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One of the hurdles for practical application of induced pluripotent
stem cells (iPSC) is the low efficiency and slowprocess of reprogram-
ming. Octamer-binding transcription factor 4 (Oct4) has been shown
to be an essential regulator of embryonic stem cell (ESC) pluripo-
tency and key to the reprogramming process. To identify small
molecules that enhance reprogramming efficiency, we performed
a cell-based high-throughput screening of chemical libraries. One of
the compounds, termed Oct4-activating compound 1 (OAC1), was
found to activate both Oct4 and Nanog promoter-driven luciferase
reporter genes. Furthermore, when added to the reprogramming
mixture along with the quartet reprogramming factors (Oct4, Sox2,
c-Myc, and Klf4), OAC1 enhanced the iPSC reprogramming efficiency
and accelerated the reprogramming process. Two structural analogs
of OAC1 also activated Oct4 and Nanog promoters and enhanced
iPSC formation. The iPSC colonies derived using the Oct4-activating
compoundsalongwith the quartet factors exhibited typical ESCmor-
phology, gene-expression pattern, and developmental potential.
OAC1 seems to enhance reprogramming efficiency in a unique man-
ner, independent of either inhibition of the p53-p21 pathway or
activation of the Wnt-β-catenin signaling. OAC1 increases transcrip-
tion of the Oct4-Nanog-Sox2 triad and Tet1, a gene known to be
involved in DNA demethylation.

Recent breakthroughs in the development of induced pluripo-
tent stem cells have generated much interest in the therapeutic

potential of stem cells in regenerative medicine. Pioneering work
by Yamanaka and colleagues identified a transcription factor
quartet (4F), octamer-binding transcription factor 4 (Oct4), Sox2,
Klf4, and c-Myc, that enables reprogramming of somatic cells to
a pluripotent state (1, 2). The induced pluripotent stem cells
(iPSCs) closely resemble embryonic stem cells (ESCs) in gene ex-
pression, epigenetic signature, and functional pluripotency. The
simplicity of this reprogramming approach has opened up tre-
mendous opportunities to generate patient-specific cells for disease
modeling and therapeutic applications.
Two issues appear to limit the application of iPSCs, the low

efficiency of reprogramming and the integration of transgenes into
the somatic genome (3). The low efficiency and slow kinetics of
reprogramming methods to generate iPSCs impose major limi-
tations on their biomedical applications and continue to present
a problem for ultimate therapeutic applications of iPSCs. There is
thus a need formore efficient procedures for iPSC generation, and
one approach is the use of small molecule chemicals to reprogram
somatic cells with improved efficiency and kinetics.
Substantial effort has been made toward identifying chemical

compounds that can enhance the efficiency of reprogramming (4–
14). Several small molecules that are known to remodel chromatin
and affect epigenetic control are being investigated actively for
their effect on reprogramming. It has been shown that DNA
methyltransferase inhibitors, histone deacetylase (HDAC) inhib-
itors, and histone demethylase inhibitors can improve repro-
gramming efficiency (4, 5, 10, 11, 13). These compoundsmay act by
reducing the epigenetic barriers to reprogramming, and they may
potentially improve the efficiency and quality of the derived iPSCs
(13). Molecules that act on known signaling pathways involved in
ESC self-renewal and pluripotency, including Wnt, TGFβ, and

MEK, have also been shown to enhance reprogramming efficiency
(8, 9, 11, 15).More recently, retinoic acid receptor (RAR) agonists,
vitamin C and lithium have been reported to enhance repro-
gramming efficiency as well (12, 16, 17).
Oct4 is a key regulator for ESC pluripotency. Reduced expression

ofOct4 results in differentiation of ESCs into trophectodermal cells,
and ovexpression of Oct4 leads to differentiation of ESCs along the
mesodermal and primitive endodermal lineages (18). Because the
original report of induced reprogramming using the transcription
factor quartet, Oct4, Sox2, Klf4, and c-Myc, the combination of
factors used to generate iPSCs have beenmuch studied (4–13, 15, 16,
19–32). However, Oct4 remains as the key, required component of
the reprogrammingmixture, not replaceable by other factors, except
the nuclear receptors NR5a1, NR5a2, and the combination of
microRNAs miR-200c, miR-302s, and miR-369s (23, 33, 34). Using
neural stem cells that endogenously express Sox2, Klf4, and c-Myc,
Oct4 was shown to be sufficient by itself to induce pluripotency (35,
36). The central role of Oct4 in the reprogramming process
prompted us to ask whether Oct4-activating compounds may en-
hance reprogramming efficiency, thus improving iPSC technology.
In this study, we performed high-throughput screening of small-

