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CELL BIOLOGY

Reprogramming competence of OCT factors is
determined by transactivation domains

Kee-Pyo Kim', You wu?, Juyong Yoon'*, Kenjiro Adachi't, Guangming Wu'3¥, Sergiy Velychko',
Caitlin M. MacCarthy', Borami Shin’, Albrecht Ropke®, Marcos J. Arauzo-Bravo™®,
Martin Stehling’, Dong Wook Han®, Yawei Gao?, Johnny Kim®, Shaorong Gao?, Hans R. Scholer

OCT4 (also known as POU5F1) plays an essential role in reprogramming. It is the only member of the POU (Pit-Oct-Unc)
family of transcription factors that can induce pluripotency despite sharing high structural similarities to all other
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members. Here, we discover that OCT6 (also known as POU3F1) can elicit reprogramming specifically in human
cells. OCT6-based reprogramming does not alter the mesenchymal-epithelial transition but is attenuated through
the delayed activation of the pluripotency network in comparison with OCT4-based reprogramming. Creating a
series of reciprocal domain-swapped chimeras and mutants across all OCT factors, we clearly delineate essential
elements of OCT4/0CT6-dependent reprogramming and, conversely, identify the features that prevent induction
of pluripotency by other OCT factors. With this strategy, we further discover various chimeric proteins that are
superior to OCT4 in reprogramming. Our findings clarify how reprogramming competences of OCT factors are

conferred through their structural components.

INTRODUCTION

Somatic cells can be reprogrammed into induced pluripotent stem
cells (iPSCs) by ectopic expression of OCT4, SOX2, KLF4, and
MYC (hereafter referred to as O4SKM) (1). While SKM can be
replaced by a subset of their respective family members (2), OCT4
is the only factor that cannot be replaced by any of its family mem-
bers (2-5), despite their profound sequence conservation. In mice,
several other genes, which are evolutionarily unrelated to Oct4,
can, however, substitute for Oct4 in reprogramming (6-11). Specifically,
Nr5al, Nr5a2, Tetl, Sall4/Nanog, or Nkx3-1 together with SKM can
induce pluripotency by directly regulating endogenous Oct4 ex-
pression (6-9). In addition, Gata6, Gata3, Sox7, Pax1, Gata4, Cebpa,
Hnf4a, or Grb2 can also elicit reprogramming together with SKM
(10, 11). Their expression indirectly regulates endogenous Oct4 ex-
pression (11). These previous studies imply that any factor, which is
capable of activating endogenous Oct4, directly or indirectly, can
potentially replace Oct4 in reprogramming. Thus far, the possibility
of replacing Oct4 with these factors has been assessed mostly in
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mice, and profound interest lies in testing whether they can func-
tion similarly in other species and especially humans. Until now,
engineered GATA3 fused with the VP16 transactivation domain
(TAD) and NKX3-1 are the only known factors that can functionally
replace OCT4 in inducing pluripotency in humans (9, 12).

Despite the exceptional significance of OCT4 in reprogramming,
how its reprogramming competence and pioneering function are
actually mediated still remains unknown. Moreover, the question
arises why all other OCT factors do not have reprogramming func-
tion even though they harbor profound similarities with OCT4 at
the level of both primary and secondary structure. Like all OCT
factors, OCT4 harbors a DNA binding domain (DBD) and two in-
trinsic TADs (13-15). Few available studies have clearly attributed
the importance of OCT4 DBD toward the reprogramming process,
which is required to exert its pioneering function by binding to target
gene loci in closed chromatin and determine its reprogramming
competence (3, 5, 16-19). However, how transactivation of OCT4’s
target genes is conferred is largely unknown. As such, little attention
has been given to the functions of the TADs within OCT4. Whether
or how they influence its pioneering activity and reprogramming
competence has not been investigated.

Insights into reprogramming biology have been predominantly
obtained in murine systems. Consequently, molecular mechanisms
underlying human-specific iPSC generation remain much less
understood, although few studies have indicated significant species-
specific differences in the reprogramming process (18-22). Re-
programming biology provides an ever more promising avenue for
both disease modeling and regenerative medicine. Therefore, pro-
found interest lies in fully understanding the molecular mechanisms
of the reprogramming process per se but also in defining these
specifically in human cells. Here, we found that OCT6 could induce
pluripotency specifically in humans. Because OCT6 and OCT4
displayed different reprogramming competences, we created a series
of domain-swapped chimeras that enabled us to decipher specific
TAD:s as crucial elements in reprogramming. Isolating these TADs,
we further engineered an additional series of chimeras that ren-
dered almost all OCT factors competent in inducing pluripotency
and outperformed OCT4 in reprogramming.
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RESULTS

OCT6 induces pluripotency specifically in humans
Discovering factors that can functionally replace OCT4 might
enhance our understanding of the reprogramming process and
facilitate our definition of its role. So far, attempts to achieve this goal
have been performed mostly in mice (7, 8, 10, 11). As significant
species-specific differences in reprogramming exist (18-22), pro-
found interest lies in discovering factors that work differently be-
tween species. To this end, we performed a screen of 100 candidate
genes (table S1) to test their potential of inducing pluripotency in
conjunction with SKM in human fibroblasts. We selected 46 tran-
scription factors (e.g., HNF4A and GATA3) that are involved in
lineage specification, as counteracting two lineages has been shown
to induce pluripotency (10-12). We also selected four epigenetic
modifiers (e.g., TET1 and MBD3) that are crucial for the reprogramming
process (7, 23-26). We further selected 18 transcription factors that
are associated with induction and maintenance of pluripotency
(e.g., KLF2 and NANOG) (27-29). In addition, we selected 30 genes
related to germ cells (e.g. SALLI and TFAP2A), as germ cells and
pluripotent stem cells share gene expression profiles (30-32). Last,
we included OCT]1 (also known as POU2F1) and OCT6, which
belong to the same protein family as OCT4 (13-15). We then trans-
duced human fibroblasts with each candidate virus along with SKM
viruses, cultured them for 21 days, and stained the resulting cells
with TRA-1-60 antibody to score for the emergence of putative iPSC
colonies (Fig. 1A).

NR5A2, TET1, and GATA3, each of which can induce pluripo-
tency in mice (7, 8, 10, 11), failed to yield iPSC colonies in humans
(Fig. 1B), indicating their mouse-specific reprogramming activity.
As the transgenes were appropriately expressed in the transduced
cells (Fig. 1C), their failure was not due to inadequate transgene ex-
pression. GATA3 fused with VP16 TAD can induce pluripotency in
humans (12), but its wild-type version could not (Fig. 1B), suggest-
ing that its own transactivation activity is insufficient for human
reprogramming. OCT6, which fails to induce pluripotency in mice
(2-5), produced distinct iPSC colonies in humans (Fig. 1B). OCT6
was not expressed in human embryonic stem cells (ESCs) and iPSCs
(Fig. 1D), but it is expressed in specific tissues including brain, testis,
and skin (33-38), suggesting that this nonpluripotency gene acts as
a pluripotency inducer. All the tested genes besides OCT4 and OCT6
failed to yield iPSC colonies (fig. S1A). Together, these data demon-
strate decisive differences between murine and human reprogramming
and identify OCT6 as a human-specific pluripotency inducer.

Protein clustering analysis indicated that mouse and human
OCTS6 shared 98.89% identity, differing only in five amino acids
(fig. S1B). Reprogramming of human fibroblasts with human/mouse
OCTS6 resulted in iPSC colony formation with similar efficiencies
(Fig. 1E). In contrast, both human and mouse OCT6 failed to re-
program mouse embryonic fibroblasts (MEFs). These data indicate
that the difference of five amino acids between human and mouse
OCTS6 is not a determinant for their functionality. Although human
and mouse OCT4 (82.5%) shared less identity than human/mouse
OCTS6 (fig. S1C), human/mouse OCT4 could induce pluripotency
in both mouse and human cells (Fig. 1F). Together, these data show
that interspecies variations of orthologous OCT proteins do not fully
account for their species-dependent reprogramming competence.

From the screening plates, wherein nine iPSC colonies had
emerged from OCT6/SKM-transduced cells (fig. S1D), two iPSC
lines were established. These iPSC lines fulfilled all hallmarks of
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pluripotency, as determined by morphological assessment, gene
expression profiling, transgene integration, bisulfite sequencing,
karyotyping, and teratoma formation (fig. S2, A to G).

