLK1; endoderm: GATA6 and GATA4; mesoderm; CDH5 and FOXF1; trophectoderm: CDX2 and CGA) was analyzed by RT-
PCR. (C) Immunocytochemical detection of pluripotency marker genes (OCT4, SOX2, and NANOG) in KhES-3 and WAQ9 hESCs cultured in hESC-BM with trimipramine or
ethopropazine after 40 passages. Bar indicates 100 pm. (D) Flow cytometric analysis of markers of the undifferentiated state (OCT4, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81)
and a differentiation marker (SSEA-1) after 40 passages of culture in CM or hESC-BM with trimipramine or ethopropazine. (E) Growth rates of KhES-3 and WA09 hESCs
cultured in CM or hESC-BM with trimipramine or ethopropazine during 4 days of culture after seeding. Cell numbers were counted every 24 h. The data represent means * SD.

induce specific differentiation. For example, Y-27632 has been
identified as effective for maintaining the survival of dissociated
hiPSCs [11]. Several small chemicals have also been identified to
promote the generation of iPSCs from somatic cells [12-16]. More-
over, (—)-indolactam V has been found to promote pancreatic dif-
ferentiation of human pluripotent cells [17]. Here, we show that
some neurotransmitter antagonists support the expansion of
undifferentiated hESCs without bFGF in the medium.

Although a previous study using a HCS system identified small
molecules that regulate undifferentiated proliferation of hESCs, the
small molecules used in the study cannot support long-term

culture [18]. In this study, we first addressed following points to
develop a more reliable HCS system for hESCs. Previous HCS sys-
tems evaluate the undifferentiated state of hESCs by the expression
of OCT4 or SSEA-3 using immunohistochemistry [18-20]. Instead,
we used a reporter gene system consisting of GFP regulated by
the hOCT4 promoter, which enables evaluation of OCT4 expression
in cells directly without immunostaining procedures. Furthermore,
we assessed not only the score of the effect of each small molecule,
but also their similarities in terms of structure and pharmacologi-
cal effects for hit compounds previously proposed by Lukaszewicz
et al. [21]. This strategy may enable more reliable HCS for the
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Fig. 4. Small molecules sustain the pluripotency of KhES-3 and WA09 hESCs without bFGF in the medium. (A) Characterization of teratomas derived from KhES-3 and WA09
hESCs cultured with trimipramine or ethopropazine. Hematoxylin and eosin staining of paraffin-embedded teratoma sections identified hESC differentiation into various
tissues including neural pigment (ectoderm), a gut-like tube (endoderm), and cartilage (mesoderm). Bar indicates 100 pm. (B) Immunostaining for markers of the three germ
layers in differentiating KhES-3 and WAQ9 hESCs cultured with hit compounds after 40 passages: ectoderm (BIlI-tubulin), endoderm (AFP), and mesoderm (o-SMA).

identification of small molecules that drive hESC self-renewal as a
replacement for bFGF.

In this study, we show that trimipramine and ethopropazine
permit long-term hESC self-renewal without bFGF in the medium.
We examined three hESCs lines (KhES-1, KhES-3, and WA09) and
found that KhES-3 and WAQ9, but not KhES-1, hESCs successfully
maintain undifferentiated expansion in the presence of these small
molecules. Indeed, as indicated in Figs. 1D and 2A, OCT4 expression
increased in the presence of the small molecules compared with
that of DMSO, but OCT4 expression was still lower than that in
CM. Therefore, the small molecules were not fully effective for
the maintenance of undifferentiated proliferation of some hESC
lines. We examined higher concentrations of the small molecules,
but they showed cytotoxicity at such concentrations (data not
shown). Taken together, further improvement of the small mole-
cules to reduce their cytotoxicity while increasing the self-renewal
of many hESCs lines needs to be achieved for complete replace-
ment of bFGF in media.

The FGF pathway is activated by FGF ligands binding to FGF
receptors, which in turn may trigger activation of various down-
stream signaling pathways including MAP kinase, PI3K kinase/
AKT and PLC/PKC pathways [22]. However, the molecular mecha-
nism by which bFGF promotes undifferentiated expansion of hESCs
is still unclear. A MAP kinase kinase (MEK) inhibitor, PD0325901, is
reported to be effective for hESC maintenance [23]. Activation of
the PLC/PKC pathway may induce hESC differentiation [24]. PIK3/
AKT signaling activity has been reported to participate in undiffer-
entiated proliferation by suppression of MAP and canonical Wnt
signaling pathways [25]. Therefore, the PIK3/AKT pathway may
be a potential target of bFGF signaling. However, it remains unclear
whether such small molecules related to PIK3/AKT pathways are
ideal replacements for bFGF. Thus, small molecules related to
growth factors and their signaling pathways have not been fully
identified for the replacement of bFGF to expand undifferentiated
hESCs in culture.

In this study, we showed that trimipramine and ethopropazine
permit long-term hESC self-renewal without bFGF in the medium.
Further studies will clarify the molecular mechanisms of trimipra-
mine and ethopropazine, which enable long-term expansion of
hESCs, including the interactions between these chemicals and
the FGF or PIK3/AKT pathways.

For feeder-free culture systems, CM is usually used as the cur-
rent gold standard. In this study, we showed that trimipramine
and ethopropazine treatments resulted in similar growth curves
and cell cycles as those of hESCs cultured in CM. Thus, the small
molecules enabled similar performance compared with that of
CM for the expansion of undifferentiated hESCs.

In conclusion, we established a HCS platform to identify small
chemicals that promote hESC self-renewal. Using the screening
system, we identified trimipramine and ethopropazine as novel

small molecules that promote long-term hESC self-renewal with-
out bFGF in the medium. This screening system may help to iden-
tify more small molecules to achieve robust proliferation of hESCs
and hiPSCs in low-cost and growth factor-free medium.
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