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Much has been learned about the mechanisms of action of pluripotency factors Oct4 and Sox2. However, as with
other regulators of cell identity, little is known about the impact of disrupting their binding motifs in a native en-
vironment or the characteristics of genes they regulate. By quantitatively examining dynamic ranges of gene ex-
pression instead of focusing on conventional measures of differential expression, we found that Oct4 and Sox2
enhancer binding is strongly enriched near genes subject to large dynamic ranges of expression among cell types,
with binding sites near these genes usually within superenhancers. Mutagenesis of representative Oct4:Sox2motifs
near such active, dynamically regulated genes revealed critical roles in transcriptional activation during repro-
gramming, with more limited roles in transcriptional maintenance in the pluripotent state. Furthermore, repre-
sentativemotifs near silent geneswere critical for establishing but notmaintaining the fully silent state, while genes
whose transcript levels varied by smaller magnitudes among cell types were unaffected by nearbyOct4:Sox2motifs.
These results suggest that Oct4 and Sox2 directly establish both active and silent transcriptional states in pluripo-
tent cells at a large number of genes subject to dynamic regulation during mammalian development, but are less
important than expected for maintaining transcriptional states.

[Keywords: pluripotency; embryonic stem cells; Oct4; Sox2; differentiation; transcription]

Supplemental material is available for this article.

Received September 19, 2022; revised version accepted November 14, 2022.

The groundbreaking experiments of Takahashi and Yama-
naka (2006) demonstrating that somatic cells can be
reprogrammed to pluripotency by expression of four tran-
scription factors serve as an important example of the pow-
erful role of transcription factors in establishing cell
identity. The POU domain transcription factor Oct4 and
theSry-relatedhigh-mobility groupprotein Sox2are central
to reprogramming, with key contributions from other fac-
tors, including Klf4, Nanog, and Myc (Wu and Schöler
2014; Schaefer and Lengerke 2020; Deng et al. 2021).
Oct4 and Sox2 are both expressed at the earliest stages

of mammalian embryogenesis (Wu and Schöler 2014;
Schaefer and Lengerke 2020). Oct4 is critical for establish-
ing and maintaining pluripotency in the inner cell mass

during embryogenesis (Nichols et al. 1998; Niwa et al.
2000; Wu et al. 2013) and possesses unique structural
properties that distinguish it from other POU family
members (Esch et al. 2013). Sox2 is also critical for the
maintenance of pluripotency but is dispensable for its es-
tablishment during embryogenesis, possibly due to redun-
dancy with other Sox family members (Ivanova et al.
2006; Masui et al. 2007).
Oct4 and Sox2 bind thousands of sites throughout the

genome, with highly prevalent cobinding to consistently
spaced and oriented composite motifs (Reményi et al.
2003; Boyer et al. 2005; Zhou et al. 2007; Chen et al.
2008; Kim et al. 2008; Tapia et al. 2015). Binding is biased
toward superenhancers (Whyte et al. 2013), with other
pluripotency factors often binding in close proximity
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(Chen et al. 2014; Chronis et al. 2017). As somatic cells are
reprogrammed, they proceed through a continuum of
states accompanied by changes in the genomic distribu-
tion of Oct4 and Sox2 (Sridharan et al. 2009; Soufi et al.
2012, 2015; Chen et al. 2016; Chronis et al. 2017).

Oct4 and Sox2 possess pioneering activity, with a ca-
pacity to engage nucleosomal DNA and promote nucleo-
some remodeling (Soufi et al. 2012, 2015; Roberts et al.
2021). The two proteins promote remodeling and tran-
scriptional activation in part through the direct or indirect
recruitment of coregulatory proteins, including SWI/SNF
complexes, Mediator, p300, Trithorax complex, and oth-
ers (Chen et al. 2008; Pardo et al. 2010; van den Berg
et al. 2010; Ang et al. 2011; Esch et al. 2013; Whyte
et al. 2013; King and Klose 2017). In addition, Oct4 and
Sox2 bind in close proximity to large numbers of silent
genes in embryonic stem cells (ESCs) (Boyer et al. 2005)
and have been suggested to promote transcriptional re-
pression through genomic approaches (Chronis et al.
2017), studies of promoter–reporter plasmids (Liu et al.
1997), and interactions with corepressor proteins (Liang
et al. 2008; Esch et al. 2013).

Genomic studies have revealed that Oct4, Sox2, and
other key transcriptional and post-transcriptional regula-
tors participate in intertwined regulatory circuits (Boyer
et al. 2005; Zhou et al. 2007; Chen et al. 2008; Kim et al.
2008; Apostolou et al. 2013; Li and Belmonte 2017; Li
and Izpisua Belmonte 2018). Genes critical for pluripo-
tency, self-renewal, signaling, and chromatin remodeling
are among those thought to be directly regulated by
Oct4 and Sox2, with evidence of autoregulatory and
feed-forward loops.

Despite extensive progress, much remains to be learned
about the functions of Oct4 and Sox2. One incompletely
understood issue is the functional roles of the thousands
of Oct4 and Sox2 binding events throughout the genome,
as binding in a ChIP-seq experiment may or may not
indicate a functional role in transcriptional control. Fur-
thermore, in those instances in which binding has func-
tional consequences, it generally is not known whether
binding is essential for transcriptional activation or re-
pression or plays a lesser modulatory role in refining ex-
pression levels of its target genes, many of which may
be broadly expressed.

A second incompletely understood issue is the logic dic-
tating which genes expressed in pluripotent cells are
directly regulated by Oct4 and Sox2. Very few if any genes
are expressed specifically in pluripotent cells, and large
numbers of genes participate in pluripotency, self-renew-
al, and the survival of pluripotent cells, only a subset of
which has been suggested to be direct targets of pluripo-
tency factors. Are there characteristics that determine
whether a gene requires direct regulation by Oct4 and
Sox2?

One limitation of prior studies has been a focus either
on a limited number of genes found to be strongly and
preferentially expressed in embryonic stem cells (ESCs)
(Mitsui et al. 2003) or on larger sets of differentially ex-
pressed genes identified using statistical criteria (e.g., Boy-
er et al. 2005; Chen et al. 2008; Kim et al. 2008). With this

latter approach, a differentially expressed gene set typical-
ly includes all genes whose expression levels consistently
differ by approximately twofold or more, despite the fact
that the range of differential expression between cell types
extends from this low magnitude for some genes to >100-
fold for others. We therefore envisioned that greater con-
sideration of the dynamic range of gene expression in
ESCs in comparison with other cell types might lead to
a greater understanding of the expression properties of
Oct4 and Sox2 target genes and allow us to classify poten-
tial target genes into defined groups for subsequent func-
tional analysis.

Through this approach, we found that Oct4 and Sox2
binding was selectively enriched near genes that exhibit
large dynamic ranges of expression among cell types,
withmuch less frequent binding near geneswhose expres-
sion levels vary by less than fivefold, even thoughmany of
these latter genes would be defined as differentially ex-
pressed by common statistical criteria. Mutagenesis of
Oct4:Sox2 composite motifs near representative dynami-
cally expressed genes revealed a critical role in establish-
ing a transcriptionally active state, with a lesser role in
transcriptional maintenance. Surprisingly, a critical role
of Oct4:Sox2 composite binding in establishing but not
maintaining a fully silent state in pluripotent cells was
also found through mutagenesis of representative motifs
near silent genes. Thus, our findings suggest that a large
dynamic range of expression is a key characteristic of
Oct4:Sox2 target genes and that these factors may rarely
regulate genes modulated by smaller magnitudes across
cells.