Common and distinct characteristics of OCT6 and OCT4

in reprogramming

Because both OCT6 and OCT4 elicited iPSC formation, we next
compared characteristics of these OCT proteins in reprogramming.
OCT6-based reprogramming was less efficient than that of OCT4
(Fig. 1G), although the transgenes displayed stoichiometrically
equivalent expression levels (Fig. 1H). This lower efficiency was
maintained upon extended culture (fig. S3A), and switching the donor
cell type to neonatal human foreskin keratinocytes (NHFK) and
human umbilical vein endothelial cells (HUVEC), which display
higher cellular plasticity than fibroblasts (39, 40), did not change this
lower efficiency (fig. S3B). Furthermore, increased viral levels of
OCT6 did not improve this lower efficiency but rather negatively
influenced the reprogramming process (fig. S3C). Overall, OCT4 and
OCT6 have different reprogramming competences, although they
are functionally interchangeable in inducing pluripotency.

Sodium butyrate [NaB, a histone deacetylase (HDAC) inhibitor]
supply enhances OCT4-based reprogramming by increasing its
transactivation activity (41, 42). This raises the question whether
OCT6-based reprogramming is similarly amenable to acceleration.
NaB supply markedly enhanced the reprogramming efficiency of
both OCT4 and OCT6 (fig. S3E). The enhanced reprogramming
efficiency went along with elevated expression of pluripotency
genes including, but not limited to, NANOG and LIN28A (fig. S3F),
which was mediated by the increased transactivation activity of both
OCT proteins (fig. S3G). The binding ability of OCT4 and OCT6 to
pluripotency gene enhancers remained unchanged upon the NaB
supply (fig. S3H), suggesting that DNA binding of OCT proteins
alone does not fully account for their reprogramming capability,
but target gene activation through TADs is rather crucial for re-
programming.

The partnership between OCT4 and SOX2 is essential to establish
the fundamental feature of the pluripotency network (43), raising
the question whether OCT6 is subject to a similar criterion. We
found that both OCT4 "Y/P¥R and OCT6 2'Y'P?R which are de-
fective in OCT-SOX binding (44), failed to yield any iPSC colonies
(Fig. 1I), suggesting that SOX2 is an essential patterner for OCT6 to
elicit reprogramming. In addition, we found that OCT4/SOX2
additionally required at least either KLF4 or MYC to elicit iPSC for-
mation (Fig. 1]). In contrast, OCT6/SOX2 required both KLF4 and
MYGC, suggesting that in comparison to OCT4, the reprogramming
competence of OCT6 depends more strongly on additional factors
that facilitate the reprogramming process.

In mice, OCT6 is not expressed in naive pluripotent iPSCs, but it
is expressed in epiblast stem cells (EpiSCs) (Fig. 1D) (45, 46), which
are commonly referred to as primed pluripotent stem cells. Because
OCTS6 can produce human iPSCs, which are thought to represent a
primed pluripotent state (28, 29), we speculated that OCT6 might
not induce a naive but a primed state of pluripotency in mice. In
contrast to OCT4, however, OCT®6 failed to yield mouse EpiSC-like
colonies (fig. S3D), demonstrating that neither naive nor primed
pluripotency can be achieved by OCT6 in mice. Together, these
data reveal commonalities but decisive differences between OCT4-
and OCT6-based reprogramming: They are both amenable to marked
enhancement by reduction in an epigenetic blockade but display

20f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A SIKIM SIKIM c
[3'} (s}
i O34 <+ < - < ©
58 T S P s g £ b 5 g g
2\ e N\ 2 _0.Z . F_.0_0.w
A GOl - - » e -
SR, @ @ : %0 SOX2 @ - = o - -
[ = s =4 -3 2 - o 10 P B NS o @ -8
t T 1 INAB t Day MYC 9 = -& o9
Seeding Infection Wash Infection Wash  Split hESC TRA-1-60 TUBULIN | | e | oo (g | o an| = o
fibroblasts medium staining
B D
*+SKM Human Mouse
&)
o QO o 0w 9 &)
o] 17 w o 3
€ taef2sa 5§52
5 ocTe | -
fis]
3 ocT4 | wmwe —_—
< PAX6 | - -I
=
o DESMIN | e - |
o
2 TUBUL|N|~---——-—|
E G
” 20 Fib 100 MEF ® 100 Fib 700 MEF “ 100
Q [0 Q
[0} ° k) 2
Swys A S 4 80 8 0% 5 , 80
373 S 373 S 500 83
b (8] 8 (8] 60 +O o 60 8 [§] b o 60
© 5 L O © 5 . & 400 © 5
T 10 i Ty &5 13
éN 9!.040 §N40 910300 §N40
F 5 S5 ] S © 200 Eg
SQ'S 00_20 “60_20 o & "50.20 Hkk
o Z S Z 100 S
b4 0 ol b4 b4 0
O,\‘b c}b c,}Q) é\fo 0 c:\b‘ c,}b‘ 0 c,}v c}b‘ OCT4 OCT6
(\O e;o (\O 00 (\O e;o (\O Q)O +SKM
2 & © & @ & @ &
& > & 3> & 3 & 3
W W & W & W
+SKM +SKM +SKM +SKM
H | J
" 100 ” 18 =+DMSO
s = _g ok .“é 16 m+NaB
S~ S , 80 S 4, 14 m+NaB/SB431542
0w 0 Q = o =
< © O o (SN} 12
© O 52 60 5y
FLAG - Qo © 35 10
oCT4 - <X 40 £ g
=5 =g
OCT6 — ~§ S 5o ‘3 S g I
SOX2 — § . 2 2
TUBULIN | e 0 s Q@‘a* L Q,é* 0 OCT4 OCT6 OCT4 OCT6 OCT4 OCT6
g & & & +SK +SM +S
& &
(@) (@)
+SKM

Fig. 1. Factor screening identifies OCT6 as a pluripotency inducer in humans. (A) Schematic representation of the screening procedure. We transduced fibroblasts
with each candidate virus along with SKM viruses. After two serial infections over the course of 3 days, the transduced cells were plated onto the plates precoated with
feeder cells and cultured in hESC medium for 21 days. NaB (an HDAC inhibitor) was supplied to the medium for the first 10 days. The resulting cells were then stained with
TRA-1-60 antibody. One hundred candidate genes (see table S1) were used as factor X. (B) Phase-contrast and fluorescence images of TRA-1-60" colonies that had
emerged from fibroblasts transduced with the indicated factors. Scale bar, 250 um. (C) Western blot for GOI (OCT4, NR5A2, TET1, GATA3 and OCT6), SOX2, KLF4, MYC, and
TUBULIN in fibroblasts that were transduced with the indicated factors. GOI, gene of interest. (D) Western blot for OCT6, OCT4, PAX6, DESMIN, and TUBULIN in the indi-
cated samples. Fib, fibroblasts; NPC, neural precursor cells that were differentiated from HUES6; MEF, mouse embryonic fibroblasts; EpiSC, epiblast stem cells; NSC, neural
stem cells. (E to G) Quantification of TRA-1-60" colonies that had emerged from cells transduced with the indicated factors (n = 3). (H) Western blot for FLAG, OCT4, OCT6,
SOX2, and TUBULIN in O4SKM- and O65KM-transduced cells. FLAG tag was fused to N-TADs of OCT4 and OCTS. (I) Quantification of TRA-1-60" colonies that had emerged
from fibroblasts transduced with the indicated factors (n = 3). (J) Quantification of TRA-1-60" colonies that had emerged from fibroblasts transduced with the indicated
factors (n = 3). The transduced cells were cultured with dimethyl sulfoxide (DMSO) or the indicated chemicals. ***P < 0.001.
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significant differences in reprogramming competence and depen-
dence on other reprogramming factors.