molecule libraries to identifyOct4 promoter-activating compounds
using a human Oct4 promoter-driven luciferase reporter. The
identified compounds were characterized for their ability to en-
hance reprogramming efficiency and accelerate the reprogram-
ming process. The derived iPSCs were characterized for their gene
expression, epigenetic profile, and pluripotency.

Results
Identification of Oct4-Activating Compounds Using High-Throughput
Screening. We designed a high-throughput screening scheme to
identify Oct4 promoter-activating compounds using a luciferase
reporter under the control of the human Oct4 promoter (Oct4-
luc). The humanOct4 promoter, spanning base pairs−3917 to+55
(relative to transcription start site), contains theOct4 ESC-specific
DNA elements and was able to drive the expression of a GFP re-
porter gene when transfected into human ESCs (Fig. 1A). A stable
cell line (Oct4-luc) that expresses luciferase reporter driven by the
exogenous Oct4 promoter was established using hygromycin-re-
sistance as a selection marker. These Oct4-luc cells were used for
high-throughput screening of a chemical library of 80,000 com-
pounds. The luciferase reporter activity was measured 24 h after
compound treatment. Solvent treatment was included as a nega-
tive control. From the primary screening, 812 compounds were
identified that activate Oct4-luc activity fivefold or more.
These compounds were confirmed for their ability to activate

human Oct4 promoter in triplicate luciferase reporter assays.
Oct4, Sox2, and Nanog form a positive regulatory loop to regulate
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the expression of each other, and Nanog is considered a down-
stream target gene of Oct4 and Sox2 (37). Therefore, we used
activation of Nanog promoter as a validation assay for the iden-
tified compounds. Specifically, we tested whether the Oct4 pro-
moter-activating compounds activate a human Nanog promoter-
driven luciferase reporter gene in triplicate luciferase reporter
assays. Among the identified molecules, compound OAC1 (Oct4-
activating compound 1) exhibited considerable activation of both
human Oct4 and Nanog reporters (Fig. 1 B and C) and was se-
lected for further characterization.
In addition, 31 structural analogs ofOAC1were characterized for

their ability to activate Oct4 and Nanog promoter-driven reporters
(Table S1). Fourteen analogs exhibited more than 1.8-fold acti-
vation of both Oct4-luc and Nanog-luc and were considered ac-
tive compounds (Table S1). Structure-activity relationship study
revealed that the ring structure at both ends seems important for
theOct4 promoter-activating activity of these compounds, whereas
multiple modifications of the ring structure were not favorable for
this activity (Table S1). Two of the active compounds that are
structurally very close to OAC1 were selected for further analysis
and designated as OAC2 and OAC3. These two compounds acti-
vated both Oct4 and Nanog reporters to a similar extent as OAC1
(Fig. 2 A and B). Their structure is shown in Fig. 2C.

OAC1 and Analogs Enhance Reprogramming Efficiency. The genera-
tion of iPSCs is a gradual process with relatively low efficiency. Be-
cause Oct4 is central to the reprogramming process (35, 36, 38), we
hypothesized that compounds that activate Oct4 transcription may
facilitate iPSC generation by enhancing reprogramming efficiency.
Reprogramming of mouse embryonic fibroblasts (MEFs) was per-
formed with the 4F reprogramming quartet Oct4, Sox2, Klf4, and
c-Myc, along with solvent control, OAC1 or its structural analogs
OAC2 andOAC3. The samenumber of startingMEFs and the same
viral stocks were used for each treatment. Two days after viral
transduction, the 4F-transduced cells were seeded onto feeder cells
in mouse ESC culture media, and this day was designated as day
0 (Fig. 2D). Compound treatment started on day 0 and lasted for 7 d.
By counting the number of clones with ESC-like morphology at day
18, we found that both OAC1 and its analogs OAC2 and OAC3
enhanced the 4F-induced reprogramming efficiency considerably.
The number of colonies with ESC-like morphology (Fig. 2E) in-
creased twofold or more in 4F plus OAC (4F+OAC) treatment,
compared with the 4F treatment alone (Fig. 2F and Table S2).
Furthermore, addition of OAC1, OAC2, or OAC3 to the