Results

‘ESC-specific,’ ‘dynamic,’ and ‘broadly expressed’
gene classes

We envisioned that a quantitative analysis of the dynamic
range of expression of genes differentially expressed be-
tween ESCs and somatic cell types could be of value for
understanding pluripotency mechanisms. We focused
first on a comparison between mouse ESCs and three
somatic cell populations: bone marrow-derived macro-
phages, CD4+CD8+ thymocytes, and cortical neurons.
We chose cell types that could readily be obtained in large
quantities, allowing us to perform RNA-seq at consider-
able depth to increase our ability to accurately determine
dynamic ranges of expression; RNA-seq performed at a
more conventional depth limits the accuracy of transcript
abundance measurements at the low end of the scale. Im-
portantly, we measured chromatin-associated nascent
transcripts rather than mRNA to focus the analysis on
transcriptional dynamics rather than post-transcriptional
events.

We focused on 3030 genes whose nascent transcripts
were expressed at a high level (more than five RPKM) in
ESCs. The high threshold was used to increase the accura-
cy of the dynamic range calculations. Using this gene set,
we determined the fold difference in nascent transcript
level between ESCs and the other three cell types. The
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results (Fig. 1A) show that only 52 genes exhibited tran-
script levels elevated by at least 100-fold in ESCs relative
to all three somatic cell types. This small number of 100-
fold differentially expressed genes would undoubtedly
decline, possibly to zero, if more and more somatic cell
types were examined. Moreover, only 91 genes exhibited
nascent transcript levels elevated by at least 20-fold in
ESCs relative to all three somatic cell types. For the pur-
poses of this initial analysis, we defined these 91 genes
as “ESC-specific” (Fig. 1B), but with full recognition that
they are not truly ESC-specific, as many if not all of these
genes are likely to be expressed in somatic cell types or
during developmental stages that were not examined.
We next defined as “dynamic” 248 genes not already de-

fined as “ESC-specific” whose nascent transcript levels
were at least 20-fold lower in only one or two somatic
cell types but within fivefold of the ESC expression level
in the remaining cell type(s) (Fig. 1B). In other words,
this set includes genes that require regulatory mecha-
nisms capable of supporting large dynamic ranges of ex-
pression, but they are clearly not ESC-specific due to
their expression being comparable with the ESC level in
one or two of the somatic cell types examined. Finally,
for the purpose of comparison, we defined a group of
1931 “broadly expressed” genes, which were highly ex-
pressed (more than five RPKM) in ESCs and exhibited ex-
pression levels in all three somatic cell types that were no
more than fivefold higher or fivefold lower (0.2 of ESC lev-
el) than the ESC level. Notably, a large fraction of genes in
the “broadly expressed” group would be defined as differ-
entially expressed using conventional criteria for differen-
tial expression (data not shown). Figure 1C shows nascent
transcript levels for representative genes in each class.
Genes that did not meet the criteria for inclusion in any
of the three classes were excluded from the analysis to al-
low us to focus on gene classes with clear distinctions in
expression profiles.
To determine whether this classification scheme could

be extended to a larger number of cell types and to RNA-
seq data obtained with mRNA rather than nascent tran-
scripts, we analyzed data sets from the mouse ENCODE
data portal obtained with mouse ESC mRNA and
mRNA from 12 different mouse primary somatic cell
types or tissues. Focusing on 5921 genes that were highly
expressed in ESCs, we found only 40 genes whose tran-
script levels were at least 20-fold lower in all 12 of the oth-
er cell types (Fig. 1D, ESC-specific). Another 369 genes
exhibited transcript levels that were at least 20-fold lower
than the ESC level in between four and 11 of the cell types
but with transcript levels within fivefold of the ESC level
in the remaining cell types (Fig. 1D, dynamic). Finally,
3303 genes were identified that were highly expressed in
ESCs but with transcript levels that varied by no more
than fivefold in any of the 12 other cell types examined
(Fig. 1D, broadly expressed). Examples of genes in each
of these three groups are shown in Supplemental Figure
S1. Thus, although most genes that are highly expressed
in ESCs exhibit transcript levels that vary less than five-
fold among the 12 somatic cell types examined, hundreds
of ESC-expressed genes require regulatory mechanisms to

support a large dynamic range of expression. However,
few genes were considered to be ESC-specific in this anal-
ysis, and it appears possible if not likely that no genes
would be strictly ESC-specific if a larger number of cell
types were examined.

Oct4:Sox2 binding is enriched near the ESC-specific
and dynamic gene classes

We next examined the prevalence of Oct4 and Sox2 bind-
ing in the vicinity of the ESC-specific, dynamic, and
broadly expressed genes. By combining two biological rep-
licates of previously published ChIP-seq data sets from
mouse ESC line V6.5 (Chronis et al. 2017), we found
15,506 and 11,207 binding peaks genome-wide for Oct4
and Sox2, respectively, with most peaks at intergenic or
intronic locations (Fig. 2A). As expected on the basis of pri-
or studies, a large number (8100) of the Oct4 and Sox2
binding sites overlapped (distance between peak summits
<100 bp) (Fig. 2B, left). To increase confidence, we limited
our analysis to 3092 overlapping binding events with peak
scores >20 for both proteins (Fig. 2B, middle). Accurately
linking binding sites to their target genes has been a
long-standing challenge. In our analysis, we found that
1035 (or roughly one-third) of the 3092 genomic sites
cobound by Oct4 and Sox2 (peak score >20) reside within
15 kb of a transcription start site (TSS) (Fig. 2B). We there-
fore focused on these 1035 cobound sites with the hypoth-
esis that they aremore likely to be regulators of the closest
gene than if we examined all sites regardless of their dis-
tance from the closest gene.
Importantly, an examination of these 1035 cobound

sites revealed that they are strongly enriched in the vicin-
ity of ESC-specific and dynamic genes in comparisonwith
the broadly expressed genes (Fig. 2C). Despite the absence
of a definitive strategy for assigning binding sites to their
target genes, substantial enrichmentwas observed in both
the analysis of nascent transcripts from four cell types
(Fig. 2C, left) and the analysis of ENCODE mRNA data
from 13 cell types (Fig. 2C, right). In the nascent transcript
analysis, Oct4:Sox2 cobinding near ESC-specific genes
was enriched by 6.4-fold in comparison with the broadly
expressed genes. Oct4:Sox2 cobinding near dynamic
genes was enriched by 3.7-fold, with a surprisingly high
20% of the dynamic genes exhibiting a strong Oct4:
Sox2-cobound site within 15 kb of their TSSs (Fig. 2C,
left). The specific degree of enrichment increased as the
peak score threshold for Oct4 and Sox2 increased, which
is likely to reflect an increasing reliability of the data (Sup-
plemental Fig. S2A,B). Similar levels of enrichment were
found when all Oct4 and Sox2 binding sites were exam-
ined, not just cobound sites (data not shown), perhaps re-
lated to the fact that very high percentages of Oct4 and
Sox2 binding events near the ESC-specific, dynamic, and
broadly expressed gene classes that meet our criteria for
inclusion represent cobinding (Supplemental Fig. S2C).
A similar enrichment was observed with the ENCODE

data (Fig. 2C, right). Strong Oct4:Sox2 cobinding was ob-
served within 15 kb of the TSS for 37.5% of the ESC-spe-
cific genes and a surprisingly high 19.8% of the dynamic
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genes but only 4.9% of the broadly expressed genes, yield-
ing enrichments of 7.6-fold and fourfold, respectively,
near ESC-specific and dynamic genes (Fig. 2C, right).
The fact that similar findings were obtained with the
deep nascent RNA-seq data and the ENCODE mRNA-
seq data is noteworthy; this may be because inclusion of
a larger number of cell types in the ENCODE analysis off-
set the benefits of the increased sequencing depth and fo-

cus on nascent transcripts in the nascent transcript
analysis.