OCT6-based reprogramming is attenuated through delayed
activation of pluripotency network
The difference of reprogramming efficiency between OCT4 and
OCTS6 is of particular interest because it provides a unique access
point to determine differential reprogramming features between these
OCT proteins. More specifically, these differences may highlight
the features that render OCT4 as a strong pluripotency inducer. To
this aim, we first sought to elucidate the molecular mechanisms un-
derlying the OCT6-based reprogramming process in comparison
with that of OCT4. We performed RNA-sequencing (RNA-seq) on
FACS (fluorescence-activated cell sorting)-sorted CD13/TRA-1-60"
cells that had emerged from O4SKM- and O6SKM-transduced cells
over time (fig. S4A). Up to six replicates for eight to nine individual
time points over the reprogramming process were processed (table
S2). Replicates displayed high concordance (fig. S4B), and each
sample yielded an average of ~19.4 million mapped reads (table S2).
The abundance of CD137/TRA-1-60" O6SKM-transduced cells on
day 2 was extremely low (fig. S4A). Consequently, RNA-seq of these
samples led to significantly lower coverage compared with all other
samples, and these were, therefore, excluded from comparative down-
stream analyses. As expected, both O4SKM- and O6SKM-transduced
cells triggered marked transcriptomic changes over time in a pro-
gressive fashion and converged together toward an end point state
of pluripotency (Fig. 2, A and B, and fig. $4B). Both O4SKM- and
O6SKM-transduced cells displayed two major trajectories of tran-
scriptome transition: an initial transition phase (days 2 to 6) indic-
ative of reprogramming induction and a late transition phase (days 8
to 16) indicative of reprograming maturation (fig. S4B). Differentially
expressed genes between time points of each condition (>2-fold;
P < 0.01) were subdivided into activated, repressed, or transiently
changed genes (fig. S4C). This subdivision revealed a notably high
concordance of transcriptome changes over time between O4SKM- and
O6SKM-transduced cells (fig. S4, D to F), suggesting that OCT4 and
OCT6 engage similar molecular events to achieve reprogramming.
O6SKM-transduced cells underwent a markedly slower transi-
tion toward pluripotency in comparison with O4SKM-transduced
cells (Fig. 2, A and B, and fig. S4B). For example, O6SKM-transduced
cells on days 4 to 6 still clustered with fibroblasts (fig. S4B), and
O6SKM-transduced cells on days 8 to10 clustered with O4SKM-
transduced cells on days 2 to 4 (Fig. 2, A and B). A mesenchymal-to-
epithelial transition is required for the formation of iPSCs from
fibroblasts, which is associated with the progressive down-regulation
and up-regulation of fibroblast- and epithelial-related genes, re-
spectively (47, 48). Both O4SKM and O6SKM equally induced down-
regulation of fibroblast genes, including, but not limited to, VIM,
CLOL1A2, and FN1, and up-regulation of epithelial genes, such as
EPCAM, CLND?7, and CRB3 (Fig. 2C). In contrast, while pluripotency
genes (GDF3, NODAL, and DPPA2) were activated as early as day 2 in
O4SKM-transduced cells, O6SKM-induced activation of those genes
was first apparent after day 8 (Fig. 2C and fig. S4C). This delayed acti-
vation of pluripotency genes was confirmed by immunofluorescence.
OCT4(endorexo)t and NANOG™ cells appeared on day 0 (day 5 after
infection) to day 2 of O4SKM-transduced cells, but were only
detected from day 10 onward in O6SKM-transduced cells (fig. S4G).
Transgene silencing is an important feature for successful re-
programming (49). Immunofluorescence analysis revealed silencing
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of OCT4"™ 4% and OCT6™ ¢ transgenes in emerging NANOG" cells
(Fig. 2D). However, transgene silencing was delayed in O6SKM-
transduced cells, which occurred on day 14, while O4SKM-transduced
cells underwent transgene silencing as early as day 6 (Fig. 2D).
Transgene silencing was the result of a gain of methylation at CpG
sites of the 5’ long terminal repeat (LTR) promoter of the viral vector
(Fig. 2E) and was likely mediated by the timely induction of a de
novo methyltransferase DNMT3B (Fig. 2, F and G). Consistent with
the delayed acquisition of pluripotency, the induction of DNMT3B
expression was markedly delayed in OCT6-based reprogramming
that resulted in the delayed transgene silencing (Fig. 2, D to G).

To characterize binding events of OCT4 and OCTS6, we next per-
formed chromatin immunoprecipitation followed by high-throughput
sequencing [chromatin immunoprecipitation sequencing (ChIP-seq)]
for FLAG in O4""A°SKM-transduced cells (day 2), 066 SKM-
transduced cells (day 2), and 06" SSKM-transduced cells (day 8).
Despite binding sites of OCT6AG (day 2) and OCT6MAG (day 8)
were enriched in the same OCT motif, distribution patterns of
OCT6™ 4% binding sites onto genomic regions at the respective
time points were largely different (Fig. 2, H and I). Along this line,
only few binding sites of OCT6"* (day 2) (06_day2 common: 55)
were overlapped with those of OCT4FAG (day 2) (Fig. 2]). In con-
trast, we found a large proportion of OCT6"*“ (day 8) binding sites
(06_day 8 common: 11,627) that was overlapped with OCT4"A¢
(day2) binding sites. As expected, gene ontology (GO) terms of
nearest genes of O6_day 8 common sites and their genomic distri-
bution profiles were highly similar to those of OCT4™¢ (day 2)
binding sites (Fig. 2, K and L). However, GO terms of nearest genes,
which were uniquely bound by OCT6"™4% (day 8), and their genomic
distribution profiles were rather similar to those of OCT6 ™A (day 2)
binding sites. Genome browser view and ChIP-quantitative po{Z—
merase chain reaction (qQPCR) further confirmed that OCT6 4G
displayed differential binding abilities to enhancers of pluripotency
genes during r?rogramming (Fig. 2, M and N). No obvious bind-
ing of OCT6"C to these enhancers was observed on days 2 to 6
(Fig. 2N). However, significant binding of OCT6 46 to the enhancer
regions appeared first on day 8 (Fig. 2, M and N) in concomitance
with their activation (Fig. 2C), and its binding further increased on
day 10 (Fig. 2N). Together, these data clearly indicate that OCT6 has
differential binding abilities to loci where OCT4 normally bind to
during the reprogramming process, and the delayed O6SKM-based
reprogramming is at least in part due to attenuated binding kinetics
of OCT6 to regulatory regions of pluripotency genes.

Transactivation domains influence the

reprogramming process

The DNA binding targets of OCT6 were similar to those of OCT4,
but its binding kinetics and activation of the target genes were
delayed (Fig. 2, C and M). Furthermore, TADs of OCT4 and OCT6
proteins exhibited different transactivation activities (Fig. 3, A and B).
Specifically, the overall transactivation activity of OCT4, when both
N- and C-TADs were probed together, was >1.4-fold higher than
that of OCT6. Furthermore, OCT6 N-TAD displayed a >1.4-fold
higher activity than OCT4 N-TAD, while OCT4 C-TAD displayed
a marked >21-fold higher activity than OCT6 C-TAD. To under-
stand how functional features of two structural components (DBD
and TAD) endow two OCT proteins with different reprogramming
competences, we created a series of domain-swapped chimeras in
which N-, C-, or N-/C-TAD of OCT4 or OCT6 was introduced into
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Fig. 2. Characterization of OCT4- and OCT6-based reprogramming. (A) Unsupervised hierarchical clustering analysis of the indicated samples. The list of samples we
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Scale bar, 250 um. (H) Motif analysis of OCT4™A¢ and OCT6™ binding sites. While OCT4™ % predominantly bound to the SOX-OCT motif, OCT6™A° bound to the MORE
motif. (I) Genomic distribution patterns of OCT4™AC and OCT6EAC binding sites. (J) Quantification of common and unique binding sites of OCT6MAC and OCT4™AC, (K) GO
terms of common and unique binding sites of OCT6™A° and OCT4™. (L) Genomic distribution patterns of common and unique binding sites of OCT6™A¢ and OCT4"™AS,
UTR, untranslated region. (M) Representative regions cobound by OCT4™A%/0CT6™AC and p300. (N) ChIP assay of pluripotency gene enhancers in the indicated samples
(n=3). The fold enrichment was calculated by the standard curve method and normalized to the value obtained at a negative control region. d or D, day. ***P < 0.001,
**P<0.01,and *P < 0.05.
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reciprocal sites of OCT6 or OCT4, respectively, and tested their re-
programming capacity (Fig. 3, C and D). The chimeras were named
on the basis of the origin of each functional unit in order: N-TAD,
DBD, and then C-TAD. For example, 0446 consisted of OCT4
N-TAD, OCT4 DBD, and OCT6 C-TAD (Fig. 3C). 0664 and 0464
showed a significant increase in reprogramming efficiency com-
pared with OCT6, and both produced iPSC colonies as efficiently as
OCT4 (Fig. 3E). Moreover, 0466 yielded fewer iPSC colonies than
OCT6. These data show that OCT4 N-TAD and OCT6 C-TAD
negatively influence reprogramming or, conversely, that OCT4 C-TAD
and OCT6 N-TAD are responsible for their positive impact on re-
programming. ChIP assays revealed that the binding abilities of
0466, 0664, and 0464 to OCT4, NANOG, KLF5, and FGFR1 en-
hancers were similar (Fig. 3F). Thus, the increased reprogramming
efficiency of O664 and 0464 over OCT6 was due to the domain-
swapped OCT4 C-TAD, which displayed the higher transactivation

