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The mechanisms whereby the crucial pluripotency transcription factor Oct4 regulates target gene expression are incompletely
understood. Using an assay system based on partially differentiated embryonic stem cells, we show that Oct4 opposes the accu-
mulation of local H3K9me2 and subsequent Dnmt3a-mediated DNA methylation. Upon binding DNA, Oct4 recruits the histone
lysine demethylase Jmjd1c. Chromatin immunoprecipitation (ChIP) time course experiments identify a stepwise Oct4 mecha-
nism involving Jmjd1c recruitment and H3K9me2 demethylation, transient FACT (facilitates chromatin transactions) complex
recruitment, and nucleosome depletion. Genome-wide and targeted ChIP confirms binding of newly synthesized Oct4, together
with Jmjd1c and FACT, to the Pou5f1 enhancer and a small number of other Oct4 targets, including the Nanog promoter. His-
tone demethylation is required for both FACT recruitment and H3 depletion. Jmjd1c is required to induce endogenous Oct4
expression and fully reprogram fibroblasts to pluripotency, indicating that the assay system identifies functional Oct4 cofactors.
These findings indicate that Oct4 sequentially recruits activities that catalyze histone demethylation and depletion.

Oct4/Pou5f1 is an indispensable component of the regulatory
circuitry controlling the establishment and maintenance of

pluripotent, undifferentiated inner cell mass and epiblast cells, as
well as primordial germ cells, germ line progenitor cells, and cul-
tured embryonic stem cells (ESCs) (1–3). Its loss accompanies
ESC differentiation and loss of pluripotency (4). Oct4 is also one
of a small group of pluripotency regulators, including Nanog and
Sox2, which reinforce each other’s expression (5), while simulta-
neously regulating other parameters of ESC function such as de-
velopmental gene poising. Oct4 is widely used to generate induced
pluripotent stem cells (iPSCs) from somatic cells (6, 7). The crit-
ical role of Oct4 in establishing and maintaining pluripotency
places priority on determining how it functions. Studies have
identified functional interactions between Oct4 and Paf1/PD2, a
component of the PAF transcription elongation complex (8);
Wdr5, a core subunit of the MLL and SET1 histone methyltrans-
ferase complexes (9); and XPC, a DNA repair protein (10). Other
work has demonstrated an association between Oct4 binding and
nucleosome depletion at some targets (11). In inhibitory contexts,
Oct4 has been associated with ESET/Setdb1 and NuRD (12–14).

Oct1, an Oct4 paralog, regulates transcription by associating
with two chromatin modifying activities, NuRD and Jmjd1a, in a
mutually exclusive fashion (15). NuRD is a repressive complex
that also associates with Oct4 (16, 17). Jmjd1a (also known as
KDM3A and Jhdm2a) is a histone lysine demethylase that cata-
lyzes the removal of repressive histone H3 lysine 9 dimethyl
(H3K9me2) marks to potentiate gene activity.

The homology between Oct1 and Oct4 (18), as well as the
known role of H3K9me2 in pluripotency (19, 20), suggested that
Oct4 may use a similar mechanism. Here, we establish a system in
which Oct4 protein is re-expressed in differentiating ESCs that
have lost endogenous Oct4 expression. We found that Oct4 cata-
lyzes the loss of H3K9me2 and blocks the deposition of DNA
methylation marks by Dnmt3a at the Pou5f1 distal enhancer. Oct4

recruits Jmjd1c, a histone lysine demethylase and paralog of
Jmjd1a, to Pou5f1. Using chromatin immunoprecipitation (ChIP)
time course assays, we show that Jmjd1c recruitment and
H3K9me2 loss precede depletion of H3 itself and that transient
recruitment of the FACT histone chaperone complex coincides
with H3 loss. We show that nucleosome demethylation is required
for FACT recruitment and H3 depletion and further show that
this mechanism acts at multiple Oct4 targets, including targets
directly involved in pluripotency. Lastly, we show that efficient
generation of reprogrammed iPSCs that express endogenous Oct4
requires Jmjd1c. These findings thus identify an essential mecha-
nism in which Oct4 sequentially recruits different activities to alter
local chromatin.