To summarize, the substantial enrichment of Oct4:
Sox2 binding near dynamic, non-ESC-specific genes in
comparison with broadly expressed genes and the high
prevalence of Oct4:Sox2-cobound sites near dynamic
genes suggest a hypothesis in which Oct4:Sox2 cobinding
positively regulates a large number of genes that are

A

B

C

D

Figure 1. Delineation of ESC-specific, dynamic, and broadly expressed gene classes by deep RNA-seq analysis of nascent transcripts and
analysis of ENCODERNA-seq data sets. (A) Chromatin-associated nascent transcripts from themouseCCEESC line (ESC), E14.5 cortical
neurons (NEUR), bone marrow-derived macrophages (BMDM), and CD4+CD8+ double-positive thymocytes (DP) were analyzed by RNA-
seq. The smallest fold difference between the ESC RPKM and the RPKMs for the three somatic cells is shown for 3030 ESC-expressed
genes (more than five RPKM in ESCs). Six fold difference bins are color-coded, with the number of genes in each bin in parentheses.
Only 3% of the genes exhibit a fold difference of >20 for all three somatic cell types. (B) A heat map is shown for genes from the nascent
transcript data classified as ESC-specific (91 genes), broadly expressed (1931), and dynamic (248) according to the criteria described in the
text. Expression levels are presented as percentiles derived fromRPKM,with the highest RPKMamong all genes in all cell types defined as
100%. The minimum fold difference in RPKM between ESCs and the three somatic cell types is displayed at the bottom. (C ) Nascent
transcript levels (RPKM) are shown for representative ESC-specific (Pla2g1b), broadly expressed (Pds5a), and dynamic (Zfp57) genes.
(D) The numbers of genes in each of the three classes from an analysis of 13 ENCODE data sets are shown, along with the criteria
used to assign genes to each class. The analysis was restricted to genes expressed >4.9 RPKM in ESCs.
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B

Figure 2. Oct4 and Sox2 binding is enriched near ESC-specific and dynamic gene classes in comparisonwith broadly expressed genes. (A)
The genomic distribution of Oct4 and Sox2 binding peaks is shown, based on ChIP-seq data sets from the mouse ESC line V6.5 (Chronis
et al. 2017). (B) The overlap ofOct4 and Sox2 peaks is shown,with a peak summit distance <100 bp required for inclusion as a cobound site.
Venn diagrams display overlap when all Oct4 and Sox2 called peaks are analyzed (left), when the analysis is restricted to peaks with peak
scores >20 (middle), and when the analysis was further restricted to peaks within 15 kb of a TSS (right). (C ) The degree of enrichment is
shown for Oct4:Sox2-cobound peaks near ESC-specific and dynamic genes in comparisonwith broadly expressed genes. The percentage of
genes in each class that exhibit nearby (<15 kb from TSS) Oct4:Sox2-cobound peaks (peak scores >20) is also shown. (D) De novo motif
discovery at Oct4:Sox2-cobound peaks (peak score >20) near ESC-specific, dynamic, broadly expressed, and silent genes shows strong en-
richment of Oct4:Sox2 composite motifs but no large differences at the different gene classes. (E) The distribution of histone H3K27ac
ChIP-seq and ATAC-seq signals (RPKM) coinciding with Oct4:Sox2-cobound sites near genes in the ESC-specific, dynamic, broadly ex-
pressed, and silent gene classes (from the nascent transcript analysis) is shown. (F ) The percentage of Oct4:Sox2-cobound sites that fit
the criteria of superenhancers and typical enhancers (Whyte et al. 2013) is shown for cobound sites near each of the four classes of genes
identified in the nascent transcript analysis.
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highly expressed in ESCs and have a strong preference to-
ward genes that exhibit large dynamic ranges of expres-
sion among cell types. Thus, among the hundreds or
thousands of ESC-expressed genes that participate in plu-
ripotency, self-renewal, and pluripotent cell survival, di-
rect regulation by Oct4:Sox2 may occur preferentially at
those genes requiring dynamic regulatory mechanisms
during development.

Properties of Oct4:Sox2-cobound sites at different
gene classes

To examine more carefully the characteristics of Oct4:
Sox2-cobound sites near different gene classes, we first
performed de novomotif analysis. For this analysis, we fo-
cused on the nascent transcript-derived gene classes and
included a fourth class that comprised 711 Oct4:Sox2
cobinding events located within 15 kb of the TSS of a
gene that is poorly expressed in ESCs (“silent”). The re-
sults revealed that a previously described compositemotif
containing juxtaposed and strictly spaced Oct4 and Sox2
motifs (Tapia et al. 2015) is highly prevalent at Oct4:
Sox2-cobound sites near all four gene classes examined
(Fig. 2D). This result confirms the high prevalence of
this composite motif within the genome but suggests
that the binding sequence itself cannot distinguish the
four gene classes.

Next, we examined ESC ChIP-seq data sets for Nanog,
which contributes to gene regulation with Oct4 and
Sox2 and is often cobound with the two proteins (Boyer
et al. 2005; Jauch et al. 2008). Nanog bound a high percent-
age of Oct4:Sox2-cobound sites near genes in all four clas-
ses, with only a small preference for ESC-specific and
dynamic genes in comparison with broadly expressed
and silent genes (Supplemental Fig. S2D). Interestingly,
Oct4:Sox2-cobound sites were generally closer to the
TSSs of nearby ESC-specific genes, but with no significant
difference among the dynamic, broadly expressed, and si-
lent genes (Supplemental Fig. S2E).

To further characterize Oct4:Sox2-cobound sites, we
analyzed histone H3K27ac ChIP-seq and ATAC-seq data
sets, as well as superenhancer properties (Whyte et al.
2013; Buecker et al. 2014; Ji et al. 2015; Di Stefano et al.
2016). H3K27ac was substantially enriched in ESCs at
Oct4:Sox2-cobound sites near both ESC-specific and dy-
namic genes in comparison with broadly expressed and si-
lent genes (Fig. 2E, left). The magnitude of the difference
was further revealed by separating H3K27ac peak signals
associated with the 1035 Oct4:Sox2-cobound sites into
multiple bins (Supplemental Fig. S2F). In contrast, chro-
matin accessibility asmeasured by ATAC-seq was similar
among the gene classes (Fig. 2E, right). Finally, using the
criteria of Whyte et al. (2013), superenhancer characteris-
tics were found to be highly prevalent at Oct4:Sox2-
cobound sites associated with ESC-specific and dynamic
genes but were rarely observed at cobound sites near
broadly expressed or silent genes (Fig. 2F).

To summarize, the substantial enrichment of Oct4:
Sox2-cobound sites near both ESC-specific and dynamic
genes coincides with a dramatic enrichment of superen-

hancer characteristics and an enrichment of histone
H3K27ac. However, clear distinctions between gene clas-
ses were not observed in composite motif sequences, ac-
cessibility of the composite motif, or Nanog association.

Limited role of an Oct4:Sox2 motif for transcription
of the ESC-specific Pla2g1b gene in ESCs

The results presented above support the hypothesis that
Oct4:Sox2 cobinding may positively and preferentially
regulate a large number of genes that require dynamic reg-
ulation across cell types. To perform a functional test of
this hypothesis, we used CRISPR/Cas9 mutagenesis
with homology-directed repair (CRISPR-HDR) to disrupt
Oct4:Sox2 composite motifs in the mouse CCE ESC line
in the vicinity of representative genes in each class. We
first focused on Pla2g1b as an example of an ESC-specific
gene as defined by our criteria. Pla2g1b encodes a secreted
phospholipase A2 family member known to be highly ex-
pressed in ESCs. Notably, however, it has not been well-
studied as a key contributor to a pluripotency network
(Liu et al. 2008). Expression of this genewas >20-fold high-
er inmouse ESCs than in any of the other cell types exam-
ined in either our nascent transcript analysis or the
ENCODE analysis (Figs. 1C, 3A), although a broader ex-
amination using public data sets revealed expression in
the pancreas and stomach (data not shown). The strongest
Oct4 and Sox2 binding sites within 20 kb of this gene dis-
play cobinding and are located in a superenhancer 1.3 kb
upstream of the Pla2g1b TSS. This cobound site contains
an Oct4:Sox2 composite motif and coincides with open
chromatin as assessed by ATAC-seq and active chromatin
as assessed by H3K27ac enrichment (Fig. 3B).