reprogramming mixture considerably accelerated the appearance

of iPSC-like colonies. We observed putative iPSC clones derived
from the 4F+OAC1 and 4F+OAC2-treated MEFs within 4–6 d
after culturing in mouse ESC media. In contrast, the 4F treatment
alone did not result in visible clones until 8–10 d after transferring
to mouse ESC media. The appearance of putative iPSC colonies
was advanced about 3 to 4 d in 4F+OAC-mediated reprogram-
ming, compared with the 4F only reprogramming (Fig. 2G).
Recently, a serum-free media (iSF1) was developed to facilitate

the generation of mouse iPSCs (39).We therefore tested the effect
of compound OAC1 in the 4F-induced reprogramming in iSF1
media. OG2 MEFs, derived from transgenic mice expressing the
Oct4 promoter-driven GFP reporter (Oct4-GFP) (40), were
transduced with retroviruses expressing the 4F reprogramming
factors, Oct4, Sox2, Klf4, and c-Myc. The 4F-transduced cells were
transferred to iSF1 media 2 d after viral transduction and this day
was designated as day 0 (Fig. 3A). Treatment of compound OAC1
started on day 1 and lasted for 7 d. Many GFP+ single cells were
seen in C1-treated cells at day 2 and the GFP+ colonies started to
appear at day 3. At day 5, a more than threefold increase in the
number of GFP+ colonies was detected in OAC1-treated, 4F-
transduced cells (4F+OAC1), compared with vehicle-treated, 4F-
transduced cells (Fig. 3 B and C). A similar increase in the number
of GFP+ colonies was observed in OAC2- and OAC3-treated, 4F-
transduced cells (4F+OAC2, 4F+OAC3). At day 8, an approxi-
mately fourfold increase in the number of GFP+ colonies were

Fig. 1. Identification ofOct4-activating compounds. (A) Expression ofOct4-GFP
reporter in transfected human ESCs. (Scale bar, 30 μm.) (B) Activation of Oct4-luc
reporter by OAC1 and nine other compounds. (C) Activation of Nanog-luc re-
porter. Shown is an example of compound validation using triplicate luciferase
reporter assays. DMSO was included as a control in lane 1 for both B and C.

Fig. 2. Compound OAC1 and its two structural analogs enhance repro-
gramming efficiency. (A) Compounds OAC1, OAC2, and OAC3 activated
Oct4-luc reporter. (B) OAC1, OAC2, and OAC3 activated Nanog-luc reporter.
DMSO treatment was included as a control in lane 1. Eight structural analogs
of OAC1 (lanes 2–9) were tested in the reporter assays for both A and B. (C)
The structure of OAC1, OAC2, and OAC3. (D) Schematic representation of
iPSC generation from MEF in mouse ESC media using 4F (OSKM) + OACs. (E)
Images of iPSC clones from reprogramming using 4F, 4F+OAC1, 4F+OAC2,
and 4F+OAC3. (Scale bar, 100 μm.) (F) Quantification of iPSC colony numbers
in 4F (column 1), 4F+OAC1 (column 2), 4F+OAC2 (column 3), and 4F+OAC3
(column 4) reprogramming. (G) Kinetics of iPSC colony appearance in 4F
(column 1), 4F+OAC1 (column 2), 4F+OAC2 (column 3), and 4F+OAC3 (col-
umn 4) reprogramming. *P < 0.01 by one-way Anova test for both F and G.
Error bars are SD of the mean for all panels.
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observed in 4F+OAC1-treated cells (2.75% reprogramming effi-
ciency), compared with 4F-treated cells (0.68% efficiency) (Table
S2). A similar increase was observed in 4F+OAC2 and 4F+OAC3-
treated cells (Fig. 3C). The number ofGFP+ colonies in 4F-treated
cells at day 8 (average of 200) was less than the number of GFP+

colonies in 4F+OAC1-treated cells at day 5 (average of 350) (Fig. 3
B and C). Taken together, these results clearly indicate that com-
pound OAC1 enhances the formation of Oct4-GFP+ colonies and
that OAC1 accelerates the dynamics of reprogramming. We next
present evidence that these colonies are iPSCs.