activity (Fig. 3B). Consistently, 0644 and 0646 produced iPSC
colonies as efficiently as OCT4, but 0446 significantly lost its re-
programming competence (Fig. 3E), further confirming that OCT4
N-TAD and OCT6 C-TAD negatively influence reprogramming.
The loss of reprogramming competence of 0446 appeared to be a
consequence of its diminished binding ability to the pluripotency
gene enhancers (Fig. 3F), further indicating that the OCT4 C-TAD
is involved in DNA binding. 0646, which did not contain the OCT4
C-TAD, produced iPSCs as efficiently as OCT4 (Fig. 3E), and its
binding ability to the OCT4, NANOG, KLF5 , and FGFRI enhancers
was comparable to that of OCT4 (Fig. 3F), suggesting that similar to
the OCT4 C-TAD, the OCT6 N-TAD is involved in DNA binding.
Consequently, 0644, which contained both the OCT4 C-TAD
and the OCT6 N-TAD, showed the highest binding ability to the
pluripotency gene enhancers and produced the most iPSC colonies
(Fig. 3, E and F). The increased reprogramming efficiency of 0464
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Fig. 3. Identification of transactivation domains negatively or positively influences the reprogramming process. (A) Western blot for G4DBD and TUBULIN in HeLa
cells transfected with the indicated luciferase constructs. G4DBD, DNA binding domain of the yeast transcription factor Gal4. (B) Relative luciferase activity of the indicated
constructs (n = 3). The luciferase activity of the indicated constructs was normalized to that of G4DBD. (C) Schematic representation of OCT4-OCT6 chimeras. (D) Western
blot for FLAG, SOX2, KLF4, MYC, and TUBULIN in fibroblasts that were transduced with the indicated factors. FLAG tag was fused to N-TADs of each factor. (E) Quantifica-
tion of TRA-1-60" colonies that had emerged from fibroblasts transduced with the indicated factors (n = 3). (F) ChiP assay of pluripotency gene enhancers in cells that were
transduced with the indicated factors (n = 3). ChiP assay was carried out on day 2 of reprogramming. The fold enrichment was calculated by the standard curve method
and normalized to the value obtained at a negative control region. (G) Expression of OCT4, NANOG, and TRA-1-60 in cells that were transduced with the indicated factors.
The OCT4 antibody recognizes OCT4 N-TAD so that it can detect both endogenous OCT4 and exogenous 0464 proteins in 0464/SKM-transduced cells. DAPI was used as
a nuclear counterstain. Scale bar, 100 um. ***P < 0.001, **P < 0.01, *P < 0.05, and ns P> 0.05.
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and 0646 over OCT6 was largely associated with shorten reprogramming
kinetics, as the first OCT4" and NANOG" cells/colonies appeared
on day 0 or 2 (Fig. 3G). Overall, these findings unequivocally delineate
TADs within OCT factors as critical elements that render different
reprogramming outcomes.

Intrinsic properties within POU lll factors that are essential
or detrimental to reprogramming
Eight proteins within the POU (Pit-Oct-Unc) family have been
classified as OCT proteins (Fig. 4A) (13, 14), of which only OCT4 is
highly expressed in both naive and primed pluripotent stem cells
(Fig. 4B). The class III POU factors OCT6, OCT7 (also known as
POU3F2 and BRN2), OCTS8 (also known as POU3F3 and BRN1),
and OCT?9 (also known as POU3F3 and BRN4) are all expressed in
brain cells (13-15, 36, 38) and have been shown to display functional
redundancy in vivo (34, 35, 37). High sequence similarities between
POU III factors explain their similar DNA binding characteristics
as a predominant reason for their functional similarities (3, 50, 51).
Despite these similarities, OCT6 was the only POU III factor that
could induce pluripotency by activating OCT4 and NANOG on
day 8 (Fig. 4, C to E), raising the question as to what makes OCT6
unique among the POU III factors. The protein sequence alignment
revealed that OCT6 differed from other POU III factors by seven
amino acids within the DBD domain (Fig. 4F). Mutations of these
amino acids (OCT6"*4, OCT6"*, and OCT6“"**N) significantly
reduced its reprogramming competence (Fig. 4G and fig. S5A). Of
those three, OCT6°"'*S entirely lost its reprogramming competence,
demonstrating that the residue Gly'"? is necessary for reprograming
competence of OCT6 or, conversely, that the residue Ser'"? is detri-
mental to OCT7-, OCT8-, and OCT9-based reprogramming. We next
created a series of reverse mutants (OCT751*¢, OCT8%13¢, OCT9S13,
OCT7 7#ASI3G 5 Tg TH4ASIG g T74ASIIG 3Ty T74ASIIG,
GI3SN o org T74ASIIG GI3N 1 4 0 CTg TH4ASIIZG. GI3NY 4 4 fested
their reprogramming capacity. None of them yielded iPSC colonies
(Fig. 4H), suggesting that additional elements beside the residue Gly'"?
are required to induce pluripotency by these POU III proteins.
Luciferase assays revealed that TADs of the POU III factors
exhibited variable transactivation activities (Fig. 5A and fig. S5B).
This finding raises the possibility that the TADs might be additional
elements that endow the POU III factors with different reprogramming
competences. To test this, we created 18 domain-swapped chimeras
and tested their reprograming ability (Fig. 4 and fig. S5C). All
chimeras containing the DBDs of OCT7, OCT8, or OCT?9 failed to
induce pluripotency (Fig. 41), confirming that the residue Ser'"” within
the DBDs is determinantal to reprogramming. When both OCT6
N-TAD and OCT6 DBD were introduced into corresponding sites
of OCT7, OCT8, and OCT9 (0667, 0668, and 0669), they could
produce iPSC colonies (Fig. 4I). Together, these data demonstrate
that the uniqueness of OCT6 among the POU III factors arises from
two intrinsic properties (Gly'"? in its DBD and its N-TAD) and that
the persistent deficiency of OCT7, OCT8, and OCT? in reprogram-
ming is largely due to both Ser''? in their DBDs and their N-TADs.

Strong reprogramming competence of OCT4 arises from

its C-TAD

Thus far, our findings reveal that the OCT4 C-TAD is not only
necessary for the strong reprogramming function of OCT4 itself
but also sufficient to bestow superior reprogramming capacity when
transferred to OCT6. In extension of these findings, we created an
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additional series of domain-swapped chimeras (fig. S5, D and E) to
test whether the C-TAD and/or N-TAD of OCT4 could bestow re-
programming competence to all other OCT family members which
otherwise cannot induce pluripotency (Fig. 4E). As displayed in
Fig. 5B, we found that (i) when N-TADs of all POU III factors
were introduced into corresponding sites of OCT4 (0644, 0744,
0844, and 0944), they produced iPSC colonies as efficient as OCT4,
suggesting that the OCT4 N-TAD can be functionally replaced by
N-TADs of the POU III factors; (ii) when C-TADs of all POU III
factors were introduced into corresponding sites of OCT4 (0446,
0447, 0448, and 0449), they significantly lost reprogramming
competence, confirming that the OCT4 C-TAD is critical for re-
programming; and (iii) when both N- and C-TADs of all POU III
factors were introduced into corresponding sites of OCT4 (0646,
0747, 0848, and 0949), they produced iPSC colonies with variable
efficiencies, which well correlated with the transactivation activities
of their corresponding N-/C-TADs (Fig. 5A). As shown in Fig. 5C,
we further found that (i) when the N-TAD of OCT4 was introduced
into corresponding sites of the POU III factors (0466, 0477, 0488,
and 0499), they did not yield any iPSC colonies, like OCT7, OCTS,
and OCT?9, confirming that the OCT4 N-TAD does not play a critical
role in reprogramming; (ii) when the C-TAD of OCT4 was intro-
duced into corresponding sites of the POU III factors (0664, 0774,
0884, and 0994), they efficiently produced iPSC colonies, confirm-
ing that the OCT4 C-TAD has a profound effect on reprogramming;
and (iii) when both N- and C-TADs of OCT4 were introduced into
corresponding sites of the POU III factors (0464, 0474, 0484,
and 0494), they produced iPSC colonies with variable efficiencies,
confirming that OCT6 DBD and other POU III factor DBD have
different abilities for reprogramming, which is largely due to the
residue Gly/Ser'"® (Fig. 4, F and G). The stability of the various chi-
meric proteins did not appear to play a role in their reprogramming
competence, as judged by their similar expression levels revealed by
Western blot (fig. S5, D and E). Together, these results unequivocally
demonstrate that the C-TAD of OCT4 is the unique functional entity
across all OCT factors that make OCT4 a strong reprogramming
inducer.