MATERIALS AND METHODS
Cell culture. tetON-Oct4 doxycycline-inducible ESCs (21) were obtained
from K. Hochedlinger. Cells were cultured in Dulbecco modified Eagle
medium, 15% tetracycline-free fetal bovine calf serum (HyClone), 100 U
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of penicillin/ml, 100 �g of streptomycin/ml, 2 mM L-glutamine (Life
Technologies), 50 �M �-mercaptoethanol (Sigma), 1,000 U of leukemia
inhibitor factor (LIF; Chemicon)/ml, 0.1 mM minimal essential medium
nonessential amino acids, and 1 mM sodium pyruvate. Cells were cul-
tured at 37°C and 5% CO2 in a humidified atmosphere. Retinoic acid (RA;
Sigma) was used at 1.5 �g/ml, and doxycycline (Sigma) was used at 2
�g/ml. ESCs were separated from feeder fibroblasts by allowing feeders to
adhere to tissue culture plastic prior to RA-mediated differentiation. Di-
methyloxalylglycine (DMOG; EMD Biosciences) was used at 1 mM.

ChIP. Oct1, Jmjd1a, H3, and H3K9me2 ChIP experiments were per-
formed as described previously (15). Enrichment was quantified relative
to an isotype control antibody, nonspecific control region, and input
DNA titration as described previously (22). The isotype control for rabbit
antibodies (Oct4, Jmjd1c, Dnmt3a, histone H3, and H3K9me2) was nor-
mal rabbit IgG (sc-2027; Santa Cruz), and the isotype control for mouse
monoclonal antibodies (SSRP1, Spt16) was normal mouse IgG2b (sc-
3879; Santa Cruz). The control primer pairs came from the mouse Actb
locus: b-actin-F (TGTTACCAACTGGGACGACA) and b-actin-R (CTA
TGGGAGAACGGCAGAAG). Oct4 and Jmjd1c ChIP assays were per-
formed with antibodies from Abcam (ab19857 and ab31215), and SSRP1
and Spt16ChIP assays were performed with antibodies from BioLegend
(catalog numbers 609702 and 607002). The oligonucleotide sequences
were as follows: Pou5f1 enhancer (forward, 5=-CCCCAGGGAGGTTGAG
AGTT; reverse, 5=-AAGGGCTAGGACGAGAGGGA), Nanog promoter
(forward, 5=-CTCAGATCCCCCACTTGACCTG; reverse, 5=-GCAAGAC
ACCAACCAAATCAGC); Vamp1 promoter (forward, 5=-TGTGGGTTT
TATGGTCTCAG; reverse, 5=-GACTGCTGTCATTCTTACCG); and
Slain2 enhancer (forward, 5=-CAAAGAACAAAGCAGCAAAC; reverse,
5=-CGCAGACCTTACTACGACAG).

Quantitative reverse transcription-PCR (qRT-PCR). RNA was iso-
lated using TRIzol (Life Technologies), followed by RNeasy purification
(Qiagen) using the RNA cleanup procedure. cDNA was synthesized using
SuperScript III and random hexamers (Life Technologies). The primers
for amplification of endogenous mouse Pou5f1 were as follows: forward,
5=-CTAGAGAAGGATGTGGTTCGAGTATGGTTC; and reverse, 5=-TA
TCTACTGTGTGTCCCAGTCTTTATTT. The sequences for quantifica-
tion of mouse Gata4 were taken from Pachernik et al. (23).

Bisulfite sequencing. Bisulfite DNA modification and analysis was
performed as published elsewhere (15). The primers used were mouse
Pou5f1 enhancer forward (5=-ATAGATAGGATTGTTGGGTTGT) and
reverse (5=-CACAAAACTTCCTCAATAACAA) and mouse Pou5f1 pro-
moter forward (5=-ATGGGTTGAAATATTGGGTTTA) and reverse (5=-
AATCTAAAACCAAATATCCAACCA).