Colonies Are iPSCs.ESC-like colonies were picked from either 4F or
4F+OAC treatment and expanded under conventional ESC cul-
ture conditions. The 4F-induced clones were labeled as 4F-iPSCs,
and the clones generated using the 4F plus the OAC compounds
were indicated as 4F+OAC-iPSCs. The stably expanded 4F+
OAC1-iPSCs and 4F+OAC2-iPSCs were morphologically in-
distinguishable from ESCs and 4F-iPSCs (Fig. S1A). These iPSCs
expressed the typical mouse ESC cell surface marker SSEA1 and
the ESC pluripotency factor Oct4, as revealed by immunostaining
analysis (Fig. 4 A and B). The Oct4-GFP reporter was also acti-
vated in the 4F+OAC-induced iPSCs (Fig. 4C), consistent with
the positive Oct4 immunostaining (Fig. 4 B and C).
Bisulfite sequencing analysis revealed that the endogenous

Oct4 promoter of both 4F+OAC1-iPSCs and 4F+OAC2-iPSCs
was largely demethylated, similar to the hypo-methylated state of
theOct4 promoter in mouse ESCs (Fig. 4D). In contrast, theOct4
promoter in the parental MEFs was highly methylated (Fig. 4D).
Similarly, DNA methylation on the endogenous Nanog promoter
was also much lower in the 4F+OAC1 and 4F+OAC2-iPSCs,
compared with that in the parental MEFs (Fig. 4E).
Consistent with the hypomethylated state of the Oct4 and

Nanog promoters, activation of the endogenous Oct4 and Nanog

gene transcription was evident in 4F+OAC1 and 4F+OAC2-
iPSCs, similar to that in 4F-iPSCs and mouse ESCs (Fig. 4F).
Activation of endogenous Sox2 gene was also detected in 4F+
OAC1 and 4F+OAC2-iPSCs, similar to the Sox2 mRNA levels
in 4F-iPSCs and mouse ESCs (Fig. 4F). In contrast, the four
exogenous reprogramming factors, Oct4, Sox2, Klf4, and c-Myc,
were all transcriptionally silenced in 4F+OAC1 and 4F+OAC2-
iPSCs (Fig. 4G). The 4F+OAC1 and 4F+OAC2-iPSCs were also
positive for alkaline-phosphatase, another marker of pluri-
potency, similar to mouse ESCs (Fig. S1B).

Differentiation Potential of 4F+OAC-iPSCs. To examine the de-
velopmental potential of 4F+OAC1- and 4F+OAC2-iPSCs, we dif-
ferentiated these cells in vitro using a standard embryoid body (EB)
differentiation approach. Immunostaining revealed that the 4F+
OAC1-iPSCs and 4F+OAC2-iPSCs could effectively differentiate
into characteristic FoxA2+ endoderm cells, smooth muscle actin
(SMA)+ mesodermal cells, and Tuj1+ ectoderm cells (Fig. 5A).
To test the in vivo pluripotency of the 4F+compound-induced

iPSCs, we transplanted the 4F+OAC2-iPSCs into immunodeficient
Nude mice. Four to 6 wk after transplantation, the 4F+OAC2-
iPSCs effectively generated typical teratomas containing derivative
of all three germ layers, such as intestinal epithelia of endoderm,
blood of mesoderm, and epidermis of ectoderm (Fig. 5B).
A more stringent assay for pluripotency is to determine whether

iPSCs can generate chimera mice. The developmental potential
of the 4F+OAC-induced iPSCs was evaluated by injection of

Fig. 3. OAC1 and its structural analogs enhance reprogramming efficiency
in iSF1 media. (A) Schematic representation of iPSC generation from MEFs in
iSF1 media. (B) 4F (OSKM) infected OG2-MEFs were cultured in iSF1 medium
and treated with OAC1, OAC2, or OAC3 (1 μM each) for 7 d. GFP+ colonies
are shown in phase contrast and green fluorescence images. (Scale bar, 100
μm.) (C) The number of GFP+ colonies counted at day 5 and day 8. Error bars
are SD of the mean.

