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SUMMARY

The relationship between chromatin organization and
transcriptional regulation is an area of intense inves-
tigation. We characterized the spatial relationships
between alleles of the Oct4, Sox2, and Nanog genes
in single cells during the earliest stages of mouse em-
bryonic stem cell (ESC) differentiation and during em-
bryonic development. We describe homologous pair-
ing of the Oct4 alleles during ESC differentiation and
embryogenesis, and we present evidence that pairing
is correlated with the kinetics of ESC differentiation.
Importantly, we identify critical DNA elements within
the Oct4 promoter/enhancer region that mediate
pairing of Oct4 alleles. Finally, we show that mutation
of OCT4/S0OX2 binding sites within this region abol-
ishes inter-chromosomal interactions and affects
accumulation of the repressive H3K9me2 modifica-
tion at the Oct4 enhancer. Our findings demonstrate
that chromatin organization and transcriptional pro-
grams are intimately connected in ESCs and that
the dynamic positioning of the Oct4 alleles is associ-
ated with the transition from pluripotency to lineage
specification.

INTRODUCTION

The spatial organization of chromatin within the cell nucleus
contributes toward the overall mechanism by which gene ex-
pression and repression is regulated (reviewed in Hulbner
et al.,, 2013; Joffe et al., 2010). In somatic cells, the genome
is spatially segregated into active and inactive chromosomal
regions (Lieberman-Aiden et al., 2009; Nagano et al., 2013;
Simonis et al., 2006) and further subdivided into evolutionarily
conserved topologically associated domains (Dixon et al,
2012; Nora et al., 2012). Emerging evidence also indicates
that cell-type-specific chromatin organization exists at the
sub-megabase level (Phillips-Cremins et al., 2013; Whyte
et al.,, 2013; Zhang et al., 2013). Interestingly, the differences
in chromatin organization between distinct cell types correlate

P

G} CrossMark

with differences in their transcriptional programs (reviewed in
Duan and Blau, 2012).

Although the transcriptional and epigenetic landscape of em-
bryonic stem cells (ESCs) has been extensively characterized
(reviewed in Young, 2011), the impact of nuclear organization
and chromatin dynamics on the regulation of ESC pluripotency
and differentiation has been less well established. Previous
studies have demonstrated a dramatic re-organization of nuclear
architecture that occurs during ESC differentiation, as high-
lighted by several microscopic studies (Aoto et al., 2006; Eckers-
ley-Maslin et al., 2013; Kobayakawa et al., 2007; Melcer et al.,
2012; Meshorer and Misteli, 2006) and by genome-wide map-
ping of lamina-associated domains (Peric-Hupkes et al., 2010).
Interestingly, recent chromosome conformation capture-based
studies revealed that intra- and inter-chromosomal interactions
between genomic regions also differ between ESCs and other
cell types, and that these differences correlate with cell-type-
specific gene expression (Apostolou et al., 2013; de Wit et al,,
2013; Denholiz et al., 2013; Kagey et al., 2010; Nora et al.,
2012; Phillips-Cremins et al., 2013; Wei et al., 2013; Zhang
et al., 2013). Although these studies have provided an under-
standing of the differences in chromatin interaction frequencies
before and after ESC differentiation, the dynamic nuclear land-
scape that exists in single cells during the loss of ESC pluripo-
tency and the onset of differentiation has not been examined.

In this study, we characterized the spatial relationships be-
tween alleles of the Oct4, Sox2, and Nanog genes in single cells
during the earliest stages of mouse ESC differentiation and em-
bryonic development. Using multi-color DNA fluorescence in situ
hybridization (FISH) and 3D analysis of gene position in individual
nuclei, we describe for the first time homologous pairing of the
Oct4 alleles, and present evidence that such homologous pairing
is correlated with the kinetics of ESC differentiation. Further, we
observe Oct4 allelic pairing throughout the ectoderm/neuroecto-
derm of E7.75 mouse embryos, a developmental stage when
dynamic regulation of Oct4 and lineage specification occurs
in vivo. Importantly, we identify critical DNA elements within
the Oct4 promoter/enhancer region that are sufficient to mediate
inter-chromosomal interactions of a transgene with endogenous
Oct4 alleles. Finally, we show that mutation of OCT4/SOX2
binding sites within this critical pairing region abolishes inter-
chromosomal interactions and disrupts the accumulation of
repressive epigenetic modifications at the Oct4 enhancer. Our
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findings demonstrate that chromatin organization and transcrip-
tional programs are connected in ESCs, and that the dynamic
positioning of the Oct4 alleles that occurs during ESC differenti-
ation is linked to an exit from the pluripotent state.

RESULTS

Characterization of the Nuclear Position of Pluripotency
Regulators during ESC Differentiation

Because transcriptional regulation of Oct4, Sox2, and Nanog
genes is critical to the transition between pluripotency and line-
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Figure 1. Assessing Potential Homologous
and Heterologous Interactions between
Oct4, Sox2, and Nanog Gene Loci during
ESC Differentiation

(A-E) Representative images of 3D multi-color DNA
FISH analysis of gene position in ESCs, at0, 1, 2, 3,
and 4 days after the withdrawal of LIF. Individual
ESC nuclei outlined with dashed line. Red arrows in
(D) denote paired Oct4 alleles. Scale bar represents
5 um.

(F) Quantification of allelic interactions among
Oct4, Sox2, and Nanog alleles. n = 100 per locus
pair at each time point. The p values for the two-
sample z-test statistic are reported. **p < 0.01.
See also Figures S1 and S2.

age specification, we were interested in
examining their nuclear organization dur-
ing early ESC differentiation. The Oct4,
Sox2, and Nanog genes are co-regulated,
being bound by similar transcription fac-
tors (Boyer et al., 2005; Loh et al., 2006).
Given the evidence that some co-regu-
lated genes may spatially cluster together
in other cell types (Brown et al., 2008; Ko-
sak et al., 2007; Papantonis et al., 2012;
Schoenfelder et al., 2010), we sought
to determine whether Oct4, Sox2, and
Nanog gene loci were spatially clustered
in ESCs, and whether the spatial relation-
ship between these gene loci changed
during ESC differentiation.