CRISPR-HDR mutagenesis was used to introduce ho-
mozygous substitution mutations into 11 of 12 bp in the
Oct4:Sox2 composite motif (Fig. 3B), with two indepen-
dent mutant clones confirmed by DNA sequencing and
selected for further analysis. Notably, a large decrease in
both Oct4 and Sox2 ChIP signals was observed in both
mutant clones (Fig. 3C,D). Pla2g1b transcription as mea-
sured by qRT-PCRwas diminished in bothmutant clones
in comparison with the wild-type ESC control (Fig. 3E).
Surprisingly, however, the transcript levels were reduced
by only 60% (Fig. 3E). Although this reduction provides
support for a role of Oct4:Sox2 cobinding in Pla2g1b tran-
scription in ESCs, a much larger reduction in transcrip-
tion was expected, given the dominant role of Oct4 and
Sox2 in pluripotency and given that the Pla2g1b expres-
sion profile revealed greater ESC specificity than observed
at almost any other gene in the mouse genome.

Establishment of a secondary reprogramming assay to
distinguish initial transcriptional activation from
transcriptional maintenance

Redundancy offers one possible explanation for the mar-
ginal importance of the Oct4:Sox2 motif in Pla2g1b tran-
scription. However, no other Oct4 or Sox2 peaks of
comparable strength and associated with features of ac-
tive chromatinwere identified near Pla2g1b. We therefore
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tested an alternative explanation, which is that Oct4:Sox2
binding might be critical for the initial activation of
Pla2g1b transcription during reprogramming to pluripo-
tency but less important for the maintenance of Pla2g1b
transcription in established ESC lines.
To address this possibility, we established an assay for

secondary reprogramming to pluripotency (Fig. 4A), taking
advantage of a primary mouse embryonic fibroblast (MEF)
line, tetO-OSKM, which harbors a single doxycycline
(DOX)-inducible polycistronic cassette coding for Oct4,
Sox2, Klf4, and Myc (OSKM) (Sridharan et al. 2013). This
line can be efficiently converted to iPSCs upon addition
of DOX. Moreover, we envisioned that iPSCs derived
from the tetO-OSKM line (referred to here as Tet-on iPSCs)
could be differentiated and then subject to secondary repro-
gramming by readdition of DOX. A similar DOX-inducible
system for secondary reprogramming has previously been
described for human iPSCs (Hockemeyer et al. 2008).
To evaluate the feasibility of this approach, we differen-

tiated the Tet-on iPSC line into embryoid bodies (EBs) and
subsequently cultured the cells for multiple passages un-
der neural progenitor cell (NPC) growth conditions in the
presence of 0.5 µM retinoic acid (Fig. 4A; Lee et al. 2000;
Sagner et al. 2018). The EBs displayed classic spheroid-
like colonies in suspension culture, and the NPCs ac-
quired short spindle-shaped morphology (Fig. 4B). For sec-
ondary reprogramming to a pluripotent state (secondary

iPSCs), we plated the cells in the presence of 2 µg/mL
DOX and LIF under mouse ESC culture conditions. After
DOX treatment for 14–20 d, colonies with typical ESC-
like morphology emerged (Fig. 4B). Selected single-cell
colonies were further expanded into secondary iPSCs
and maintained in the absence of DOX. Both primary
and secondary iPSCs expressed several pluripotency
markers that were not expressed in the NPCs (Fig. 4C).
In contrast, several neural lineage-specific markers were
highly expressed only in the NPCs (Fig. 4D).

Critical role for the Oct4:Sox2 composite motif in
Pla2g1b transcriptional activation following secondary
reprogramming

We next created mutant Tet-on iPSC lines by CRISPR-
HDR with the same Pla2g1b Oct4:Sox2 motif mutations
that we previously introduced into ESCs (see above). As
expected, Oct4 and Sox2 binding was greatly reduced in
two independent mutant lines (Fig. 5A). Importantly,
Pla2g1b transcript levels were only moderately reduced
in these lines, similar to the ESC results (Fig. 5B). Pla2g1b
transcript levels declined dramatically upon differentia-
tion into NPCs in both the wild-type and mutant lines.
Strikingly, although the Pla2g1b transcript level recov-
ered upon secondary reprogramming of the wild-type
Tet-on iPSC line, it remained extremely low in the

A

C D E

B

Figure 3. CRISPR-HDRmutagenesis reveals only amoderate role for an Oct4:Sox2 compositemotif near the ESC-specific Pla2g1b gene.
(A) The bar graph shows the Pla2g1b mRNA profile (RPKM) derived from an analysis of 13 mouse ENCODE RNA-seq data sets. (B) Ge-
nome browser snapshots display Oct4 and Sox2 binding, as well as ATAC-seq and histone H3K27ac ChIP-seq peaks, upstream of Pla2g1b.
The Oct4:Sox2 composite motif at this location and the mutant sequence introduced by CRISPR-HDR are also shown. (C,D) Oct4 and
Sox2 binding at the Pla2g1b upstream region was examined by ChIP-qPCR in wild-type ESCs and in two independent mutant clones.
Fold enrichment was calculated as the fold change of percentage of input between the Pla2g1b ChIP-qPCR signal and a negative control
region signal (Hbb-b2). IgG was used as a negative control. (E) The normalized expression levels for Pla2g1b mRNAwere determined in
the two independent clones by qRT-PCR, with BMDM mRNA analyzed as a negative control.
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mutant lines (Fig. 5B). Notably, transcript levels following
secondary reprogramming were far lower than those ob-
served in the mutant lines prior to differentiation (>20-
fold difference between wild type and mutant after sec-
ondary reprogramming in comparison with 2.5-fold differ-
ence prior to differentiation). This effect was not due to a
broad impact of the Oct4:Sox2 mutation on reprogram-
ming, as pluripotency genes were regulated normally in
themutant cells (Supplemental Fig. S3). These results pro-
vide evidence that the Oct4:Sox2 composite motif up-
stream of the Pla2g1b TSS is critical for the initial
activation of Pla2g1b transcription, consistent with the
established role of these proteins as pioneer factors. How-
ever, after transcription is established, it can be main-
tained with only a moderate reduction in transcription
upon mutagenesis of the Oct4:Sox2 motif.

We considered the possibility that heterogeneity within
the ESC and iPSC cell populations might be responsible
for the moderate impact of the Oct4:Sox2 motif mutation
prior to differentiation. However, isolation of single cells
by limiting dilution, followed by expansion of several
subcloned colonies, revealed that each subclone generally
exhibited moderately reduced Pla2g1b transcript levels,
similar to the original mutant lines (Supplemental Fig.
S4A). Moreover, the moderately reduced levels were
maintained for many passages (Supplemental Fig. S4B).

To determine whether Oct4:Sox2 binding near Pla2g1b
contributes to the deposition of active histone marks, we
measured H3K27ac enrichment in the wild-type and mu-
tant lines. Prior to differentiation, the Oct4:Sox2 motif
mutant iPSC lines exhibited moderately reduced
H3K27ac levels on both sides of the Oct4:Sox2 binding

A

B

C D

Figure 4. A tetO-OSKM iPSC line can be used to study gene expression changes during differentiation and secondary reprogramming. (A)
The schematic diagramdisplays the experimental design used to edit the tetO-OSKM iPSC line (by cotransfectionwithHDR template and
Cas9/sgRNA plasmid, as well as selection/genotyping of single-cell colonies). (B) Representative cell culture morphologies are shown for
primary iPSCs, EBs, neural progenitors, and secondary iPSCs. (C ) The line graph shows mRNA levels monitored by qRT-PCR for seven
genes often used to define a pluripotent state.mRNA levels are displayed as a percentage ofGapdh levels. (D) The line graph showsmRNA
levels monitored by qRT-PCR for four genes known to be selectively expressed in neural lineage cells.
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peak, consistent with the moderate impact of the muta-
tion on transcription (Fig. 5C). When differentiated into
EBs and then into NPCs, H3K27ac declined to a low level
in both the wild-type and mutant lines (Fig. 5C). Notably,
upon secondary reprogramming, H3K27ac levels were re-
stored in the wild-type line but remained low in the mu-
tant lines (Fig. 5C). These results suggest that Oct4:Sox2
binding is critical for both transcription and for the depo-
sition of H3K27ac during the initial activation of Pla2g1b
upon reprogramming, but both transcription and
H3K27ac can be maintained at substantial levels in the
pluripotent state in the absence of the Oct4:Sox2 motif.