Characterization of chimeras that are superior to OCT4

Our domain-swapping strategy resulted in the identification of four
chimeras (0644, 0744, 0944, and O774) that outperformed OCT4 in
reprogramming (Fig. 5, B and C). To elucidate how they achieve
such a high reprogramming efficiency, we transduced fibroblasts
with viruses containing 0644, 0744, 0944, 0774, or OCT4 (Fig. 6A)
and monitored cell fate transition toward pluripotency by flow
cytometry. At the early phase of reprogramming (days —4 to 6),
0644, 0744, and 0944 produced more TRA-1-60" cells than OCT4
(Fig. 6B and fig. S6A). Furthermore, they elicited reprogramming
faster than OCT4, as evidenced by significantly elevated expression
of pluripotency genes (Fig. 6C). This accelerated reprogramming
process was mediated by the increased binding ability of 0644,
0744, and 0944 to the pluripotency gene enhancers (Fig. 6D),
suggesting that the superiority of 0644, 0744, and 0944 in re-
programming is by virtue of their positive regulation onto key
pluripotency genes. In contrast to these, 0774, however, displayed
lower binding ability to these enhancers, mediated slower repro-
gramming process, and yielded fewer TRA-1-60" cells than OCT4
(Fig. 6, B to D, and fig. S6A), indicating that O774 engages in a
different route to achieve such a high reprograming efficiency.
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Fig. 4. Intrinsic properties that are essential or detrimental to POU Il factor-based reprogramming. (A) Schematic representation of eight OCT proteins. The num-
bers indicate length of amino acids. N-TAD, N-terminal transactivation domain; DBD, DNA binding domain; C-TAD, C-terminal transactivation domain. The DBD has a bi-
partite structure with two subdomains, POU-specific domain (red) and POU-homeodomain (blue), which are connected by a linker (green). (B) Expression levels of all OCT
factors in primed and naive pluripotent stem cells (n=2 to 3). The data were obtained from ArrayExpress (E-MTAB-2857, E-MTAB-2856, and E-MTAB-2856). fpkm, frag-
ments per kilobase million. (C) Relative expression of OCT4 and NANOG in the indicated samples (n = 3). Expression values of these genes were normalized by expression
value of RPL37A. (D) Western blot for FLAG, SOX2, KLF4, MYC, and TUBULIN in fibroblasts that were transduced with the indicated factors. FLAG tag was fused to N-TADs
of all OCT factors. (E) Quantification of TRA-1-60* colonies that had emerged from fibroblasts transduced with the indicated factors (n = 3). (F) Protein sequence alignment
of OCT factor's DBD. (G to I) Representative images and quantification of TRA-1-60* colonies that had emerged from fibroblasts transduced with the indicated mutants
and chimeras (n =6). ***P < 0.001 and **P < 0.01.
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Fig. 5. Strong reprogramming competence of OCT4 arises from its C-TAD. (A) Relative luciferase activity of the indicated constructs (n =3). The luciferase activity of
the indicated constructs was normalized to that of G4DBD. (B and C) Representative images and quantification of TRA-1-60* colonies that had emerged from fibroblasts
transduced with the indicated chimeras (n =6). ***P < 0.001, **P < 0.01, *P < 0.05, and ns P> 0.05.
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Fig. 6. Characterization of chimeras that are superior to OCT4. (A) Western blot for FLAG and TUBULIN in cells that were transduced with the indicated factors. FLAG
tag was fused to N-TADs of each chimera. (B) Quantification of cells that had immunoreactivity to CD13 and TRA-1-60 by flow cytometry (see fig. S6A). (C) Relative expres-
sion of DPPA4, SALL4, DPPA2, and PRMD14 in the indicated samples (n = 3). Expression values of these genes were normalized by expression value of RPL37A. (D) ChIP
assay of OCT4, NANOG, KLF5, and FGFR1 enhancers in cells that were transduced with the indicated factors (n = 3). ChiP assay was carried out on day 2 of reprograming.
The fold enrichment was calculated by the standard curve method and normalized to the value obtained at a negative control region. (E) FACS plots for CD13 and TRA-
1-60in the indicated samples. 04SKM- and O774/SKM-transduced cells were cultured and stained with CD13 and TRA-1-60 antibodies at the indicated days. Their expres-
sion was analyzed by flow cytometry. (F) Relative expression of OCT4, SOX2, EOMES, ISL1, PAX6, and GATA3 in the indicated samples (n =2 to 3). Expression values of these
genes were normalized by expression value of RPL37A. (G) Fluorescence images NANOG* and GATA6" cells in O4SKM- and 0774/SKM-transduced cells. The cells were
stained on day 18 of reprogramming. DAPI was used as a nuclear counterstain. Scale bar, 500 um. ***P < 0.001, **P < 0.01, *P < 0.05, and ns P > 0.05.
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Further investigations on the late phase of reprogramming
(days 8 to 18) revealed that the number of TRA-1-60" cells contin-
uously increased in O774-transduced cells but greatly decreased in
OCT4-transduced cells on day 12 and beyond (Fig. 6E). Moreover,
pluripotency genes were continuously up-regulated and/or main-
tained their expression in O774-transduced cells over time but were
markedly down-regulated in OCT4-transduced cells on day 12 and
beyond (Fig. 6F). The down-regulation of pluripotency genes was
accompanied by the up-regulation of EOMES (an early mesendoderm
maker), ISL1 (a cardiac mesoderm maker), PAX6 (a neuroectoderm
maker), and GATA3 (a mesoderm marker), indicative of spontaneous
differentiation (Fig. 6F). We further confirmed that a large propor-
tion of GATA6" (an endoderm maker) cells within NANOG" colo-
nies had emerged from OCT4-transduced cells (Fig. 6G). However,
GATAG6" cells were barely detected in NANOG" colonies that had
emerged from O774-transduced cells, indicating that iPSC colonies
generated by OCT4 have a higher propensity toward differentiation
compared with ones generated by O774. Both OCT4 and 0774
transgenes were silenced at the early phase of reprogramming (fig.
S6B), suggesting that transgene expression does not fully account
for the stability of iPSC colonies generated from OCT4- and O774-
transduced cells. Together, these data demonstrate that while 0644,
0744, and 0944 mediate their superiority by directly regulating key
pluripotency genes at early stages of reprogramming, 0774 medi-
ates its superiority by stabilizing the pluripotency state at late stages
of reprogramming.

DISCUSSION

Given the tremendous potential of iPSCs for regenerative medicine
and disease modeling, a comprehensive understanding of repro-
gramming mechanisms in a human-specific context has become
increasingly more important. In this study, we discover that OCT6
can induce pluripotency specifically in humans. This discovery pro-
vides a means to compare between OCT4- and OCT6-mediated
reprogramming in unprecedented detail and prompts us to dis-
sect and determine the functionality of individual domains across
all OCT proteins. Thereby, we answer the long-standing open ques-
tion as to what makes OCT4 such a strong reprogramming factor,
e.g., what features does OCT4 have that other OCT factors do not
have? In addition, how do those features convey reprogramming
competence?

OCT4 is a pioneer transcription factor (18, 19) and has strong
reprogramming competence compared with its family members
(Fig. 4E), but exactly how its reprogramming competence and
pioneering function are achieved has essentially remained unknown.
Few available studies have attributed the importance of OCT4
DBD toward reprogramming, which is required to exert its pioneer-
ing function and determine its reprogramming competence (3, 5, 16-19).
However, our current study unequivocally shows that the strong re-
programming competence of OCT4 is achieved through its C-TAD. The
absence of the OCT4 C-TAD abolishes its binding ability to regula-
tory regions of pluripotency genes that results in a significant loss of
reprogramming competence. Conversely, introducing the OCT4
C-TAD into corresponding sites of other OCT factors endows almost
all OCT factors competent in inducing pluripotency. In contrast to
OCT4, the reprogramming competence of OCT6 arises from its
N-TAD. The OCT4 C-TAD can be functionally replaced by the
OCT6 N-TAD. For instance, the chimera 0646, which does not
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contain the OCT4 C-TAD, can still produce iPSC colonies as effi-
ciently as OCT4, and its binding ability to the pluripotency gene
enhancers is still comparable to that of OCT4. This is largely due to
the presence of the OCT6 N-TAD in this chimera. Thus, our find-
ings clearly pinpoint that TADs are critical elements that are essential
to the reprogramming competence of OCT factors. Similarly, it has
recently shown that TADs of other transcription factors like GATA3,
EBF, and FOXA1 influence their pioneering function and repro-
gramming competence, which supports our conclusion (52-54).