To assess the dynamic spatial relation-
ship between Oct4, Sox2, and Nanog
gene loci during ESC differentiation, v6.5
mouse ESCs were grown on coverslips

W Day 0 () LIF in medium without leukemia inhibitory fac-
:Da‘/1 CYLIF tor (LIF), and allowed to differentiate for
[] - .

Dgzziz_; t:i four days. These ESCs were then fixed
ODay 4 () LIF at 0, 1, 2, 3, and 4 days (—)LIF and multi-

color DNA FISH was performed using
DNA probes to Oct4, Sox2, and Nanog
gene loci (Figures 1A-1E). Distances be-
tween DNA FISH signals in individual
nuclei were measured in 3D, and in accor-
dance with previous studies of inter-chro-
mosomal associations (Augui et al., 2007;
Bacher et al., 2006; Hewitt et al., 2009; La-
Salle and Lalande, 1996; Masui et al., 2011), gene loci that were
separated by a 3D distance of less than 2 um were classified as
“paired” or “associated.”

The distance between homologous and heterologous gene
loci was measured at each time point during differentiation,
and the percentage of nuclei with paired homologous or heterol-
ogous gene alleles was assessed (Figure 1F, see also Figures S1
and S2). Analysis of the frequency of allelic associations revealed
that co-regulated Oct4, Sox2, and Nanog loci do not cluster
together in undifferentiated ESCs. However, when differentiating
ESCs were examined, we found that the homologous alleles of




the Oct4 gene associate with each other with increased fre-
quency at Day 3 (—)LIF (Figures 1D and 1F). The observed asso-
ciation of homologous Oct4 alleles during ESC differentiation
was particularly intriguing, because pairing of homologous
chromosomes is not a general feature of mammalian somatic
cells (Duncan, 2002). Therefore, the occurrence of homologous
Oct4 allelic associations was investigated in further detail.

Homologous Allelic Pairing during ESC Differentiation Is
Specific to the Oct4 Locus

To investigate whether somatic homolog associations were a
pervasive phenomenon during ESC differentiation, we measured
the frequency of homologous allelic associations at additional
gene loci by DNA FISH in undifferentiated ESCs (Day 0), and
ESCs cultured for 3 days without LIF. Association of the Oct4 al-
leles was again observed at Day 3 (—)LIF, but not at Day 0 (Fig-
ure 2A). Interestingly, only the Oct4 locus showed a significant
level of allelic associations at Day 3 (—)LIF; whereas other plurip-
otency gene loci (Sox2, Nanog), housekeeping gene loci (B-actin,
Col1A1), distal regions of mouse chromosome 17 (C17E3), and
the many other genomic regions examined (Table S1 and data
not shown) failed to show a significant level of allelic associations
during ESC differentiation (Figure 2A). Thus, the allelic pairing
observed at Day 3 (—)LIF is not a general feature of all gene
loci in differentiating ESCs, but rather an event specific to the
Oct4 gene locus.

The Timing of Oct4 Allelic Pairing Reflects the Kinetics
of ESC Differentiation
Although numerous studies have shown a relationship between
nuclear organization and transcription, the specific mecha-
nism(s) by which a gene’s position may affect gene expression
remain unclear. Therefore, we sought to investigate whether
Oct4 allelic pairing might be involved in the transcriptional regu-
lation of the Oct4 gene as differentiation proceeds. To assess the
transcriptional status of paired Oct4 alleles in individual nuclei,
Oct4 RNA FISH was performed in combination with Oct4 DNA
FISH on ESCs at Day 3 (—)LIF. This analysis revealed that 37%
of paired Oct4 alleles show transcription from both alleles (Fig-
ure 2B, upper), 24% show transcription from only one allele (Fig-
ure 2B, middle), whereas 39% show no visible transcripts at
either allele (Figure 2B, bottom). These results suggest that allelic
associations may commence prior to or concurrent with the
repression of the Oct4 gene as differentiation progresses. Alter-
natively, Oct4 allelic pairing may be coincident with increased
transcriptional pulsing at the locus and modulation of Oct4
expression levels. Importantly, RNA FISH signals were not de-
tected at either Oct4 allele after 5 days (—)LIF (data not shown),
confirming that both copies of the gene are repressed during
ESC differentiation. Therefore, Oct4 allelic pairing occurs during
the transition of Oct4 expression from an “on” to “off” state.
Next, we tested whether varied differentiation paradigms
might affect the timing and/or frequency of Oct4 allelic associa-
tions. To this end, we used an ESC line containing a stably inte-
grated DOX-inducible shRNA to Oct4 (Oct4.468/R26-rtTA ESCs)
(Premsrirut et al., 2011), and induced differentiation using three
distinct paradigms: (—) LIF, addition of retinoic acid (RA), and
DOX-induced Oct4 shRNA expression (Figure 2C). Interestingly,
RT-gPCR analysis of Oct4 gene expression revealed that the

kinetics of Oct4 gene repression varied depending on the differ-
entiation protocol used (Figure 2D). LIF withdrawal induced a
gradual decrease in Oct4 expression over the course of the
3 days; Oct4 mRNA levels were reduced to less than 50% of
Day 0 expression levels by Day 3 (—)LIF (Figure 2D). In contrast,
treatment with RA or Oct4 shRNA resulted in a more rapid loss
of Oct4 gene expression; transcript levels were reduced to
40% and 20% of Day O expression levels, respectively, after
just 1 day of differentiation (Figure 2D).

When Oct4 allelic pairing was assessed, the onset of pairing
was again observed at Day 3 (—)LIF, coincident with the down-
regulation of Oct4 gene expression (Figures 2E and 2F). In
contrast, ESCs differentiated with RA or Oct4 shRNA induction
showed an earlier onset of Oct4 allelic associations, after only
1 day of differentiation (Figures 2E and 2F). Remarkably, the
earlier onset of Oct4 allelic pairing observed with RA or shRNA
treatment is accompanied by a more rapid loss of Oct4 gene
expression in these differentiation paradigms. Thus, the timing
of Oct4 allelic pairing corresponds to the kinetics of Oct4 gene
repression in each differentiation paradigm. These results sug-
gest that the pairing of Oct4 alleles is associated with Oct4
gene repression, or is linked to a particular developmental stage
in which Oct4 downregulation occurs.