Fig. 4. Characterization of 4F+OAC-iPSCs. (A) SSEA1 immunostaining of 4F,
4F+OAC1, and 4F+OAC2-iPSCs. (Scale bar, 50 μm.) (B) Oct4 immunostaining
of 4F, 4F+OAC1, and 4F+OAC2-iPSCs. (Scale bar, 50 μm.) (C) Expression of
both the Oct4-GFP reporter (green) and Oct4 (red) in 4F+OAC2-iPSCs. (Scale
bar, 25 μm.) (D and E) Bisulfite sequencing analysis of Oct4 (D) and Nanog (E)
promoter regions in MEFs, mouse ESCs, 4F+OAC1 and 4F+OAC2-iPSCs. Open
and closed circles indicate unmethylated and methylated CpGs, respectively.
(F) RT-PCR analysis of endogenous (endo) Oct4, Sox2, and Nanog expression
in 4F, 4F+OAC1, and 4F+OAC2-iPSCs. Actin was included as a loading con-
trol. MEFs were included as a negative control and mouse ESCs as a positive
control. (G) RT-PCR analysis of exogenous (exo) viral genes in 4F, 4F+OAC1
and 4F+OAC2-iPSCs. MEFs were included as a negative control and cells
transiently transfected with the viral vector of each gene was included as
a positive control (PC).
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4F+OAC2-iPSCs into diploid blastocysts. After injection into
blastocysts, these iPSCs were able to produce live postnatal ani-
mals with high coat-color chimerism (Fig. 5C). The generation of
viable chimeras is a further indication of the developmental po-
tential of the 4F+OAC-induced iPSCs.
Collectively, these in vitro and in vivo results demonstrate that

a set of structurally related small molecules (OAC1-OAC3) is able
to enhance the efficiency of reprogramming somatic cells to iPSCs
that are morphologically, molecularly, and developmentally sim-
ilar to pluripotent ESCs.

Potential Mechanisms. To uncover the mechanism of OAC1-medi-
ated improvement of reprogramming efficiency, we first tested
whether OAC1 functions through regulation of DNA methylation
status on the endogenous Oct4 promoter. Human IMR90 fibro-
blast cells were treated with OAC1 or vehicle control for 2 d. Bi-
sulfite sequencing revealed no significant difference in Oct4
promoter methylation status between OAC1 and DMSO treated
cells (Fig. 6A). This result indicates that OAC1 enhanced repro-
gramming efficiency through a mechanism that is independent of
endogenous Oct4 promoter demethylation.
Recently, the p53-p21 pathway has been shown to serve as

a barrier in iPSC generation. Inhibition of the p53-p21 signaling
increased reprogramming efficiency (26, 28–31, 41). To investigate
whether compound OAC1 enhanced reprogramming efficiency by
affecting this pathway, we treated MEFs with vehicle control or
OAC1 and determined the expression level of p53 and p21 in the
treated cells. RT-PCRanalysis revealed no significant difference in
the expression levels of both p53 and its downstream target p21 in
DMSO and OAC1-treated cells (Fig. 6B). This result suggests that
OAC1 enhanced reprogramming efficiency through a mechanism
that is distinct from suppressing p53-p21 expression.
We then determined whether OAC1 regulates major signaling

pathways that are critical for embryonic stem cell pluripotency.
Specifically, we tested whether OAC1 regulates Wnt signaling,
a pathway that has been shown to play an important role in ESC
maintenance and pluripotency (42). We transfected CV1 cells with
the β-catenin–responsive reporter geneTopflash, and the transfected
cells were treated with vehicle control or OAC1 (Fig. 6C). The gly-
cogen synthase kinase 3β (GSK3β) inhibitor BIO was included as
a positive control (42). Luciferase assay revealed that OAC1 had no
effect on Topflash activity, although BIO activated the Topflash
reporter potently (Fig. 6C). This result indicates that OAC1 func-
tions through amechanism that is independent of theWnt signaling.
To further understand OAC1-induced enhancement of repro-