Aza-IP. TetON-Oct4 ESCs were differentiated with RA (1.5 �g/ml)
for 12 days. Aza-IP (a variant of ChIP without formaldehyde cross-linking
used to identify methyltransferases linked to nucleic acids) was performed
at the indicated time points similarly to conventional ChIP, except that 10
�M 5-AzadC (Sigma) was added to the culture medium for the final 8 h of
differentiation at the indicated time points. At each time point, the cells
were collected without formaldehyde fixation and processed for ChIP.
Doxycycline (2 �g/ml) was added to the culture medium for 12 h to
induce expression of ectopic Oct4. Dnmt3a antibodies were purchased
from Abcam (catalog no. ab2850).

Coimmunoprecipitation. tetON-Oct4 ESCs in a 10-cm dish were
treated with trypsin and replated for 4 h at 37°C to allow feeder fibroblasts
to adhere. ESCs were collected, rinsed with ice-cold phosphate-buffered
saline (PBS), and lysed in ice-cold lysis buffer (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM �-glycerophosphate, 1 mM NaVO4) sup-
plemented with protease inhibitor cocktail (Roche). Differentiating cells
were directly collected and lysed similarly. The debris was cleared by cen-
trifugation (16,000 � g, 5 min, 4°C) in a microcentrifuge. Protein G-mag-
netic beads (Active Motif) were washed twice with binding buffer (PBS,
0.5% bovine serum albumin, 0.5% Tween 20) containing protease inhib-
itors, followed by incubation with 5 �g of specific or isotype control an-

tibody for 2 h with rotation at 4°C. Beads were washed twice with binding
buffer to remove excess antibody, resuspended in a 250-�l binding buffer,
and added to the cell lysates. The lysate-bead mixture was incubated with
rotation overnight at 4°C and collected using a magnetic particle concen-
trator. Immunoprecipitates were washed three times with lysis buffer.
Bound proteins denatured by adding 30 �l of sample buffer and boiling
the mixture for 5 min. Protein was resolved by SDS–10% PAGE and
analyzed by immunoblotting. Oct4 (sc-8628; Santa Cruz) and Jmjd1c
(ab31215; Abcam) antibodies were used for immunoprecipitation (IP)
and Western blot analyses.

ChIP-Seq. ChIP-Seq was performed as described previously (24).
Samples were sequenced on an Illumina HiSeq 2000 instrument. Jmjd1c
ChIP-Seq used an antibody from Millipore (catalog no. 17-10262). All
other antibodies were the same as those used in conventional ChIP. Sub-
sequent analysis was performed similarly as described previously (25).
Briefly, for low-level sequence read processing, single-end 25-bp Illumina
fastq sequence files were aligned to the mouse mm9/NCBI Build 37 ge-
nome using Bowtie (http://bowtie-bio.sourceforge.net). Reads aligning to
multiple locations were reduced to one randomly selected alignment with
Picard’s MarkDuplicates utility (http://broadinstitute.github.io/picard/).
Relative read coverage tracks were generated using the USeq Sam2-
USeq application (http://useq.sourceforge.net/cmdLnMenus.html#Sam2
USeq). Bam alignments were converted to binary PointData for subse-
quent enrichment analysis using the USeq SamParser utility (http://useq
.sourceforge.net/cmdLnMenus.html#SamParser). Candidate peaks were
identified using a sliding window to score 200-bp overlapping windows
for ChIP versus input alignment count enrichment using a binomial P
value test (USeq ScanSeqs [http://useq.sourceforge.net/cmdLnMenus
.html#ScanSeqs] and EnrichedRegionMaker [http://useq.sourceforge.net
/cmdLnMenus.html#EnrichedRegionMaker]) (26). To control for the bi-
modal peak shift due to fragment end sequencing, each alignment was
shifted 100 bp. P values were converted to false discovery rates (FDRs)
using Storey’s QValue package in R (27). Overlapping windows that ex-
ceeded both an FDR of �5% and a log2 ratio of �1.0 were merged using
the EnrichedRegionMaker. Those intersecting satellite repeats as defined
by RepeatMasker were eliminated. For some comparisons, more stringent
thresholds were applied, i.e., an FDR of �1% and a log2 of �1.585.