Homologous Pairing of Oct4 Alleles Occurs during Early
Embryonic Development

Although differentiating ESCs can partially recapitulate embry-
onic development in vitro, we were interested in whether the
observed Oct4 allelic associations would also occur in vivo dur-
ing early mouse embryo development. In the post-implantation
mouse epiblast, Oct4 expression in the ectoderm/neuroecto-
derm is downregulated in an anterior to posterior manner con-
current with neural lineage specification and loss of pluripotency
(Downs, 2008; Lupu et al., 2008; Osorno et al., 2012). We
reasoned that if Oct4 allelic pairing was correlated with repres-
sion of the Oct4 gene, high levels of Oct4 allelic pairing should
be observed in nuclei of the anterior neuroectoderm where
the gene was being coordinately repressed. Thus, we assessed
the frequency of Oct4 allelic association in sagittal sections of
late head fold stage (Downs and Davies, 1993) mouse embryos,
which were harvested at E7.75. Embryos were immunolabeled
with an OCT4 antibody to identify regions of the embryo actively
expressing the OCT4 protein (Figures 3A-3C), and immunostain-
ing was assessed in three embryonic regions as indicated: ante-
rior (Ant.), middle (Mid.), and posterior (Pos.) (Figures 3A and S3).
Next, multicolor DNA FISH was performed, using DNA probes to
Oct4, Sox2, and Nanog gene loci. Distances between homolo-
gous alleles were measured in ectoderm/neuroectoderm cells,
and the percentage of nuclei with paired homologous loci was
calculated for each embryonic region (Figures 3D-3G). Interest-
ingly, pairing of homologous Oct4 alleles was observed at
roughly equal levels (~25%-30%) in ectoderm/neuroectoderm
cells of all three regions, regardless of the level of OCT4 immuno-
fluorescence observed in each region (Figures 3D-3G). When
distances between Nanog and Sox2 alleles were assessed in
the same nuclei, allelic associations were not observed (Fig-
ure 3G). In addition, examination of distances between Oct4 al-
leles in embryos at earlier (approximately embryonic day 6.5
[E6.5], epiblast cells) and later (~E9.5, neural epithelium) stages
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Figure 2. The Timing of Oct4 Allelic Pairing Reflects the Kinetics of ESC Differentiation

(A) Quantification of homologous pairing at representative genomic loci in ESCs before (Day 0) and after 3 days of differentiation (—)LIF. n = 100 per locus pair at
each time point, error bars represent + SEM of three biological replicates. *“p < 0.01.

(B) Assessment of the transcriptional status of paired Oct4 alleles, by RNA and DNA FISH. The percentage of paired Oct4 alleles with two active alleles (top, red
arrows), one active allele (middle, red arrow), or zero active alleles (bottom) is indicated. Individual ESC nuclei are outlined with a dashed line. n = 93 paired loci.
Scale bar represents 5 um.

(C) Schematic diagram of differentiation scheme with Oct4.468/R26-rtTA ESCs.

(D) Assessment of Oct4 gene expression by quantitative RT-PCR over 3 days of differentiation, using (—)LIF, RA, or shRNA differentiation paradigms. Gene
expression is normalized to B-actin expression for each sample.

(E) Quantification of Oct4 allelic interactions over 3 days of differentiation, using (—)LIF, RA, or shRNA differentiation paradigms. n = 100 for each time point. Error
bars represent + SEM of three biological replicates. The p values for the two-sample z-test statistic are reported. **p < 0.01.

(F) Representative images of paired Oct4 alleles in Oct4.468/R26-rtTA ESCs differentiated in (—)LIF, RA, or shRNA conditions. Scale bar represents 5 mm.
See also Tables S1 and S2.

of development did not show a significant level of allelic associ-
ations compared to control loci (Figures S3D-S3F). These results
are consistent with our in situ data and indicate that the pairing of
Oct4 alleles is linked to a developmental time point when expres-
sion of the Oct4 gene is being regulated.

278 Cell Stem Cell 16, 275-288, March 5, 2015 ©2015 Elsevier Inc.

The 5' Regulatory Region of the Oct4 Gene Mediates
Inter-Chromosomal Associations at the Oct4 Locus
Having observed that allelic pairing of the Oct4 gene is associ-
ated with the transition from pluripotency to differentiation, we
sought to elucidate the mechanism facilitating pairing of the



Figure 3. Oct4 Allelic Associations Occur
during Post-Implantation Development
In Vivo

(A-C) Representative images of a 10 pm sagittal
cryosection of an E7.75 mouse embryo, showing
(A) OCT4 immunofluoresence (IF), (B) DAPI-stained
nuclei, and (C) OCT4 IF overlaid with DAPI. Scale
bar represents 100 pm.

(D-F) Enlargement of corresponding boxed areas
in (B), showing Oct4 DNA FISH in the (D) anterior,
(E) middle, and (F) posterior regions of the ecto-
derm/neuroectoderm. Nuclei with paired Oct4 al-
leles are outlined with dashed lines. Scale bar
represents 5 um.

(G) Quantification of allelic associations in E7.75
embryos. Error bars represent + SEM of three
biological replicates. The p values for the two-
sample z-test statistic are reported. **p < 0.01.
See also Figure S3.

proper transgene integration at the
Col1A1 locus in resulting ESC clones
(Figure 4C). Next, each new ESC line
was differentiated with RA for 1 day,
and the frequency of transgene associa-
tions with the endogenous Oct4 alleles
was assessed.
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Oct4 alleles. We reasoned that specific protein and/or RNA
factors bind to the Oct4 locus and mediate the pairing event,
and that the Oct4 locus must therefore contain specific DNA el-
ements where such factors will bind. To assess the role of the
genomic DNA sequence in Oct4 allelic pairing, ESC lines with
single-copy, site-specific integrations of various fragments of
a 10kb region of genomic DNA surrounding and including the
Oct4 gene were generated.