gramming efficiency, we compared the effect of OAC1 on the
activation of the Oct4 and Nanog promoters to the effect
of compounds that were shown to enhance reprogramming ef-
ficiency in previous studies, including BIX-01294 (BIX, an in-
hibitor of the G9a histone methyltransferase) (7), 5′-azacytidine
(AzaC, a potent DNA methylation inhibitor) (4), Vitamin C
(Vc) (12), Am580 (RAR agonist) (17), tranylcypromine (a ly-
sine-specific histone demethylase inhibitor) (11, 43), and
valporic acid (VPA, an HDAC inhibitor) (4, 5). We treated CV1
cells that were stably-transfected with the Oct4-luc or Nanog-luc

reporters with OAC1. The GSK-3β inhibitor BIO was shown to
maintain Oct4 expression in mouse ESCs (42) and was included
as a control. The Oct4-luc and Nanog-luc transfected cells were
treated in parallel with BIX, AzaC, Vc, Am580, tranylcypro-
mine, and VPA at the same concentrations that were used to
enhance reprogramming efficiency in the previous studies (4, 5,
7, 11, 12, 17, 43). OAC1 exhibited potent induction of both Oct4-
luc and Nanog-luc (Fig. 6 D and E). BIO displayed a lower level
induction of the two reporters (Fig. 6 D and E). However, no
significant effect on either reporter was detected for BIX, AzaC,
Vc, Am580, tranylcypromine, and VPA (Fig. 6 D and E). These
results revealed that OAC1 is different from other compounds
that enhance reprogramming efficiency. OAC1 may directly
activate Oct4 and Nanog promoters. Although BIO also acti-
vated Oct4 and Nanog promoters, the activation level was much
lower (Fig. 6 D and E) and it did not exert any notable effect on
reprogramming efficiency (16).
Next, we examined the dose–response and kinetics of OAC1-

mediated activation of Oct4 and Nanog promoters. OAC1 acti-
vated Oct4-luc considerably at 50 nM concentration, 2 d after
compound treatment (Fig. 6F). Activation of Oct4 is dose-de-
pendent, with highest induction at 1 μM of OAC1. The induction
is peaked around days 4 and 5 and plateaued at days 6 and 7
(Fig. 6F). A similar dose–response was observed for activation of
Nanog-luc by OAC1 (Fig. 6G). A substantial activation of
Nanog-luc was seen by OAC1 at 50 nM. The highest induction
occurred at 0.5–1 μM of OAC1. The induction is evident by day 2
after compound treatment, peaked around days 4 and 5, and
plateaued thereafter (Fig. 6G).
To test whether OAC1 activates endogenous Oct4 and Nanog

gene transcription, we treated MEFs with vehicle control or
OAC1. Consistent with the results from luciferase reporter
assays, RT-PCR analysis revealed that OAC1 activated endog-
enous Oct4 and Nanog mRNA expression (Fig. 6I). Oct4, Sox2,
and Nanog are central to the transcriptional regulatory hierarchy
for ESC pluripotency, forming the core transcriptional regula-
tory circuitry in ESCs (37). Because Oct4, Nanog, and Sox2 have
been shown to act in positive regulatory loops to regulate each
other expression (37) (Fig. 6H), we also determined Sox2 ex-
pression in OAC1-treated cells. OAC1 activated Sox2 mRNA
expression, along with Oct4 and Nanog (Fig. 6I).
Tet1 (Ten eleven translocation 1) has been shown to play an

important role in mouse ESC maintenance through sustaining the
expression of Nanog (44, 45). RT-PCR analysis revealed that Tet1
mRNA expression was also up-regulated in OAC1-treated cells
(Fig. 6J). The up-regulation of Tet1 is intriguing, as this is a gene
that converts 5-methylcytosine to 5-hydroxymethylcytosine and
may be involved in active DNA demethylation.