Critical role of an Oct4:Sox2 composite motif for
transcriptional activation of the dynamic Zfp57 gene
during secondary reprogramming

We hypothesized above that Oct4:Sox2 binding may be
critical not only for the transcription of genes that exhibit
considerable ESC specificity, but also for the transcription
in pluripotent cells of a large number of genes that are ex-

pressed more broadly but require a large dynamic range of
transcription among cell types. To test this hypothesis,
we used CRISPR-HDR to introduce substitution muta-
tions into the Oct4:Sox2 composite motif underlying an
Oct4:Sox2-cobound site upstream of the dynamic Zfp57
gene. This gene, encoding a KRAB domain zinc finger pro-
tein that binds imprinting control regions in ESCs (Quen-
neville et al. 2011), was defined as dynamic in our
classification scheme; it is highly expressed in ESCs and
is expressed at amuch lower level (>20-fold) inmany other
cell types, but it also exhibits high expression in the brain
(Figs. 1C, 6A). Notably, the Oct4:Sox2-cobound site coin-
cides with a superenhancer and with ATAC-seq sensitiv-
ity and high H3K27ac in ESCs (Fig. 6B). However, the
H3K27acmark is absent at this location inZfp57-express-
ing NPCs (Fig. 6B). As expected, mutagenesis of the Oct4:
Sox2 composite motif eliminated Oct4 and Sox2 binding
in two independent mutant lines (Fig. 6C).
Similar to the impact of the Oct4:Sox2 mutation at

Pla2g1b, the Oct4:Sox2 motif substitution mutations
near Zfp57 reduced Zfp57 transcription only moderately

A B

C

Figure 5. Critical role for the Pla2g1bOct4:Sox2 composite motif in gene activation during secondary reprogramming but not for tran-
scriptional maintenance. (A) Bar graphs showOct4 and Sox2 binding monitored by ChIP-qPCR at the Pla2g1b enhancer in wild-type and
in two independent mutant tetO-OSKM lines in primary iPSCs and day 14 secondary iPSCs. Data are displayed as in Figure 3C. (B) The
line graph shows normalized Pla2g1b mRNA levels (by qRT-PCR) in wild-type and two independent mutant tetO-OSKM lines at each
stage of differentiation and secondary reprogramming. Values represent means of three independent samples along with standard errors.
(C ) A genome browser snapshot displays the Oct4 and Sox2 ChIP-seq peaks, ATAC-seq peak, and H3K27ac peak at the Pla2g1b enhancer
in ESCs. Blue shades highlight two regionswith enrichedH3K27ac. At the bottom, bar graphs showH3K27acChIP-qPCR levels at the two
highlighted regions in wild-type and two independentmutant tetO-OSKM lines at each stage of differentiation and reprogramming. Com-
parable results were obtained in three independent experiments.
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in the primary iPSCs (Fig. 6D). Upon differentiation to
NPCs, Zfp57 transcripts rose in the mutant lines to levels
comparable with that observed in the wild-type line, con-
sistent with the neuronal expression of endogenousZfp57
(Fig. 6D): This result suggests that the Oct4:Sox2 motif
plays no role in neuronal Zfp57 transcription. Strikingly,
however, upon secondary reprogramming, Zfp57 tran-
script levels declined to near background in the mutant
lines while remaining high in the wild-type line (Fig.
6D). As in the Pla2g1b experiment, several pluripotency
genes were regulated normally in the mutant cells (Sup-
plemental Fig. S5).

An examination of histone modifications revealed that
H3K27ac levels on both sides of the Oct4:Sox2 motif (E1
andE2 inFig. 6B)were greatlydiminished following second-
ary reprogramming in themutant lines in comparisonwith
the wild-type line (Fig. 6E). In the primary iPSCs, the mu-
tant lines exhibited slightly reduced H3K27ac at E2, but
more substantially reduced H3K27ac at E1 (Fig. 6E). Nota-
bly,H3K27ac levels at bothE1andE2were low inNPCs. In-
terestingly, H3K27ac levels were selectively elevated in
NPCs at regions immediately upstreamof and downstream
fromtheZfp57TSS,withno significant change in theOct4:
Sox2 motif mutants (Fig. 6F); although these regions are in
close proximity to the promoter, which is active in both

iPSCs andNPCs, theymaypossess additional regulatory re-
gions that support transcription only in NPCs.

Together, these results demonstrate that Oct4:Sox2
binding to an Oct4:Sox2 composite motif is critical for
the transcriptional activation of a gene classified as dynam-
ic rather than ESC-specific. As with Pla2g1b, the Zfp57
Oct4:Sox2 motif was critical for transcriptional activation
during reprogrammingbutwas less important for transcrip-
tional maintenance. Importantly, althoughZfp57 is highly
expressed in NPCs via a mechanism that is apparently in-
dependent of the Oct4:Sox2 composite motif, the Oct4:
Sox2motif remained critical forZfp57 transcriptional acti-
vation upon secondary reprogramming.

Critical role of an Oct4:Sox2 composite
motif at the dynamic Epb4.1l5 gene

We next extended this analysis to the Epb4.1l5 gene,
which is also classified as dynamic in our scheme. This
gene is expressed much more broadly than Zfp57 but
with very low expression (>20-fold below the ESC level)
in several cell types examined (Supplemental Fig. S6A).
Epb4.1l5 encodes a FERM domain protein that, to our
knowledge, has not been implicated in a pluripotency net-
work, although it plays multiple developmental roles in

A B
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Figure 6. Critical role for an Oct4:Sox2
composite motif near the dynamic Zfp57
gene in gene activation during secondary
reprogramming but not in transcriptional
maintenance. (A) The bar graph shows
Zfp57 mRNA levels (RPKM from mouse
ENCODE RNA-seq data sets) in 13 cell
populations. (B) Genome browser snap-
shots display the Oct4 and Sox2 ChIP-seq,
ATAC-seq, and H3K27ac ChIP-seq peaks
in ESCs, aswell asH3K27acChIP-seq peaks
inNPCs. Blue shading highlights two geno-
mic regions (E1 and E2) with H3K27ac
ChIP-seq peaks flanking the Oct4:Sox2
composite motif. Green shading highlights
two additional genomic regions (E3 and E4)
with H3K27ac peaks, one of which exhibits
a strong H3K27ac peak in NPCs. (C ) Bar
graphs show Oct4 and Sox2 binding moni-
tored by ChIP-qPCR at the Zfp57 enhancer
in wild-type and two independent mutant
tetO-OSKM lines in primary iPSCs and
day 14 secondary iPSCs. Data are displayed
as in Figure 3C. (D) The line graph shows
normalized Zfp57 mRNA levels (by qRT-
PCR) in wild-type and two independent
mutant tetO-OSKM lines at each stage of
differentiation and secondary reprogram-
ming. Values representmeans of three inde-
pendent samples along with standard
errors. (E) Bar graphs show H3K27ac ChIP-
qPCR levels at the Zfp57 E1 and E2 regions
in wild-type and mutant tetO-OSKM lines

at each stage of differentiation and reprogramming. Comparable results were obtained in three independent experiments. (F ) Bar graphs
showH3K27ac ChIP-qPCR levels at theZfp57 E3 and E4 regions inwild-type andmutant tetO-OSKM lines at each stage of differentiation
and reprogramming.
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mice (Lee et al. 2010). Oct4:Sox2 cobinding was observed
in an Epb4.1l5 intronic region with characteristics of a
typical enhancer (Whyte et al. 2013), coinciding with an
Oct4:Sox2 composite motif and with strong ATAC-seq
and H3K27ac peaks (Supplemental Fig. S6B). Despite the
broader expression of this dynamic gene, the results ob-
tained following Oct4:Sox2 composite motif mutagenesis
by CRISPR-HDR in the Tet-on iPSCs were very similar to
those obtained with Zfp57 (Supplemental Fig. S6C–F),
with a modest effect of the mutation on transcription in
the primary iPSCs and no effect of the mutation on the
high-level transcription observed in NPCs, but a dramatic
impact on transcription after secondary reprogramming.
Moreover, theOct4:Sox2 compositemotifmutation influ-
enced H3K27ac levels near the compositemotif but not at
regions closer to the TSS that were selectively elevated in
NPCs (Supplemental Fig. S6E,F). Thus, Zfp57 and
Epb4.1l5 represent two independent examples of dynamic
genes that have not been well studied as members of plu-
ripotency networks yet are directly regulated by Oct4:
Sox2 during reprogramming to pluripotency, but with
only modest roles of Oct4:Sox2 binding in transcriptional
maintenance. Given that >20% of genes defined as dy-
namic exhibit strong Oct4:Sox2 cobinding within 15 kb
of their TSSs, which represents a much higher percentage
than observed in the broadly expressed gene set, the re-
sults support the hypothesis that a large dynamic range
of expression is a critical and common characteristic of
genes that are direct targets of Oct4 and Sox2.