A schematic diagram of the strategy used for targeted in-
sertion of Oct4 fragments at the Col/1A7 locus in KH2 ESCs
(Beard et al., 2006) is shown in Figure 4A. The 10kb Oct4
genomic region of interest was divided into four fragments
(Figure 4B), and four new ESC lines (OCF2, OCF3, OCF4,
and OCF5) were generated via Flp-mediated recombination.
Transgene-specific DNA FISH probes were used to verify

surements were made in each ESC
nucleus: the distance between endoge-
nous Oct4 alleles (Oct4(En): Oct4(En),
Figures S4B and 4D, arrow 1), the dis-
tance from the WT-Col1A1 locus to
each endogenous Oct4 allele (WT-
Col1A: Oct4(En), Figures S4A and 4D,

|’7

307

arrow 2), and the distance from the
Tg-Col1A1 locus to the nearest endo-
genous Oct4 allele (Tg-Col1A: Oct4(En),
Figures S4C and 4D, arrow 3). For each
of the ESC lines tested, the endogenous
alleles of the Oct4 gene paired with sig-
nificant frequency at Day 1 of RA differ-
entiation, as expected (Figures 4E and
S4B). Furthermore, WT-Col1A1 and endogenous Oct4 alleles
did not associate to a significant degree on Day 1 of RA dif-
ferentiation in any of the tested ESC lines (Figures 4E and
S4A). Strikingly, when the frequency of Tg-Col1A71 and
endogenous Oct4 alleles was assessed in each cell line, the
OCF2 transgenic allele showed an increased frequency of
Oct4(En) associations compared to WT-Col1A1 (Figures 4E
and S4C). In OCF2 ESC nuclei where these associations
were observed, interactions between the OCF2 transgene
and endogenous Oct4 loci involved one Oct4 allele in 83%
of nuclei (Figure 4F), and both endogenous Oct4 alleles in
17% of nuclei (Figure 4G). These results suggest that DNA
elements exist within the OCF2 DNA fragment that are suffi-
cient to mediate pairing of a transgenic locus with endoge-
nous Oct4 loci.

307
Posterior

307
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OCT4 Protein Binding Sites within the OCF2 DNA
Fragment Are Necessary for Oct4 Allelic Associations
The OCF2 DNA fragment contains 3.6 kb of genomic DNA
sequence from the 5’ regulatory region of the Oct4 gene, which
includes the distal enhancer (DE), proximal enhancer, and a frag-
ment of the Oct4 promoter (APr, Figure 5A). Although this 3.6 kb
OCF2 fragment was sufficient to mediate pairing between the
transgene and endogenous Oct4 genes, we found that any
further truncation of the 3.6 kb fragment abolished pairing activ-
ity (Figures S4D and S4E). Therefore, we reasoned that there
may be multiple separate DNA elements/motifs along this 3.6
kb stretch of DNA, and that proteins binding to multiple sites in
the 3.6 kb sequence may work synergistically to mediate allelic
associations. Based on previously reported evidence of protein
factors involved in somatic homolog pairing (Chaumeil and
Skok, 2012; Donohoe et al., 2009; Ebert et al., 2011), we investi-
gated CTCF, YY1, OCT4, and E2A proteins as candidates for a
possible role in mediating Oct4 allelic associations. To interro-
gate the importance of each of these proteins at the Oct4 locus
in a more specific manner, putative protein binding sites in the
OCF2 DNA element were identified. Bioinformatic analysis re-
vealed four potential OCT4 binding sites, six potential CTCF
binding sites, seven potential YY1 binding sites, and eight poten-
tial E2A binding sites (Figure 5A). Because the OCT4 protein
often binds as a heterodimer with SOX2 in ESCs (Young,
2011), the bioinformatically identified OCT4 binding sites were
extended to encompass any adjacent SOX2 binding motifs,
and these sites are therefore referred to as OCT4/SOX2 binding
sites hereafter. Site-directed mutagenesis was performed with
the pOCF2 plasmid as template, such that mutagenized target-
ing constructs had putative binding sites either for CTCF, YY1,
OCT4/S0X2, and E2A replaced with scrambled DNA sequences
(Table S3). The mutated OCF2 vectors were again used for site-
specific integration at the Col1A7 locus in KH2 ESCs, as detailed
in Figure 4A, and ESC clones were analyzed by DNA FISH to
verify targeted insertion of the transgene at the Col1A1 locus
(Figure 5B). The resulting four new ESC lines, OCF2AOCT4/
SOX2, OCF2ACTCF, OCF2AYY1, and OCF2AE2A, were differ-
entiated in RA medium for 1 day, and the frequency of transgene
associations with the endogenous Oct4 locus was assessed as
described above. Endogenous Oct4 alleles associated with
each other to a significant degree in all of the ESC lines exam-
ined, as expected (Figure 5C). Mutagenesis of CTCF, E2A, and
YY1 binding sites within the OCF2 fragment had only a weak
effect on allelic associations (Figures 5C-5l). Remarkably, muta-
tion of the OCT4/SOX2 binding sites in the OCF2 fragment
produced a more dramatic effect. The Tg-Col1A locus in OCF2-
AOCT4/SOX2 ESCs was not able to associate with the endoge-
nous Oct4 alleles to a significant degree (Figure 5C), indicating
that the wild-type (WT) OCT4 binding sites are necessary to allow
the OCF2 transgene to pair with endogenous Oct4 loci. These
results suggest that the OCT4 protein, or an OCT4 binding part-
ner, may mediate the allelic associations observed during ESC
differentiation.

Because mutations to the putative OCT4/SOX2 binding sites
in the OCF2 fragment (Figure 6A) abrogated pairing between
the transgene and endogenous Oct4 alleles, we sought to verify
that such mutations could truly disrupt OCT4 protein binding
at these sequences using electrophoretic mobility shift assay.

280 Cell Stem Cell 16, 275-288, March 5, 2015 ©2015 Elsevier Inc.

OCT4 protein was found to bind all four WT putative binding sites
in vitro, as evidenced by the gel-shift (indicated by *—) in lanes
containing OCT4 protein (Figure 6B, lanes 2, 8, 14, 20). Further-
more, in lanes containing mutated oligos, the shift produced
by the addition of OCT4 protein was greatly diminished or
completely absent (Figure 6B, lanes 5, 11, 17, 23). The loss of
gel shift with the mutated oligos indicates that mutations to pu-
tative OCT4/SOX2 binding sites 1, 2, 3, and 4 disrupted OCT4
binding to these oligonucleotides in vitro.