The functional role of OCT6 appears to be similar in neural and
epidermal lineages in both mice and humans (33-37). Therefore,
the finding that OCT6 can induce pluripotency in humans but not
in mice struck us with surprise (2-4). It has been shown that OCT6
and OCT4 exhibit different DNA-dependent binding propensities
(3, 50, 51). While OCT4 preferentially forms heterodimers with
SOX2 on the canonical SoxOct motif, OCT6 preferentially forms
homodimers on the MORE motif (3, 50, 51). A point mutation (151S)
within OCT6 DBD diminishes its preference for homodimerization
through the MORE motif (3), but it fails to increase its binding pro-
pensity to the SoxOct element (3, 5). As such, this mutated OCT6
fails to elicit reprogramming in mice (3). Instead, altering additional
sites, SOX2 interaction surface (7K,22T) or 7K,22T/OCT4 linker,
within OCT6"'S DBD enables iPSC generation in mice (3). However,
the reprogramming efficiency with these OCT6 mutants was ex-
tremely low (>6 colonies out of 2.5 x 10* starting cells). We tested
the reprogramming capability of our OCT6-OCT4 chimeras in
murine reprogramming. Most chimeras beside 0466 could elicit
reprogramming with variable efficiencies (fig. S7, A and B). Thus,
these findings together with previous studies clearly underscore
that the DNA-dependent binding propensity through DBD alone
is not the sole barrier for OCT6-based reprogramming in mouse
cells, but functional features of its TAD are also crucial for mouse
reprogramming.

Chromatin configurations and epigenomes differ between hu-
man and mouse cells such that the accessibility of homologous tran-
scription factors to their binding sites is also essentially different
(5, 18, 19, 21, 55, 56). This difference likely accounts for the func-
tional discrepancy of OCT6 between reprogramming mouse and
human cells. Mouse cells might have higher epigenetic thresholds
on its binding sites that are essential for reprogramming, and thus,
wild-type OCT6 cannot access these sites where OCT4 can. Thereby,
OCT6 additionally requires a strong TAD to dismantle these epi-
genetic barriers to elicit reprogramming in mice (fig. S7, A and B).
Conceivably, a forced elimination of these epigenetic blockades
through either genetic depletion or chemical inhibition might en-
hance intrinsic TAD features of OCT6 that enables iPSC generation
in mice. In this context, it is tempting to speculate that acquiring
an epigenetic state that is unfavorable for OCT6-dependent re-
programming may provide a specific means to inhibit transforma-
tion of neural and epidermal lineages where and when OCT6 is
normally expressed. If true, it will be interesting to test whether
reducing specific epigenetic barriers could elicit Oct6-dependent
reprogramming in mouse cells.

MATERIALS AND METHODS

Cell culture

CRL-2097 fibroblasts were purchased from the American Type
Culture Collection. Fibroblasts, MEFs, Platinum-E (PLAT-E) cells,
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and human embryonic kidney (HEK) 293 cells were cultured in
KnockOut Dulbecco’s modified Eagle’s medium (DMEM,; Invitro-
gen) supplemented with 10% fetal bovine serum (FBS; Biochrom
Ltd), 1x non-essential amino acids (NEAA) (Sigma-Aldrich), 1x
GlutaMax (Invitrogen), and 1x penicillin/streptomycin (P/S; 100 U/ml
each: Sigma-Aldrich). Human iPSCs and ESCs were cultured either
on feeder layers with hESC medium or on Matrigel-coated plates
with MEF-conditioned medium (MEF-CM). The hESC medium con-
sisted of DMEM/F12 (Invitrogen) supplemented with 20% KSR;
Invitrogen), 1x NEAA, 1x GlutaMax, 1x P/S (100 U/ml each), 100 uM
2-mercaptoethanol (Invitrogen), and fibroblast growth factor (5 ng/ml;
Peprotech). H1 and HUES6 hESC lines were obtained from WiCell
Research Institute Inc. Mouse iPSC cells and ESCs were cultured in
mESC medium consisting of KnockOut DMEM supplemented with
5% FBS, 10% KSR, 1x NEAA, 1x GlutaMax, 1 mM sodium pyruvate
(Sigma-Aldrich), 1x P/S (100 U/ml each), 100 pM 2-mercaptoethanol,
and leukemia inhibitory factor (LIF; prepared in-house). Mouse
EpiSCs were cultured in MEF-CM. NaB (Sigma-Aldrich) was used at
a final concentration of 250 uM. SB431542 (Cayman Chemical) was
used at a final concentration of 2 uM.

Plasmid

The coding region of genes described in table S1 was cloned into
pMXs or pMXs-gw. pMXs was a gift from T. Kitamura. pMXs-gw
(#18656), pMXs-hOCT4 (#17217), pMXs-hSOX2 (#17218), pMXs-
hKLF4 (#17219), pMXs-hc-MYC (#17220), and pLenti6/Ubc/mSlc7al
(#17224) were obtained from Addgene. Site mutagenesis was per-
formed as previously described (3). For the luciferase assay, each TAD
of OCT factors was amplified by PCR and cloned into pPyCAG-
G4DBD-IP. For instance, OCT4 N-TAD was amplified by PCR
using the oligonucleotide primers OCT4 N-TA Bgl IT F and OCT4
N-TA Spe I R and cloned into the Bgl IT and Spe I sites of pPyCAG-
G4DBD-IP. The OCT4 C-TAD was amplified by PCR using the
oligonucleotide primers OCT4 C-TA Mlu I F and OCT4 C-TA Not
I R and cloned into the Mlu I and Not I sites of pPyCAG-G4DBD-
IP. By using above methods, all other luciferase constructs were
cloned. To create domain-swapped chimeras, multiple PCRs were
performed, and the resulting PCR products were cloned into pMXs.
For instance, to create pMXs-0466, OCT4 N-TAD was first ampli-
fied by PCR using the oligonucleotide primers OCT4 Eco N-3xFlag
Fand OCT4N-OCT6M R. Then, 0466 was amplified from the tem-
plate, pMXs-hOCTS6, by PCR using the above PCR product as a for-
ward primer and OCT6 Spe I/Sal I R. Then, the final PCR product
was digested with Eco RI and Sal I and ligated into the Eco RI and
Xho I sites of pMXs. Using the above methods, all other domain-
swapped chimeras were created. All constructs were verified exten-
sively by restriction enzyme digestion and sequencing. Primers used
for cloning are listed in table S3.

Virus production

To produce the retrovirus, PLAT-E cells were transfected with 9 ug
of the retroviral vector using 27 ul of FuGENE 6 transfection re-
agent (Promega) in 600 pl of Opti-MEM (Invitrogen) per 10-cm dish.
Virus-containing supernatants were collected at 48 and 72 hours
after transfection and filtered through a 0.4-um polyvinylidene
difluoride (PVDF) filter (Millipore). To produce the lentivirus, HEK293
cells were transfected with 3 pg of psPAX2 (Addgene), 1.5 pg of
pMD2.G (Addgene), and 4.5 ug of lentiviral vector using 27 ul of
FuGENE 6 transfection reagent in 600 ul of Opti-MEM. Virus-
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containing supernatants were collected at 48 hours, filtered through
a 0.4-um PVDF filter, concentrated, and resuspended in KnockOut
DMEM and stored at —80°C until use.