Discussion
Oct4 and Nanog are two key transcription factors that function as
major regulators of pluripotency and self-renewal in ESCs (46–48).
Moreover, Oct4 serves as a key pluripotency determinant in
reprogramming (38). Induction of endogenous Nanog expression
has also been shown to be essential for successful induction of iPSCs

Fig. 5. Developmental potential of 4F+OAC-induced
iPSCs. (A) Differentiation potential of ESCs, 4F+OAC1-iPSCs,
and 4F+OAC2-iPSCs in EB formation assays. During EB for-
mation, mouse ESCs, 4F+OAC1-iPSCs and 4F+OAC2-iPSCs
were differentiated into FoxA2+ endoderm, SMA+ meso-
derm, and Tuj1+ ectoderm cells. (Scale bar, 50 μm.) (B)
Teratoma formation of 4F+OAC2-iPSCs. The tissues of all
three germ layers, such as epidermis, blood, and intestinal
epithelia, were detected in 4F+OAC2-iPSC-derived tera-
toma sections. (Scale bar, 50 μm.) (C) Chimera mouse pro-
duction using 4F+OAC2-iPSCs. Adult mice with a high
degree of chimerism were developed from 4F+OAC2-iPSCs
after blastocyst injection.
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(20). In this study, we developed a phenotypic high-throughput
screening method and identified OAC1, a small molecule that
activates the expression of Oct4 and Nanog promoter-driven lucif-
erase reporters. We then found that transcription of endogenous
Oct4 andNanog are induced byOAC1 treatment. Furthermore, we
show that OAC1 and its two structural analogs OAC2 and OAC3
enhanced reprogramming efficiency fourfold, up to as high as
2.75%, and accelerated the appearance of iPSC colonies 3 to 4 d
when used in combination with the four reprogramming factors,
Oct4, Sox2, Klf4, and c-Myc. These small molecule compounds
represent a previously undescribed class of compounds.
The reprogramming efficiency of 4F (OSKM)+OAC1 is more

than 20-fold higher than that induced by the 4F alone in the
initial Yamanaka study (2). It is also higher than that induced
by 4F plus other compounds, such as VPA (4), Aza-C (4), ken-
paullone (14), and Repsox2 (9), based on the percentage of
colony numbers out of total seeding cell numbers (Table S2). It is
worth noting that this is not a direct comparison. The date when
the colony numbers were counted and the criteria by which the
colonies were scored varied case by case.
The iSF1 medium is proven to facilitate iPSC generation by

enhancing the efficiency of reprogramming (39). A screen of 16
compounds, including AzaC, TSA, VPA, and BIX, was performed
to evaluate their potential to enhance reprogramming efficiency
in iSF1 media (39). Among them, only VPA and TSA led to a
twofold increase in reprogramming efficiency at day 8 postinfec-
tion of reprogramming factors, no enhancement was detected

by other compounds (39). In this study, we showed that OAC1
enhanced reprogramming about fourfold at day 8 postinfec-
tion of 4F, suggesting that OAC1 improves reprogramming
efficiency more potently than other compounds tested in this
reprogramming system.
A number of chemicals have been reported to improve the

reprogramming efficiency, including compounds that alter DNA
methylation or histone modifications (4, 5, 7, 11–13, 43). When
tested in parallel, these compounds, including BIX, AzaC, Vc,
Am580, Tranylcypromine, and VPA, did not activate either Oct4
or Nanog promoter-driven luciferase activity 48 h after treatment,
in contrast to the potent activation of both Oct4 and Nanog
promoters by OAC1. Although BIO also activated Oct4 and
Nanog reporter activity in our assays, it activated the reporters at
a much lower level and this level of activation seemed not suffi-
cient to enhance reprogramming efficiency (16).
OAC1 and related analogs belong to a structural class of 5-

substituted pyrrolo[2,3-b]pyridine- and indole-based benzamides.
Although these are known classes of heterocycles, very little is
reported about their biological activities. OAC1 was recently
identified as a weak luciferase inhibitor with an EC50 of 6.37 μM
at 40 °C using loss of enzymatic activity as a measurement (49).
However, in a different assay called ATLAS (any target ligand af-
finity screen), no inhibition was detected (49). This result is con-
sistent with our observation that OAC1 exhibited no inhibition of
luciferase activity when tested at 1-μM concentration, although