Oct4:Sox2 composite motifs do not contribute to the
transcription of two broadly expressed genes

Although Oct4:Sox2 binding is enriched near ESC-specif-
ic and dynamic genes, many broadly expressed genes also
exhibit cobinding within 15 kb of their TSSs. Oct4:Sox2
binding could be important for supporting a high expres-
sion level for these genes in pluripotent cells. To examine
the functional significance of the less prevalentOct4:Sox2
cobinding near broadly expressed genes, we first used
CRISPR-HDR to mutate composite motifs in the Tet-on
iPSCs in regions near the Pds5a and Hnrnpr genes, both
defined as broadly expressed using our criteria. The
Pds5a Oct4:Sox2 motif is located 2.4 kb upstream of the
TSS (Supplemental Fig. S7A, Pds5a_E1), and the Hnrnpr
motif is located in an intron 6.9 kb downstream from
the TSS (Supplemental Fig. S7D, Pds5a_E2). Both of these
Oct4:Sox2-cobound sites possess characteristics of typical
enhancers (Whyte et al. 2013) and coincide with ATAC-
seq peaks but not with H3K27ac peaks (Supplemental
Fig. S7A,D).
Importantly, in both primary Tet-on iPSCs and follow-

ing secondary reprogramming, transcription of Pds5a
and Hnrnpr was largely unaffected following CRISPR-
HDR mutagenesis of the Oct4:Sox2 composite motifs
(Supplemental Fig. S7C,F) despite loss of Oct4 and Sox2
binding (Supplemental Fig. S7B,E). H3K27ac remained un-
detectable near the mutant sites and was unaffected at
other locations in the loci (Supplemental Fig. S7G,H).

To extend this analysis, we disrupted Oct4:Sox2 com-
posite motifs near broadly expressed genes at which
Oct4:Sox2 cobinding coincided with H3K27ac peaks in
ESCs (Supplemental Fig. S8). (Note that Oct4:Sox2 bind-
ing accompanied by H3K27ac is very rare near broadly ex-
pressed genes [see Fig. 2D].) One motif mutated is located
in a region characterized as a typical enhancer 7.1 kb up-
stream of the TSS for the broadly expressed Dido1 gene,
with three other genes residing within 200 kb (Supple-
mental Fig. S8A). Importantly, despite the presence of an
H3K27ac peak coinciding with the Oct4:Sox2-cobound
site, mutation of the underlying composite motif had no
significant impact on transcription of any of the four genes
in the secondary reprogramming assay (Supplemental Fig.
S8C). This mutation also had no impact on the H3K27ac
signal (data not shown).
Next, we mutated an Oct4:Sox2 composite motif that

coincided with Oct4:Sox2 cobinding, an H3K27ac peak,
and superenhancer characteristics in an intron of the
broadly expressed Ift52 gene (14.4 kb from its TSS) (Sup-
plemental Fig. S8D). In two independent mutant lines,
this mutation had no impact on transcription of the
Ift52 gene in the secondary reprogramming assay (Supple-
mental Fig. S8F). It also had no impact on the transcription
of two nearby genes: Sgk2 and Gtsf1l (Supplemental Fig.
S8D,F). Interestingly, however, a fourth nearby gene,
Mybl2, which was classified as dynamic according to
our classification criteria, maintained a low expression
level following secondary reprogramming of the mutant
cells, despite activation of Mybl2 transcription in the
wild-type line (Supplemental Fig. S8F). Mybl2, encoding
the transcription factor B-Myb, is important for inner
mass formation and contributes to the control of cell pro-
liferation but has been studied only minimally for its role
in pluripotent cells (Zhan et al. 2012). These results pro-
vide an interesting example of an Oct4:Sox2 composite
site in an intron of a broadly expressed gene that appears
to directly regulate a nearby dynamic gene. The result
strengthens the relationship between Oct4:Sox2 and
dynamically regulated genes by suggesting that some
Oct4:Sox2-cobound sites near broadly expressed genes
may actually be regulators ofmore distant dynamic genes.

Increased transcription of silent genes following Oct4:
Sox2 composite motif mutagenesis and secondary
reprogramming

As noted above, a large number of Oct4:Sox2-cobound
sites are located within 15 kb of genes that are silent or
poorly expressed in ESCs. To test the role of Oct4:Sox2
cobinding at these locations, we disrupted Oct4:Sox2
compositemotifs that coincide with Oct4:Sox2 cobinding
in close proximity to two different silent genes. Onemotif
is located in an intron 8.7 kb downstream from the silent
Oxgr1 gene (Fig. 7A, region E1; Supplemental Fig. S9), and
the second is located in an intron 7.5 kb downstream from
the Gnrhr gene (Fig. 7E, region E1; Supplemental Fig. S9).
The Oxgr1 motif is in a region characterized as a typical
enhancer, and the Gnrhr motif does not meet the criteria
of either a superenhancer or typical enhancer. Both of
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Figure 7. Roles for Oct4:Sox2 composite motifs near the silent Oxgr1 and Gnrhr genes in establishing a silent state during secondary
reprogramming but not for maintaining silencing in tetO-OSKM iPSCs. (A) Genome browser snapshots display Oct4 and Sox2 ChIP-
seq, ATAC-seq, H3K27acChIP-seq, H3K9me3ChIP-seq, andH3K27me3ChIP-seq tracks at the silentOxgr1 locus inmouse ESCs. Yellow
shading highlights the region containing the Oct4:Sox2 composite motif. Red shading highlights two other regions (E2 and E3) analyzed
here. (B) Bar graphs showOct4 and Sox2 binding monitored by ChIP-qPCR at theOxgr1 enhancer in wild-type and two independent mu-
tant tetO-OSKM lines in primary iPSCs and day 14 secondary iPSCs. Data are displayed as in Figure 3C. (C ) The line graph shows nor-
malized Oxgr1 mRNA levels (by qRT-PCR) in wild-type and two independent mutant tetO-OSKM lines at each stage of
differentiation and secondary reprogramming. Values represent means of three independent samples along with standard errors. (D)
Bar graphs show H3K9me3 and H3K27me3 ChIP-qPCR levels at the Oxgr1 E1, E2, and E3 regions in wild-type and mutant tetO-
OSKM lines at each stage of differentiation. (E–H) Data analogous to those in A–D are shown for the silent Gnrhr gene.
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these genes encode G protein-coupled receptors and both
are expressed in somatic cell types but are silent in ESCs
(Supplemental Fig. S9).
The Oxgr1 and Gnrhr Oct4:Sox2-cobound sites coin-

cide with ATAC-seq peaks but not with histone
H3K27ac (Fig. 7A,E). The repressive histone modifica-
tions—H3K27me3 and H3K9me3—span the two loci at
a low level, but peaks for thesemodifications did not coin-
cide with the Oct4:Sox2-cobound sites (Fig. 7A,E).
Mutagenesis of the Oct4:Sox2 composite motifs had no

significant impact on transcription of the genes in the pri-
mary iPSCs (Fig. 7C,G). Surprisingly, however, following
secondary reprogramming, greatly enhanced transcript
levels for each gene emerged in two independent lines har-
boring each of the motif mutations (Fig. 7C,G). In all mu-
tant lines, transcript levels increased by a largemagnitude
of 30-fold to 40-fold (Fig. 7C,G), although the transcript
levels appeared to remain below those observed in
somatic cells expressing the genes (Supplemental Fig.
S9). Notably, the mutations led to only small, variable de-
creases in the H3K9me3 and H3K27me3 modifications
that did not reach statistical significance (Fig. 7D,H;
data not shown). These results suggest that Oct4:Sox2
cobinding at these genes is not needed to maintain the si-
lent state in pluripotent cells. However, cobinding is need-
ed for the genes to enter into a fully silent state following
reprogramming.