Reprogramming

For the human reprogramming, fibroblasts were plated at a density
of 8 x 10° cells per 10-cm dish. On the next day, the cells were in-
fected with the Slc7al lentivirus in the presence of protamine sulfate
(8 ug/ml; Sigma-Aldrich) overnight. The cells were then washed
three times with phosphate-buffered saline (PBS) and cultured with
the medium containing blasticidin S (10 pg/ml; InvivoGen) to select
the cells expressing Slc7al. The cells expressing Slc7al were then
plated at a density of 1.3 x 10° cells per well of six-well plates. On the
next day, the cells were infected with retroviruses containing each
tested combination in the presence of protamine sulfate (8 pug/ml;
Sigma-Aldrich) overnight. Then, the cells were washed three times
with PBS and incubated with fresh medium overnight. The cells
were then infected again overnight, washed three times with PBS,
and incubated with fresh medium overnight. The cells were then
dissociated with trypsin (Invitrogen) and plated at a density of
2 x 10* to 4 x 10* cells per well of six-well plates precoated with CF1
MEEF feeder cells or Matrigel. On the next day, the cells were washed
once with PBS and incubated in hESC medium or MEF-CM supple-
mented with 250 uM NaB. NaB was supplied to the medium for the
first 10 days. For the mouse reprogramming, MEFs carrying green
fluorescent protein under Oct4 promoter (OG2 MEFs) were then
plated at a density of 5 x 10 cells per well of six-well plates. On the
next day, the cells were infected with retroviruses containing each
tested combination in the presence of protamine sulfate (8 pg/ml)
overnight. Then, the cells were washed three times with PBS and
incubated with fresh medium overnight. The cells were then infected
again overnight, washed three times with PBS, and incubated with
fresh medium overnight. The cells were then cultured in mESC medium.
For mouse iEpiSC generation, the transduced MEFs were cultured
in MEF-CM supplemented with LIF antibody (MAB449; R&D Systems).

Immunofluorescence

The cells were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich)
for 15 min, incubated with 0.1% Triton X-100/PBS for 15 min, and
blocked in 5% BSA/PBS for 1 hour. The cells were then incubated with
the following primary antibodies overnight at 4°C: mouse mono-
clonal anti-TRA-1-60 (1:100, MAB4360; Millipore), mouse mono-
clonal anti-TRA-1-81 (1:100, MAB4381; Millipore), mouse monoclonal
anti-SSEA-4 (1:100, 330402; BioLegend), rabbit monoclonal anti-
NANOG (1:1000, 5232; Cell Signaling Technology), rabbit mono-
clonal anti-OCT4 (1:1000, 5677; Cell Signaling Technology), rabbit
monoclonal anti-SOX2 (1:1000, 5024; Cell Signaling Technology),
rabbit monoclonal anti-DNMT3B (1:1000, 67259; Cell Signaling
Technology), mouse monoclonal anti-FLAG (1:1000, F1804; Sigma-
Aldrich), and goat polyclonal anti-GATAG6 (1:500, AF1700; R&D
Systems). The cells were then washed three times with PBS and
incubated with appropriate fluorescently labeled Alexa Fluor
secondary antibodies (1:1000; Invitrogen) for 1 hour. The cells were
then washed three times with PBS, incubated with 4’,6-diamidino-
2-phenylindole (DAPIL; 0.5 pg/ml; Molecular Probes) for 10 min,
and washed once with PBS. Images were acquired using the Leica
DMI6000B inverted fluorescence microscope equipped with the
Hamamatsu ORCA-R2 charge-coupled device camera and analyzed
with the Leica application suite advanced fluorescence software.
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DAB staining

The cells were fixed with 4% PFA for 15 min, incubated with 0.1%
Triton X-100/PBS for 15 min, and blocked with 5% BSA/PBS for
1 hour. The cells were incubated with mouse monoclonal anti-
TRA-1-60-HRP (horseradish peroxidase) conjugated (1:1000, MA1-
023-HRP; Thermo Fisher Scientific) overnight at 4°C. The cells were
then washed three times with PBS, and TRA-1-60-positive cells
were visualized using the 3,3’-diaminobenzidine (DAB) peroxidase
staining kit (Vector Laboratories). The images were scanned using
the Epson Perfection V370 photo scanner.

Luciferase assay

The luciferase constructs were transiently transfected into HeLa
cells, along with pGL4.75[hRluc/CMV] and 5xUAS-luc2 constructs.
At 24 hours after transfection, the luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega). The
luciferase activity (luc/hRluc) of each construct was normalized to
that of G4DBD.

Flow cytometry

Antibodies were diluted in 50 ul of 3% FBS/PBS solution and
incubated with the cells on ice for 15 min. The cells were then
washed three times in 500 pl of 3% FBS/PBS and used for flow
cytometry analysis. The cells were separated from debris and aggre-
gates by forward scatter/side scatter (FSC/SSC) gating. Single cells
were identified by plotting FSC area versus FSC width. Dead cells
were excluded by staining with DAPT and gating on DAPI-negative
cells. Unstained cells and isotype controls were used as staining
controls. hESC cells (TRA-1-60%, CD137) and fibroblasts (TRA-1-
607", CD13") served as biological controls for gating. Mouse mono-
clonal anti-human CD13 APC (1:50, 301706; BioLegend), mouse
monoclonal anti-human TRA-1-60 PE (1:25, 330610; BioLegend),
mouse monoclonal anti-mouse immunoglobulin G1 (IgG1) al-
lophycocyanin (APC; 1:50, 400120; BioLegend), and mouse mono-
clonal anti-mouse IgM PE (1:25, 401609; BioLegend) were used for
the analysis. Fluorescence was measured using a FACSAria ITu cell
sorter (BD Biosciences). Flow cytometry data were processed using
FlowJo software (Tree Star Inc.).

Polymerase chain reaction

Total RNA was isolated using the RNeasy kit (Qiagen). First-strand
complementary DNA (cDNA) was synthesized using Oligo(dT)»-15
and M-MLV Reverse Transcriptase (USB). qPCR was performed
using iTaq Universal SYBR Green Supermix (Bio-Rad). Relative gene
expression levels were calculated by the 27 method, normalized
to an endogenous control gene, and presented as fold change
over control samples. For the ChIP-qPCR, the fold enrichment was
calculated by the standard curve method and normalized to the
value obtained at a negative control region. Primers are listed in
table S3.

Bisulfite sequencing

Bisulfite conversion was performed using the EZ DNA methylation
kit (Zymo Research). PCR was performed using HotStarTaq DNA
Polymerase (Qiagen). The resulting PCR products were cloned into
the pCRII TOPO vector (Invitrogen). Individual clones were se-
quenced with the M13 reverse primer. The resulting sequencing
data were analyzed using the Quantification Tool for Methylation
Analysis. Primers are listed in table S3.
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Microarray

Total RNA (300 ng) was used as input for labeling. T7-linked double-
stranded cDNA was synthesized, and in vitro transcription in-
corporating biotin-labeled nucleotides was performed using the
Premier RNA Amplification Kit (Thermo Fisher Scientific). Purified
and labeled cRNA was then hybridized onto MouseRef-8 v2 Ex-
pression BeadChips (Illumina). After washing, the chips were stained
with streptavidin-Cy3 (GE Healthcare) and scanned using the iScan
reader (Illumina) and its software. Bead intensities were mapped using
BeadStudio 3.2 (Illumina). Background correction was performed
using the Affymetrix Robust Multiarray Analysis background cor-
rection model. Variance stabilization was performed using the log,
scaling, and gene expression normalization was calculated with the
method implemented with the lumi package of R-Bioconductor.
Data postprocessing and graphics were performed with in-house-
developed functions. Hierarchical clustering was performed with
one minus correlation metric and the unweighted average distance
(also known as group average) linkage method. The data were de-
posited in the National Center for Biotechnology Information’s
(NCBT’s) Gene Expression Omnibus with accession number GSE95608.

Teratoma

iPSCs were resuspended in 50 pl of medium, mixed with 50 ul of
Matrigel (BD Biosciences), and injected into the hindlimb femoral
muscle of immunodeficient SCID (severe combined immuno-
deficient) mice according to the approved institutional animal
protocol. After 10 weeks, teratomas were harvested and fixed in the
Bouin’s solution overnight. The fixed teratomas were embedded in
paraffin wax and serially sectioned using the microtome (Thermo
Fisher Scientific). The sections were stained with hematoxylin and
eosin using a standard protocol. Images were acquired using the
Axio Imager M1 microscope (Zeiss) equipped with the Hamamatsu
ORCA-ER digital camera and analyzed by the Volocity software
(Improvision).

Karyotyping

The cells were cultured with 0.3 pg/ml of KaryoMAX Colcemid
solution (Invitrogen) for 3 hours. The cells were then washed once
with PBS, dissociated with 0.25% trypsin, resuspended in 75 mM KCl
solution, and incubated at room temperature for 7 min. The cells
were then centrifuged and resuspended in ice-cold methanol:glacial
acetic acid (3:1) fixative solution (3:1 methanol/acetic acid) with
shaking of the cell suspension. The cells were then centrifuged,
resuspended in the fresh fixative solution, incubated for 20 min at
4°C, and dropped onto glass slides (Menzel Gléser, Thermo Fisher
Scientific). The chromosomes were GTG-banded using a standard
procedure. Metaphase spreads were analyzed on the Zeiss AxioScop
microscope. Ten metaphase spreads were analyzed for each sample
using the CytoVision software (Applied Imaging Corporation).