To confirm that mutation of the OCT4 binding sites in the OCF2
region also disrupted OCT4 protein binding in situ, OCT4 chro-
matin immunoprecipitation (ChIP) was performed during ESC
differentiation in both OCF2AOCT4/SOX2 ESCs and OCF2AYY1
ESCs. OCT4 occupancy was assayed by gPCR at 0, 3, and
6 days (—)LIF, using allele-specific Tagman probes to distinguish
between WT and transgenic Oct4 alleles. As shown in Figure 6C,
mutation of the OCT4/SOX2 binding site on the OCF240CT4/
SOX2 allele leads to a significant decrease in OCT4 enrichment
compared to the WT Oct4 allele. In contrast, OCT4 enrichment at
the OCF24YY1 allele is comparable to that of the WT Oct4 allele
(Figure 6D). These results indicate that pairing-competent alleles
such as OCF24YY1 are bound by OCT4 in situ, but pairing-defi-
cient alleles such as OCF240CT4/SOX2 are not. Thus, these
data are consistent with a role for the OCT4 protein in mediating
allelic associations between the OCF2 transgene and endoge-
nous Oct4 alleles in situ.

Intact OCT4/S0OX2 Binding Sites Are Necessary for
Inter-Chromosomal Interactions and Coordination of
H3K9me2 Modification during ESC Differentiation

To assess the role of OCT4/SOX2 binding sites at the molecular
level, circular chromosome conformation capture followed by
paired-end DNA sequencing (PE-4Cseq) was performed in
pairing-deficient OCF2AOCT4/SOX2 ESCs and pairing-compe-
tent OCF2AYY1 ESCs before and after the onset of differentia-
tion. Using the transgenic OCF2 region on chromosome 11 as
bait, 4C templates were prepared from OCF2AOCT4/SOX2
ESCs (Figure 7A) and OCF2AYY1 ESCs (Figure 7B) after 0 or
3 days of differentiation (—)LIF. After paired-end sequencing,
the frequency of inter-chromosomal interactions between the
transgenic OCF2 locus and the endogenous (WT) Oct4 locus
was assessed at each time point. Consistent with our DNA
FISH data (Figure 5), PE-4Cseq revealed minimal trans-interac-
tions between the WT Oct4 locus and the OCF240CT4/SOX2
transgene at both Day 0 and Day 3 (Figure 7C). However, the
OCF24YY1 allele, which contains intact OCT4 protein binding
sites, shows a significant increase in inter-chromosomal con-
tact with the WT Oct4 locus at Day 3 of ESC differentiation
(Figure 7C). No significant differential intra-chromosomal inter-
actions were identified using the FourCSeq program (Klein
et al, 2014; see Supplemental Experimental Procedures).
These data confirm that intact OCT4/SOX2 binding sites are
necessary for inter-chromosomal contacts at the Oct4 locus
during ESC differentiation.

Having confirmed inter-chromosomal contact between the
WT Oct4 locus and the OCF24YY1 locus at the molecular level,
we next sought to assess whether loss of inter-chromosomal
pairing would affect regulation at the Oct4 locus. Previous
studies have shown that the methyltransferase G9A is targeted
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Figure 4. A DNA Fragment Encompassing the 5 Regulatory Region of the Oct4 Gene Is Sufficient to Induce Pairing with Endogenous
Oct4 Loci

(A) Schematic representation of a 10 kb genomic region at the Oct4 locus on mouse chromosome 17, which was divided into four separate genomic DNA
fragments: OCF2, OCF3, OCF4, and OCF5.

(B) Oct4 genomic fragments were inserted at the Col/1A17 locus in KH2 ESCs.

(C) Targeted insertion of Oct4 fragments at the Col1A1 locus was verified by DNA FISH. Representative images of each cell line are shown, with the transgenic (Tg)
and WT Col1AT1 loci labeled. Inset images show an enlarged region of the Tg-Col1A1 locus. Scale bar represent 5 pm.

(D) Schematic representation of distance measurements made between the endogenous Oct4 alleles (Oct4(En)), the WT-Col1A1 allele, and the transgenic
Col1AT1 allele (Tg-Col1AT7).

(E) Quantification of allelic interactions among endogenous Oct4 loci (Oct4(En)), WT-Col1A1, and Tg-Col1A7 in each cell line. n = 100 each time point, error bars
represent + SEM of three biological replicates. The p values for the two-sample z-test statistic are reported. **p < 0.01.

(F and G) Representative images of paired loci in OCF2 ESCs. Pairing of Tg-Col1A with (F) one endogenous Oct4 locus was observed more frequently than
simultaneous pairing of Tg-Col1A with both endogenous Oct4 loci (G). Scale bar represents 5 pm.

See also Figure S4.

to the Oct4 locus during ESC differentiation, leading to an in- et al., 2012). Evidence also indicates that G9A activity is neces-
crease in di-methylation of Histone 3 Lysine 9 (H3K9me2) at sary for stable repression and heterochromatinization of Oct4
the Oct4 locus by day 5.5 (—)LIF (Feldman et al., 2006; Yamamizu  (Epsztejn-Litman et al., 2008; Feldman et al., 2006), making the
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(A) Schematic representation of the 3.6 kb OCF2
fragment, with putative binding sites for CTCF,
E2A, OCT4/SOX2, and YY1.

(B) Targeted insertion of mutated OCF2 fragments
at the Col1A1 locus was verified by DNA FISH.
Representative images of each cell line, with the
transgenic (Tg) and WT Col1A1 loci labeled. Inset
images show enlarged region of the Tg-Col1A1
locus. Scale bar represents 5 pm.

(C) Quantification of allelic interactions between

WA CTCF
@A E2A

DA OCT4/SOX2 | . .
DA YY1 ical replicates. The p values for the two-sample z-

endogenous Oct4 loci (Oct4(En)), WT-Col1A1, and
Tg-Col1A1 in each cell line. n = 100 for each time
point, error bars represent + SEM of three biolog-

test statistic are reported. **p < 0.01, *p < 0.05.