Discussion

Transcription factor loss-of-function experiments and ge-
nomic studies have provided many important insights
into the roles of Oct4 and Sox2 in the establishment and
maintenance of pluripotency and in the regulation of plu-
ripotency networks (see above). We set out to increase our
understanding of pluripotency by first quantitatively ex-
amining the dynamic range of expression of genes ex-
pressed in ESCs. We then used CRISPR-HDR to
examine the roles of representative Oct4:Sox2 composite
motifs in gene transcription. Our results suggest that, dur-
ing reprogramming to pluripotency, Oct4 and Sox2 prefer-
entially activate genes in pluripotent cells that are subject
to large dynamic ranges of expression during mammalian
development, but with lesser roles in transcriptional
maintenance. Oct4 and Sox2 also appear to contribute
to the establishment of a silent state at somatic cell-spe-
cific genes, but again with a lesser role in maintenance
of the silent state.
Prior analyses of ChIP-seq data sets have revealed net-

works of genes that appear to be directly regulated by
Oct4 and Sox2, with the target genes involved in signal-
ing pathways, chromatin structure, self-renewal, and sur-
vival, all of which contribute to the pluripotent state
(Boyer et al. 2005; Zhou et al. 2007; Chen et al. 2008;
Kim et al. 2008). However, the characteristics that dic-
tate whether a gene that contributes to pluripotency
will be directly regulated by Oct4 and Sox2 remained un-
defined. Our results suggest that a key characteristic of
Oct4:Sox2 direct targets is the dynamic range of expres-

sion required for each gene. In other words, genes that
are highly expressed in ESCs and involved in pluripo-
tency are much less likely to be directly regulated by
Oct4:Sox2 if their expression level is modulated to only
a limited extent during development. In addition, ESC-
expressed genes that are subject to large dynamic ranges
of expression may be directly regulated by Oct4:Sox2 re-
gardless of their previously established role in pluripo-
tency. Notably, our criteria for defining a gene as
dynamic requires a large dynamic range of expression
(>20-fold) that greatly exceeds the statistical criteria typ-
ically used to define differential expression (often 1.5-
fold to twofold). In fact, a substantial fraction of the
genes included in our “broadly expressed” category are
differentially expressed from the perspective of statistical
significance but by small magnitudes (less than fivefold)
in comparison with the 20-fold differential expression
used to define the “dynamic” gene class.
The results suggest that dynamic and broadly expressed

genes may require distinct regulatory strategies, with the
former category benefiting from direct regulation by Oct4
and Sox2 for reasons that remain to be defined. Our find-
ings suggest that, in other cell types, these dynamic genes
are activated by other transcription factors, often acting
through distinct regulatory regions. An example is
Zfp57, which is highly expressed in NPCs despite the ab-
sence of a role for the Oct4:Sox2 composite motif and de-
spite the absence of ATAC-seq accessibility and H3K27ac
inNPCs at the enhancer bound byOct4 and Sox2 in ESCs.
Many examples of genes regulated by different enhancers
in different cell types have been reported.
Recent studies have begun to uncover different regula-

tory features for classes of genes with different expression
profiles. For example, Zabidi et al. (2015) found that en-
hancers for developmental and housekeeping genes,
which may correspond to our dynamic and broadly ex-
pressed genes, respectively, display distinct core promoter
preferences, suggesting fundamental regulatory differenc-
es. More recently, Bergman et al. (2022) found that pro-
moters for housekeeping genes possess features that
reduce their responsiveness to enhancers in comparison
with the promoters of variably expressed genes (which
may be analogous to the developmental genes of Zabidi
et al. [2015] and our dynamic genes). The unique regulato-
ry requirements of these genes, which remain poorly un-
derstood, may contribute to their requirement for direct
regulation by Oct4:Sox2.
The finding that Oct4:Sox2 motifs near dynamic genes

are less important for transcriptional maintenance than
for transcriptional activation may at face value appear to
contradict extensive evidence from loss-of-function stud-
ies that Oct4 and Sox2 are both required for the mainte-
nance of pluripotency (Nichols et al. 1998; Niwa et al.
2000; Ivanova et al. 2006; Masui et al. 2007). However, a
key distinction is that motif mutagenesis provides an as-
sessment of the impact of Oct4:Sox2 binding on expres-
sion of an individual gene, whereas the Oct4 and Sox2
loss-of-function studies assessed the collective impact of
eliminating or reducing binding throughout the genome.
It therefore may not be surprising that, despite a limited
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role of Oct4:Sox2 in transcriptional maintenance at indi-
vidual genes, modest reductions in transcription ge-
nome-wide would eliminate pluripotency.

The critical roles of Oct4:Sox2 during reprogramming
are consistent with extensive evidence that these factors
possess pioneering activity, allowing them to access chro-
matin at inactive genes and promote transcriptional acti-
vation during the transition to a pluripotent state (Soufi
et al. 2012, 2015). The lesser impact of Oct4:Sox2 motifs
on transcriptional maintenance suggests that other tran-
scriptional activators and coactivators associated with
the Oct4:Sox2 target genes can support transcription at a
substantial level in pluripotent cells after the Oct4:Sox2
motif is eliminated. Although we cannot rule out the pos-
sibility of redundancy with additional Oct4:Sox2 binding
sites near the dynamic genes examined, these sites would
need to be far from the target gene, as the genes studied
generally lacked additional identifiable Oct4 and Sox2
binding events accompanied by H3K27ac. The modest re-
ductionof histoneH3K27ac thatwas generally observed in
the Oct4:Sox2 motif mutants suggests that these enhanc-
ers remain partially active after Oct4 and Sox2 binding is
eliminated. Notably, although the Oct4:Sox2 composite
motifs near dynamicgenesweregreatly enriched for super-
enhancers, one that was examined functionally (near
Epb4.1l5) was in a region classified as a typical enhancer.
One possibility is that the characteristics used to define
superenhancers are imperfect.

The absence of a functional impact of Oct4:Sox2 com-
posite motif mutations near broadly expressed genes
will require further examination. One possibility is that
these composite motifs entirely lack functional roles, per-
haps due to the absence of additional factors bound in
close proximity that may be needed to support enhancer
activity. An alternative possibility is that thesemotifs reg-
ulate the activation of more distant dynamic genes that
were not examined. One example of this scenario was ob-
tained upon mutagenesis of the Oct4:Sox2 motif near the
broadly expressed Ift52 gene; disruption of this motif did
not alter Ift52 transcription, but transcription of the adja-
cent dynamic gene,Mybl2, was eliminated following sec-
ondary reprogramming.