Fig. 6. OAC1 activated endogenous Oct4, Nanog, Sox2, and
Tet1 expression. (A) Bisulfite genomic sequencing of the pro-
moter regions of OCT4 in human IMR90 fibroblasts treated
with or without OAC1 for 2 d. Open and closed circles indicate
unmethylated and methylated CpGs, respectively. (B) RT-PCR
analyses of p53 and p21 expression in vehicle or OAC1-treated
cells. MEFs were treated with OAC1 for 2 d and RNAs were
prepared from treated cells for RT-PCR analysis. (C) Topflash
luciferase reporter assays in CV1 cells treated with vehicle (C),
1 μM OAC1 or 2 μM BIO. (D and E) OAC1 activated Oct4 and
Nanog promoter-driven luciferase reporter genes. Oct4-luc (D)
or Nanog-luc (E) stably transfected cells were treated with
OAC1 (1 μM), BIO (2 μM), BIX (2 μM),AzaC (2 μM), Vc (25μg/mL),
Am580 (10 nM), Tranylcypromine (Tranyl, 5 μM), and VPA (0.5
mM) for 2 d. (F and G) Dose responsive of OAC1 in Oc4-luc or
Nanog-luc stably transfected cells.Oct4-luc (F) orNanog-luc (G)
-transfected cells were treatedwithOAC1 at concentrations of
50 nM, 100 nM, 250 nM, 500 nM, and 1 μM for 2–7 d. (H) A
diagram showing the Oct4, Sox2, and Nanog triad, forming
a regulatory feedback circuit. (I) OAC1 activated endogenous
Oct4, Sox2, and Nanog genes in MEFs as revealed by RT-PCR
analysis. (J) OAC1 activatedTet1 expression inMEFs as revealed
by RT-PCR analysis. Actin was included as a loading control.
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OAC1 induced Oct4 and Nanog reporter activity and mRNA ex-
pression at the same concentration.
TheOct4, Sox2, andNanog triad contributes toESCpluripotency

by forming feedforward and feedback loops to induce their own
expression and activate genes encoding components of key signaling
pathways governing ESC pluripotency and self-renewal (37). We
show here that OAC1 activated the expression of all three factors in
the triad. In addition, OAC1 activated the expression of Tet1,
a member of the Tet protein family that catalyzes the conversion
of 5-methylcytosine (5mC) of DNA to 5-hydroxymethylcytosine
(5hmC). Tet1 is expressed at high levels in mouse ESCs and has
been shown to play an important role in ESC maintenance and
pluripotency (44, 45, 50, 51). Activating the transcription of genes
that are key to ESC pluripotency and self-renewal, including Oct4,
Nanog, Sox2, and Tet1, provides a mechanism for compound
OAC1-induced improvement in reprogramming efficiency and dy-
namics. The observation of activation of Tet1 is intriguing, but
further studies will be necessary to determine the mechanisms by
which OAC1 activates the key pluripotency genes.
iPSCs provide great hope not only for basic biology by providing

experimental model systems, but also for disease prevention and
treatment via stem cell-based cell replacement therapy and stem
cell-based drug discovery. However, the low efficiency of iPSC
reprogramming is a hurdle to iPSC applications (52).We show here

thatOAC1 induced iPSC colony formation 3 d after transferring the
4F-transduced cells to the iSF1 reprogramming media and the
reprogramming efficiency reached 2.75% by day 8. Our finding that
an Oct4-activating small molecule is able to both enhance repro-
gramming efficiency and accelerate the reprogramming kinetics
suggests that this method may be used for large-scale iPSC gener-
ation for potential clinical applications. This study also paves the
way for detailed mechanistic studies to better understand the
reprogramming process.

Materials and Methods
The Oct4-luc cells were seeded at 1.75 × 104 cells per well density into 96-well
plates. Compounds were added to cells 1 d after cell seeding at the concentra-
tion of 10 μM for 24 h in the High-Throughput Screening core facility at City of
Hope. Compounds that induced luciferase activity threefold or more were se-
lected for further validation in both Oct4-luc and Nanog-luc cells.

Additional experimental procedures are provided in SI Materials
and Methods.
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