(D-l) Representative images of paired loci in
OCF2ACTCF, OCF2AYY1, and OCF2AE2A ESCs.
Percentage of pairing events in each cell line

Percent Nuclei With Paired Loci

Interacting Loci (Locus1 : Locus2)

Oct4(En) : Oct4(En) Tg-Col1A : Oct4(En) WT-Col1A : Oct4(En)

involving two or three loci are indicated. Scale bar
represents 5 um.

j— See also Figure S5 and Table S3.

quires the proper epigenetic marks in syn-

H3K9me2 modification a robust indicator of gene repression
at the Oct4 locus. Thus, H3K9me2 ChIP was performed during
ESC differentiation in pairing-deficient OCF2AO0CT4/SOX2
ESCs and pairing-competent OCF2AYY1 ESCs to investigate
the acquisition of this epigenetic mark at the WT and transgenic
Oct4 alleles during differentiation. H3K9me2 enrichment was
assayed by gPCR at 0, 3, and 6 days (—)LIF, using allele-specific
Tagman probes to distinguish between WT and transgenic
Oct4 alleles. As shown in Figure 7D, the pairing-deficient
OCF240CT4/SOX2 allele shows a significantly lower level of
H3K9me2 enrichment by Day 6 (—)LIF compared to the WT
Oct4 allele at the same time point, indicating that the mutated
locus is not regulated by the same mechanism as the WT Oct4
locus. In contrast, the pairing-competent OCF24YY1 allele ac-
quires the H3K9me2 marks with the same kinetics as the WT
Oct4 allele at all points examined during differentiation (Fig-
ure 7E), indicating that the transgenic OCF24YY1 allele, which
is able to physically interact with WT Oct4 alleles in trans, ac-
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chrony with WT Oct4 alleles during ESC
differentiation. Together, these data sug-
gest that the loss of OCT4/SOX2 binding
sites at the Oct4 locus not only disrupts
allelic pairing, but also affects accumula-
tion of the repressive H3K9me2 modifica-
tion at the Oct4 enhancer region.

DISCUSSION

Thus far, studies that have addressed the
relationship between gene position and
transcriptional regulation have been per-
formed in ESCs before the cells loose plu-
ripotency, and then in differentiated cell
populations after the cells have committed to a particular lineage
(Aoto et al., 2006; Boyer et al., 2005; Jost et al., 2011; Loh et al.,
2006; Mayer et al., 2005; Mikkelsen et al., 2007; Parada et al.,
2004; Peric-Hupkes et al., 2010). Certainly, such studies have
yielded important insights into the epigenetic and transcriptional
differences between pluripotent and committed cell types. How-
ever, without examining the early intermediate steps between
pluripotency and lineage commitment, it is impossible to under-
stand how these differences are established. Herein, we have
provided evidence of transient Oct4 allelic pairing during the
transition from pluripotency to lineage commitment during ESC
differentiation, and importantly, also during embryonic develop-
ment. Our data suggest that homologous pairing of Oct4 alleles
is correlated with the kinetics of ESC differentiation. Further-
more, we have identified DNA elements within the Oct4 gene lo-
cus that mediate the allelic pairing event, and modulate the syn-
chronous acquisition of repressive epigenetic marks during ESC
differentiation.



A 2 3 4
AOCT4/
soxz} [oE}— ~ {7} APR
B | 1-WT " 1-MUT i 2-WT - 2-MUT i 3-WT - 3-MUT " 4-WT i 4-MUT .
OCT4: - + + - + + - + + - + + -+ + - + + - + + - + +
Comp: = = + = - + - - 4+ - = 4 - = + - - + - - + - - +
[ ¥
*=> o -
lidha o alddda
3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
WT Oct4 D WT Oct4 ; —
fhoy’ - — alete | e {re—{H
(Chr. 17) — (Chr. 17) r
AOCT4/SOX2 ¢ 23 4 AYYY : = iy -
allele | D] {rE} [aPR] allele | DE| PE (A PR]
(Chr. 11) — (Chr. 11) ——
B C
OCT4 ChIP OCT4 ChIP
> = EWT Oct4 Allele 12 EWT Oct4 Allele
45 T EAOCT4/SOX2 Allele [ EAYY1 Allele
10 T
47 %

w
3
.

w
.

N
.

Fold Enrichment Relative to IgG
an
Fold Enrichment Relative to IgG

Day 0

Day 3
Day of Differentiation

Day 6

Day 0

Day 3
Day of Differentiation

Day 6

Figure 6. OCT4 Protein Binding at Four Sites within the OCF2 DNA Fragment Is Disrupted by Site-Directed Mutagenesis

(A) Schematic representation of the 3.6 kb OCF2 fragment, with putative binding sites for OCT4/SOX2 proteins indicated.

(B) Binding of recombinant OCT4 protein to WT or mutated oligos was assessed. Upward shift in the gel band (*—) indicates OCT4 binding. Unbound oligo-
nucleotides are seen as a lower band (—).

(C) Oct4 ChIP-gPCR was performed in OCF2AOCT4/SOX2 ESCs differentiated for 0, 3, or 6 days (—)LIF. Allele-specific Tagman probes were used to distinguish
the endogenous Oct4 distal enhancer (DE) region (chromosome [Chr.] 17, blue underline “A”) from the mutated transgenic DE region (Chr. 11, red underline “B”).
OCT4 enrichment at each site is reported relative to IgG. Error bars represent + SEM of three biological replicates, and p values for Student’s t-test are reported.
*p < 0.05.

(D) Oct4 ChIP-qPCR was performed in OCF2AYY1 ESCs, using allele-specific Tagman probes to distinguish endogenous Oct4 distal enhancer (DE) region (Chr.
17, blue underline “A”) from mutated transgenic DE region (Chr. 11, green underline “C”). OCT4 enrichment expressed relative to IgG. Error bars represent + SEM
of three biological replicates.

See also Table S4.

Our single-cell analyses extend several recent genome-wide
studies, which find that genomic regions occupied by pluripo-
tency factors such as OCT4, SOX2, and NANOG interact with

each other at increased frequency, creating an ESC-specific
chromatin organization profile (de Wit et al., 2013; Denholtz
et al., 2013; Wei et al., 2013). In addition, our findings support
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Figure 7. Intact OCT4/SOX2 Protein Binding Sites Are Necessary for Inter-Chromosomal Interactions in Trans

(A-C) Circular chromosome conformation capture followed by paired-end DNA sequencing (4C-seq) used to evaluate inter-chromosomal interactions between
the WT endogenous Oct4 locus (Chr. 17) and a mutated OCF2 transgenic locus (Chr. 11) in (A) “pairing deficient” OCF2AOCT4/SOX2 ESCs and (B) “pairing
competent” OCF2AYY1 ESCs. (C) The frequency of inter-chromosomal contacts between the WT Oct4 locus (Chr. 17) and a mutated OCF2 transgenic locus
(Chr. 11) was determined and is reported as the fold enrichment relative to the background level of inter-chromosomal interactions at a non-interacting genomic
region. The change in trans-interactions was compared between Day 0 and Day 3 in each cell line. Error bars represent + SEM of two biological replicates, and p
values for Student’s t-test are reported. *p < 0.05.