The most surprising results were arguably obtained
upon mutagenesis of Oct4:Sox2 motifs near genes that
are silent in pluripotent cells. These composite motifs
did not contribute to the maintenance of the pre-estab-
lished silent state in pluripotent cells, but they contribut-
ed to the initial establishment of silencing during
secondary reprogramming. Our results suggest that plu-
ripotent cells express transcription factors capable of sup-
porting the transcription of these genes in the absence of
an Oct4:Sox2-dependent mechanism for establishing a si-
lent state. Alternatively, the relatively open chromatin
structure characteristic of pluripotent cells (Lim and
Meshorer 2021) may allow promiscuous transcription of
these genes if an Oct4:Sox2-dependent silencing mecha-
nism is absent. The repressive histone modifications
H3K9me3 and H3K27me3 were implicated in Oct4:
Sox2-mediated silencing, but the changes in modification
levels were small and will require further study. Never-

theless, our findings are consistent with a number of prior
studies that implicated Oct4 and Sox2 in transcriptional
repression and in the silencing of somatic cell-specific
genes during reprogramming (Liu et al. 1997; Liang et al.
2008; Esch et al. 2013; Chronis et al. 2017).

Materials and methods

Cell culture, iPSC differentiation, and secondary reprogramming

Mouse CCE ESCs were grown as described (Langerman et al.
2021). TetO iPSCs (Sridharan et al. 2013) were differentiated
intoNPCs as described (Sagner et al. 2018). In brief, an established
TetO iPSC linewas grown in the absence of doxycycline for 3–5 d
in CorningUltra-low attachment culture dishes to formEBs in EB
formation medium (DMEM, 7.5% FBS, 2 mM L-glutamine, 1%
penicillin/streptomycin, 0.1mM nonessential amino acid, 100
µM β-mercaptoethanol). EBs were subsequently plated onto ad-
herent culture dishes with 0.5 µM retinoic acid (Millipore Sigma)
to induce NPC differentiation. Neural-committed EBs were col-
lected 48 h later and grown in NPC culture medium (DMEM
plus 10% FBS) for 5–7 d. Differentiation into NPCs was moni-
tored by measuring Sox1, Nes, Pax6, and Pax3 transcript levels
by qRT-PCR. To induce secondary reprogramming, NPCs were
grown in DMEM plus 10% FBS at densities of 1.0 × 104 cells per
35 mm on gelatin-coated dishes with monolayer mouse feeders
for 48 h. Culture medium was then removed and replaced by
ESC medium supplemented with 2 µg/mL doxycycline and cul-
tured as described. Cell identity was monitored by qRT-PCR
analysis of pluripotency genes (Oct4, Sox2, Nanog, Ssea1, Klf4,
Rex1, and Nr0b1) and NPC genes (Sox1, Nes, Pax6, and Pax3).

CRISPR/Cas9 mutagenesis

Single guide RNAs (sgRNAs) and homology-directed repair
(HDR) templates were designed using Massachusetts Institute
of Technology CRISPR Designer (http://crispr.mit.edu) and
Benchling CRISPR Guide Design (https://www.benchling.com/
crispr). HDR templates containing EcoRI/BamHI sequences
were designed to introduce substitution mutations into Oct4:
Sox2 motifs. pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene
62988) expressing both Cas9 and the sgRNAs (Cong and Zhang
2015) was cotransfected with the HDR template into CCE ESCs
or iPSCs. Puromycin-resistant cells were collected, diluted, and
plated in 96-well plates to obtain single-cell colonies for genotyp-
ing. Genomic regions flanking the Oct4:Sox2 composite motifs
were amplified by PCR and sequenced to confirm the presence
of the substitution mutations.

ChIP-qPCR

Nuclei from 4×107 cells were collected as described (Ramirez-
Carrozzi et al. 2006). Nuclear pellets were sonicated with aMiso-
nix 3000 sonicator and subsequently incubated overnight with
ChIP-grade antibodies for Oct4 (R&D AF1759), Sox2 (R&D
AF2018), H3K27ac (ActiveMotif 39133), H3K27me3 (ActiveMo-
tif 39155), or H3K9me3 (Abcam ab8898). Antibody-bound com-
plexes were collected using protein G Dynabeads (Invitrogen
10004D) and then reverse-cross-linked with proteinase K
(Thermo Fisher Scientific EO0491) overnight at 60°C. Immuno-
precipitated DNA was purified using phenol-chloroform extrac-
tion (Sigma P3803) and quantified by Qubit (Thermo Fisher
Q32854). The enrichment of chromatin fragments was measured
by qPCR with primer pairs designed to generate 100- to 125-bp
amplified products within ±200 bp of the genomic sites of
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interest. Quantification of fold enrichment was calculated based
on the fold change of the percentage of input between target geno-
mic loci and a negative control region (Hbb-b2).

RNA-seq

Chromatin-associated RNA was fractioned and isolated as de-
scribed (Bhatt et al. 2012). Ribosomal RNA (rRNA) was depleted
using the RiboMinus transcriptome isolation kit (Thermo Fisher
Scientific). Strand-specific cDNA libraries were prepared using
the Illumina TruSeq RNA sample preparation kit v2 (Illumina)
with the dUTP second strand method (Levin et al. 2010). All
cDNA libraries were single-end-sequenced (50 bp) on an Illumina
HiSeq 2000 at the University of California at Los Angeles Broad
Stem Cell Research Center High-Throughput Sequencing Core.
Reads were mapped to the mouse NCBI37/mm9 reference ge-
nome by HISAT2 v2.1.0, and only those uniquely mapping reads
with no more than two mismatches were retained (Kim et al.
2015). Chromatin RNA RPKM was calculated as previously de-
scribed (Tong et al. 2016).mRNARPKMwas calculated by count-
ing all mapped exonic reads and dividing by the length of the
spliced product (Mortazavi et al. 2008). All RPKMs represent an
average from two or three biological replicates in each tissue/
cell type. Published mRNA sequencing data sets were obtained
from the Mouse ENCODE Project (http://www.mouseencode
.org) and are listed in Supplemental Figure S11.

ChIP-seq and ATAC-seq

Public ChIP-seq data sets obtained fromGEO are listed in Supple-
mental Figure S11 (Buecker et al. 2014; Chronis et al. 2017; Moli-
tor et al. 2017). ChIP-seq data processing was performed as
previously described (Tong et al. 2016). Peak calling and gene an-
notation were done by HOMER (http://homer.ucsd.edu/homer)
with false discovery rate (FDR) <0.01 and enrichment over input.
Only reproducible peaks from replicates were retained for down-
stream analyses. Called peakswere annotated to the nearest TSSs
of genes. Oct4 and Sox2-cobound sites were determined by the
distance of peak summit with <100 bp. Histone modification en-
richments were analyzed by calculating the RPKM values of 1.5-
kb windows centered on the center of Oct:Sox2-cobound sites.
ChIP-seq-discovered peaks were analyzed byMEME-ChIP (Bailey
et al. 2009; Machanick and Bailey 2011) for motif discovery. For
the de novo motif analyses at Oct4:Sox2-cobound sites, the
peak center was defined as the midpoint of two peak summits.
Motif width between 10 and 30 bp and P-value threshold of
<0.05 were used to identify composite motifs.
Public ATAC-seq data sets obtained from GEO are listed in

Supplemental Figure S11 (Di Stefano et al. 2016; Xu et al. 2017).
Analysis of ATAC-seq data was conducted as described (Tong
et al. 2016). Chromatin accessibility (ATAC sensitivity) was ana-
lyzed by calculating the RPKM values of 1.0-kb windows cen-
tered on the center of the Oct4:Sox2-cobound sites.

RNA extraction and qRT-PCR

Cells grown in six-well plates at a confluency of 80%–90% were
lysed in TRI reagent (Molecular Research Center TR118). RNA
was extracted by Qiagen RNeasy kit following the manufactur-
er’s instructions and reverse-transcribed into cDNA by Super-
Script III reverse transcriptase (Thermo Fisher Scientific).
cDNA levels were quantified by RT-PCR using PowerUp SYBR
Green master mix (Thermo Fisher Scientific) on a Bio-Rad
CFX384 real-time PCR system. Gene expression levels were cal-
culated relative to a standard curve and normalized to the house-

keeping gene Gapdh in triplicate. Primers used for qRT-PCR are
listed in Supplemental Figure S10.

Data availability

All data have been deposited in the Gene Expression Omnibus
(GEO) under accession number GSE61540.
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