RNA sequencing

CD137/TRA-1-60" cells sorted by FACS at different time points
were washed three times in 0.5% BSA/PBS. Then, 50 cells were
transferred into the PCR tube containing 4.45 pl of lysis buffer
using a mouth pipette. Reverse transcription was performed directly
on the cytoplasmic lysate. Terminal deoxynucleotidyl transferase
(Thermo Fisher Scientific) was then used to add a poly(A) tail onto
the 3’ end of the first-strand cDNAs. The total cDNA library was then
amplified by PCR (18 to 20 cycles). The amplified cDNA library was
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fragmented using the Covaris $220 sonicator (Covaris). The se-
quence libraries were prepared using KAPA HyperPlus Library
Preparation kit (KAPA Biosystems). Single-end 50-base pair (bp)
sequencing was performed on HiSeq 2500 (Illumina) at BGI and
Berry Genomics Corporation. RNA-seq sequencing reads were first
mapped to hgl9 reference genome using Tophat (v 2.1.1) with
default parameters. Gene expression levels of each sample were
quantified to fragments per kilobase million (FPKM) using Cufflinks
(v2.2.1) to eliminate the effects of sequencing depth and transcript
length. Principal component analysis was implemented using R
function prcomp. Differential expression analyses were conducted
by R package limma (v 3.30.7). For each comparison, genes with a P
value <0.01 and a mean fold change of >2 were considered to be
differentially expressed. All analyses were done using custom-
ized R scripts. The data were deposited in NCBI's Gene Expres-
sion Omnibus with accession number GSE93706.

Western blot

Total protein lysates were extracted in radioimmunoprecipitation
assay (RIPA) buffer containing 1x Complete Protease inhibitor
(Roche), quantified by the Bradford assay (Bio-Rad), separated by 5
to 15% SDS-polyacrylamide gel electrophoresis, and transferred onto
nitrocellulose membranes (GE Healthcare). The membranes were
blocked in 5% skim milk in tris-buffered saline with 0.1% Tween
20 (TBST) for 1 hour and incubated with the following primary
antibodies overnight at 4°C: rabbit polyclonal anti-OCT4 (1:5000,
ab19857; Abcam), mouse monoclonal anti-NR5A2 (1:1000, PP-
H2325-00; R&D Systems), rabbit polyclonal anti-TET1 (1:1000,
GTX125888; GeneTex), mouse monoclonal anti-GATA3 (1:5000,
653802; BioLegend), mouse monoclonal anti-OCT6 (1:5000, MABN738;
Millipore), rabbit monoclonal anti-SOX2 (1:5000, 5024S; Cell
Signaling Technology), goat polyclonal anti-KLF4 (1:1000, AF3640;
R&D Systems), rabbit polyclonal anti-MYC (1:1000, sc-764; Santa
Cruz), rabbit polyclonal anti-PAX6 (1:5000, 901301; BioLegend),
rabbit polyclonal anti-DESMIN (1:1000, ab15200; Abcam), mouse
monoclonal anti-FLAG (1:5000, F1804; Sigma-Aldrich), mouse mono-
clonal anti-G4DBD (1:1000, sc-510; Santa Cruz), rabbit monoclonal
anti-DNMT1 (1:5000, 5032; Cell Signaling Technology), rabbit
polyclonal anti-DNMT3A (1:5000, sc-20703; Santa Cruz), rabbit
monoclonal anti-DNMT3B (1:5000, 67259; Cell Signaling Technol-
ogy), and mouse monoclonal anti-TUBULIN (1:5000, T6199; Sigma-
Aldrich). The membranes were then washed three times with TBST
and incubated with the following horseradish peroxidase-conjugated
secondary antibodies for 1 hour: chicken polyclonal anti-goat IgG
HRP (1:20,000, HAF019; R&D Systems), donkey polyclonal anti-
rabbit IgG HRP (1:20,000, NA934; GE Healthcare), and goat poly-
clonal anti-mouse IgG + IgM (H + L) HRP (1:20,000, 115-035-044;
Dianova). The membranes were washed three times with TBST,
incubated with enhanced chemiluminesence (ECL) solution (GE
Healthcare), and exposed to x-ray films (GE Healthcare).

Chromatin immunoprecipitation sequencing

The cells were cross-linked with 1% formaldehyde for 10 min at
room temperature and quenched with 0.125 M glycine for 5 min at
room temperature. The cross-linked cells were incubated with lysis
buffer 1 [50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM 0.5 M
EDTA, 10% glycerol, 0.5% IGEPAL CA630, 0.25% Triton X-100,
and 1x Complete Protease inhibitor] for 30 min at 4°C and washed
in lysis buffer 2 [10 mM tris-HCI (pH 8.0), 200 mM NaCl, 1 mM
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EDTA, 0.5 mM EGTA, and 1x Complete Protease inhibitor] for
10 min at 4°C. The cells were then resuspended in sonication buffer
[50 mM tris-HCI (pH 8.0), 10 mM EDTA, 0.5% SDS, and 1x Com-
plete Protease inhibitor] and sonicated using the Diagenode Bio-
ruptor (high power, 30 cycles of 30 s on and 30 s off). Sonicated
chromatin (100 ng) was then incubated with Dynabeads Protein G
(Invitrogen) coupled to 15 ug of mouse monoclonal anti-FLAG
(F1804; Sigma-Aldrich) in 4x volume of ChIP dilution buffer [10 mM
tris-HCI (pH 8.0), 125 mM NacCl, 0.125% sodium deoxycholate,
1.25% Triton X-100, and 1x Complete Protease inhibitor] at 4°C
overnight. Beads were washed once with low-salt buffer [20 mM,
tris-HCI (pH 8.0), 150 mM NaCl, 2 mM EDTA, 0.1% SDS, and
1%Triton X-100], twice with high-salt buffer [20 mM, tris-HCI (pH 8.0),
500 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100], twice
with RIPA buffer [50 mM, Hepes-KOH (pH 7.6), 250 mM LiCl, 1 mM
EDTA, 1% IGEPAL CA630, and 0.7% sodium deoxycholate], and
once with TE buffer [1 mM EDTA, 10 mM tris-HCI (pH 8.0)] con-
taining 50 mM NaCl. Elution was performed with elution buffer
[10 mM tris-HCI (pH 8.0), 300 mM NaCl, 5 mM EDTA, and 0.5%
SDS] for 15 min at 65°C. DNA was extracted by reverse cross-linking
at 65°C overnight with proteinase K (20 ug/ul) and RNase A (20 pg/pl)
and purified using phenol/chloroform extraction. DNA concen-
tration was measured by Qubit (Thermo Fisher Scientific), and se-
quencing libraries were prepared using the NEBNext Ultra Il DNA
Library Prep Kit (NEB). Amplified libraries were sequenced on
NextSeq 500 (Illumina) as 75-bp pair-end reads. Sequencing reads
were aligned to hgl9 reference genome using bowtie2 (v 2.2.9)
with default parameters. Input DNA from each sample was used as
controls. The peak calling was performed using MACS14 (v 1.4.2)
with parameter: macs14 -t Sample.bam —c input.bam -g hs -p Ie-
7. The peak annotation, overlap of the nearest genes, peak distri-
bution, and Kyoto Encyclopedia of Genes and Genomes pathway
enrichment were analyzed by ChIPseeker (57). The promoter re-
gion was defined as -2 to +2 kb of transcription start site (TSS). The
enhancer region was defined using p300 hESC ChIP-seq (GSE24447)
without TSS -3 to +3 kb. The peak-covered enhancer was defined
as enhancer overlapped with at least 1 bp of a peak calculated by
bedtools. Motif finding is calculated by MEME Suite (v 4.11.2) with
the range of 25 bp from the peak summit site. The data were depos-
ited in NCBI's Gene Expression Omnibus with accession number
GSE93706.

Statistical analysis

The statistical differences between two groups were analyzed by
two-tailed Student’s t tests (ns P > 0.05, *P < 0.05, **P < 0.01,
and ***P < 0.001). All data are presented as means * SD of at least
triplicates.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eaaz7364/DC1

View/request a protocol for this paper from Bio-protocol.
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