(D) H3K9me2 ChIP-gPCR was performed in OCF2AOCT4/SOX2 ESCs differentiated for 0, 3, or 6 days (—)LIF. Allele-specific Tagman probes were used to
distinguish the endogenous Oct4 distal enhancer (DE) region (Chr. 17, blue underline “A”) from the mutated transgenic DE region (Chr. 11, red underline “B”).
H3K9me2 enrichment at each site is reported as fold enrichment relative to Day 0 values. Error bars represent + SEM of at least two biological replicates, and p
values for Student’s t-test are reported. *p < 0.05.

(E) H3K9me2 ChIP-gPCR was performed in OCF2AYY1 ESCs differentiated for 0, 3, or 6 days (—)LIF. Allele-specific Tagman probes were used to distinguish the
WT Oct4 distal enhancer (DE) region (Chr. 17, blue underline “A”) from the mutated transgenic DE region (Chr. 11, green underline “B”). H3K9me2 enrichment at
each site is reported as fold enrichment relative to Day 0 values. Error bars represent + SEM of at least two biological replicates.
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a growing body of evidence that suggest a role for DNA ele-
ments bound by transcriptional activators/repressors in medi-
ating chromatin organization in various organismal contexts
(Apostolou et al., 2013; Babu et al., 2008; Bantignies et al.,
2011; Brickner et al., 2012; Bulut-Karslioglu et al., 2012; Jing
et al., 2008; Wei et al., 2013; Whyte et al., 2013).

Inter-chromosomal associations could be mediated through a
variety of mechanisms. In the case of the Oct4 gene locus, we
identified the 5’ regulatory region of the Oct4 gene (the OCF2
transgene fragment) as essential for mediating Oct4 allelic pair-
ing. Furthermore, we present evidence that four OCT4/SOX2
binding sites within this region are necessary for mediating
inter-allelic associations. These findings imply that the OCT4
and/or SOX2 proteins, or other proteins that competitively bind
to these DNA elements, mediate the observed Oct4 allelic
associations during ESC differentiation. Interestingly, the OCT4
protein has also been identified as a critical mediator of inter-
chromosomal XIC associations during X chromosome inactiva-
tion (Donohoe et al., 2009). In addition, Oct4/Sox2 motifs have
been identified in the imprinting control region (ICR) of the H19/
Igf2 locus (Hori et al., 2012), another genomic locus that has
been shown to participate in functional inter-chromosomal inter-
actions (Ling et al., 2006; Sandhu et al., 2009). Indeed, evidence
suggests that the intact Oct4/Sox2 motif is necessary for proper
DNA demethylation at the maternal ICR in both mouse and hu-
man cells (Abi Habib et al., 2014; Hori et al., 2012; Zimmerman
et al., 2013). Together with our data, these studies suggest an
important role for Oct4/Sox2 binding motifs at several genomic
loci that participate in inter-chromosomal interactions, and that
loss of these binding motifs can lead to epigenetic misregulation.

Although our findings clearly demonstrate that the OCT4 protein
binds the Oct4/Sox2 elements in the OCF2 fragment in vitro and
in vivo (Figure 6) and that the binding is essential for allelic pairing,
we cannot rule out the possibility that additional proteins may bind
these Oct4/Sox2 elements with OCT4 in an in vivo context. For
instance, it has been reported that OCT4 can bind to these ele-
ments with SOX4, SOX11, SOX 14, SOX15, SOX17, or SOX21
instead of SOX2 (Masui et al., 2007). Similarly, SOX2 may bind
enhancer elements with the POU family member BRN2 instead
of OCT4 in some cell types (Lodato et al., 2013). In addition, the
OCT4 protein has been shown to interact with various other pro-
teins, including nucleosome remodelers, chromatin modifiers, Co-
hesin, Mediator, as well as proteins involved in nucleotide excision
repair (Ding et al., 2012; Esch etal., 2013; Fong et al., 2011; Kagey
et al., 2010; van den Berg et al., 2010). Thus, the flexibility of both
OCT4 and SOX2 proteins to bind Oct4/Sox2 DNA elements with
varied binding partners could allow these DNA elements to be uti-
lized differently depending on the availability of protein binding
partners in different cell types. Identification of proteins in addition
to OCT4 that bind to these Oct4/Sox2 elements to mediate inter-
chromosomal contacts will be the subject of future studies, and
will extend our understanding of the impact of nuclear dynamics
on transcriptional programs, and vice versa.

Unlike other described cases of homologous allelic associa-
tions in mammalian cells (Bacher et al., 2006; Hewitt et al.,
2009; Krueger et al., 2012; LaSalle and Lalande, 1996; Thatcher
et al., 2005), the Oct4 gene is not imprinted and does not appear
to be monoallelically expressed; therefore, Oct4 allelic pairing is
not likely to function in allelic exclusion. In Drosophila, where so-

matic homolog pairing is frequently observed, the term transvec-
tion is used to describe cases in which gene activity is influenced
by the action of enhancers in trans (reviewed in Duncan, 2002).
Although transvection has been studied most extensively in
Drosophila, several studies suggest that homologous and heter-
ologous alleles may also have the potential for trans-regulation in
mammalian somatic cells (Krueger et al., 2012; Sandhu et al.,
2009; Spilianakis et al., 2005; Yan et al., 2007). Given that the
present study reveals an interaction between Oct4 enhancer re-
gions, our data are most consistent with transvection-like regu-
lation at the Oct4 locus.

Collectively, our results indicate that the dynamic reorganiza-
tion of nuclear architecture that occurs during ESC differentia-
tion, including Oct4 allelic pairing, is likely linked to the changing
transcriptional program in these cells. In the future, the develop-
ment of live-cell imaging approaches to simultaneously depict
Oct4 gene position and transcription in ESCs and embryos will
help to further elucidate the relationship between inter-chromo-
somal interactions and the transcriptional program during
commitment and development.

EXPERIMENTAL PROCEDURES

ESC Lines

ESC lines containing transgenic single-copy insertions of Oct4 gene fragments
were constructed by FLP recombination using the KH2 ESC line (Beard et al.,
2006).

Oct4.468/R26-rtTA (Premsrirut et al., 2011) and KH2 ESC lines were kindly
provided by S. Lowe, Memorial Sloan Kettering Cancer Center; and the v6.5
ESC line was provided by S. Kim, Cold Spring Harbor Laboratory. See also
Table S2.

ESC Culture and Differentiation

Routine growth and maintenance of ESCs was carried out as previously
described (Eckersley-Maslin et al., 2014), except that Oct4.468/R26-rtTA
ESCs were cultured in ESC medium made with Tet System Approved Fetal
Bovine Serum (Clontech).

ESCs were differentiated using either: (1) (—)LIF differentiation medium:
DMEM high glucose (Invitrogen) containing 15% fetal bovine serum (FBS)
(Invitrogen), 1x MEM-NEAA (Invitrogen), 0.1 U/ml pen/strep, and 2 uM 2-mer-
captoethanol (Sigma). (2) RA differentiation medium: (—)LIF differentiation
medium, plus 100 nM all-trans retinoic acid (Sigma). (3) DOX differentiation
medium: (—)LIF differentiation medium, plus 1 pg/ml doxycycline (Sigma).

Mouse Embryo Collection, Fixation, and Cryosectioning

WT C57BL/6J embryos were recovered at 6.5, 7.75, and 9.5 days post-coitum
(dpc). E6.5 embryos in utero were fixed in 4% paraformaldehyde (PFA) over-
night at 4°C, E7.75 embryos were fixed in 4% PFA for 30 min at 4°C, and
E9.5 embryos were fixed in 2% PFA overnight at 4°C. Serial sagittal sections
of 10 um thickness were prepared using a Leica cryostat. E7.75 embryos were
staged according to Downs and Davies (1993).

Immunofluorescence and RNA and DNA FISH

Immunofluorescence, RNA FISH, and DNA FISH were performed as previously
described (Eckersley-Maslin et al., 2014). For immunofluorescence, primary
antibodies used included rabbit anti-Oct4 (H134, Santa-Cruz, 1:200) and rab-
bit anti-LaminB1 (Abcam, 1:500). Detailed protocol is available in the Supple-
mental Experimental Procedures.

Multi-Site-Directed Mutagenesis of pOCF2

Putative binding sites for the candidate proteins were identified in the OCF2
DNA sequence using the Matlnspector program (Genomatix Software, Table
S3). Putative binding sites were scrambled using Sequence Scrambler (http://
molbiol.ru/eng/scripts/01_16.html) and primers were designed (Table S3) for
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use with the QuikChange Lightening Multi-Site-Directed Mutagenesis Kit (Agi-
lent). Mutagenesis was performed according to the manufacturer’s protocol,
and the sequences of the resulting plasmids were verified by DNA sequencing.

Microscopy and Image Analysis

Image acquisition was carried out on an Applied Precision DeltaVision Core
microscope with a PlanApo 60 x 1.40 numerical aperture objective lens
(Olympus America); 50-150 image stacks (200 nm thickness) were acquired
of each ESC colony, depending on the thickness of the ESC colony in each
instance. Acquired images were subsequently deconvolved and analyzed us-
ing SoftWoRx Suite 2.0 software (Applied Precision). Cell nuclei were manually
segmented, and distances between DNA FISH signals in the acquired, decon-
volved images were measured in 3D. The distance between two points was
measured as the distance from the center of one fluorescent signal to the
other. In each experiment, only nuclei with two or four visible fluorescent sig-
nals for each locus were included in the analysis.

Statistical Analysis of Allelic Pairing Frequencies

The distribution of heterologous distances between non-co-regulated genes
was used to calculate the expected frequency of random inter-allelic associa-
tions at each time point (Figure S1), as previously described (LaSalle and La-
lande, 1996).

The two-sample z-test statistic was used to assess whether the observed
frequency of allelic pairing events was more than the expected frequency of
random inter-allelic associations (Figure S1). A p < 0.05 was considered signif-
icant, and sufficient to reject the null hypothesis.

4C Template Preparation, Paired-End Sequencing, and Data
Analysis

4C templates for OCF2AOCT4/SOX2 and OCF2AYY1 ESCs at Day 0 and Day
3 (—)LIF were prepared as previously described (Splinter et al., 2012), and se-
quences were amplified from the 4C template using primers for the OCF2 and
control (154.9) viewpoints. Pooled libraries were sequenced on an lllumina
MiSeq PE300. Obtained reads were separated using custom perl scripts
based on the sample, genotyping SNPs, and/or the presence of sequences
unique to the WT Oct4, OCF240ctSox and OCF24YY1 loci. Intra-chromo-
somal interactions were assessed using the FourCSeq program (Klein et al.,
2014). Inter-chromosomal interaction frequencies are expressed as a fold dif-
ference from the average inter-chromosomal interaction frequencies observed
at the control (154.9) viewpoint. A detailed protocol is provided in the Supple-
mental Experimental Procedures.

Allele-Specific ChIP-qPCR

ChlIP for OCT4 and H3K9me was performed in OCF2AOCT4/SOX2 and OCF2-
AYY1 ESCs at Day 0, Day 3, and Day 6 (—)LIF, using methods described pre-
viously (Marson et al., 2008). For qPCR, allele-specific Tagman probes with
distinct reporters were used simultaneously in each PCR reaction to distin-
guish between occupancy at the endogenous Oct4 DE on chromosome 17
and the mutated transgenic Oct4 DE region on chromosome 11 (see the Sup-
plemental Experimental Procedures). For OCT4 ChlIP, enrichment at each site
is reported as fold-change relative to IgG in each biological replicate. For
H3K9me2 ChlP, a standard curve was first used to determine the quantity of
DNA pulled down in each sample, and then the quantity normalized relative
to the starting amount at Day 0 for each biological replicate. H3K9me2 enrich-
ment is then expressed as the fold-change from Day 0 at each time point and
compared to IgG.

ACCESSION NUMBERS

The NCBI Gene Expression Omnibus accession number for the PE-4Cseq
data sets reported in this paper is GSE65510.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2015.02.001.
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