iPSC generation and RNAi. hSTEMCCA and mSTEMCCA lentiviral
constructs expressing human or mouse Oct4, Sox2, Klf4, and c-Myc were
obtained from R. Mostoslavsky. Lentiviral constructs expressing either
scrambled shRNA or shRNA against Jmjd1c were obtained from Applied
Biological Materials. The green fluorescent protein (GFP) cassette was
removed from Jmjd1c shRNA constructs by digestion with BamHI and
religation. Lentiviruses were produced by cotransfecting 293T cells with
1.7 �g of packaging plasmid (pMDLg/pRRE), 1.7 �g of envelope plasmid
(pVSVG), and 1.7 �g of RNA export plasmid (pRSV-Rev), along with 5
�g of either hSTEMCCA, mSTEMCCA, scrambled shRNA, or Jmjd1c
shRNA plasmid. A total of 105 Oct4-GFP mouse embryonic fibroblasts
(MEFs) (28) generated from Pou5f1tm2Jae/J mice (Jackson Laboratories)
were plated on gelatin-coated six-well plates, allowed to attach for 12 to 16
h, and then cotransduced with hSTEMCCA and either scrambled or
Jmjd1c shRNA-expressing lentiviruses. Lentiviral transductions were per-
formed on two consecutive days in the presence of 4 �g of Polybrene
(Sigma)/ml. Transduced MEFs were selected the following day with 4 �M
puromycin in ESC medium for 4 days. On day 7, Oct4-GFP MEFs were
treated with trypsin and transferred to gelatin-coated 10-cm dishes with
irradiated feeder fibroblast cells. The medium was changed daily. For
human STEMCCA-infected cells, the iPSC colony number and the green
fluorescence were scored on day 14. All experiments were performed in
quadruplicate. GFP epifluorescence and phase-contrast images were cap-
tured using an Olympus IX51 inverted microscope (�10 objective) and a
Lumenera Infinity 2 camera. Mouse STEMCCA lentiviruses were simi-
larly used, with some modifications. Oct4-GFP MEFs were transduced
and selected in six-well plates, without transfer to 10-cm dishes. The MEFs
were allowed to grow in six-well dishes for 24 days rather than 14 days. The
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iPSC colonies were scored on day 24. The Jmjd1c knockdown shRNA
sequences were as follows: scrambled, 5=-GGGTGAACTCACGTCAGAA;
Jmjd1c-A, 5=-CCAGAGTAACTACTTCACTACTTTATCTA; Jmjd1c-B,
5=-TCTGACTGTTTCTTCTACTAATGCACTCC; Jmjd1c-C, 5=-GTGCC
GAGAGTGCAGACTTATCCGGAGTA; and Jmjd1c-D, 5=-GCCCTGGA
AGTGCAAGTACAGACAGCAGG.

Accession number. ChIPseq raw and processed data files have been
deposited in the GEO Sequence Read Archive database under accession
number GSE65192.

RESULTS
Oct4 blocks deposition of DNA methyl marks at Pou5f1 in dif-
ferentiating ESCs. To study regulation by Oct4 in the absence of
Oct1, we studied the Pou5f1 distal enhancer. Oct4 positively reg-
ulates its own synthesis via binding to a site in this region (29).
Despite the fact that they are coexpressed in ESCs, Oct4 but not
Oct1 interacts with the distal enhancer (30). Two CpGs flank the
Oct4 binding site (Fig. 1A). ESC differentiation is known to result
in DNA methylation of the Pou5f1 promoter and enhancer re-
gions (31, 32). We hypothesized that loss of Oct4 during differen-
tiation enables DNA methylation near the Oct4 binding site at the
Pou5f1 enhancer region and that therefore ectopic Oct4 expres-
sion would maintain a local demethylated state.

To test this hypothesis, we used ESCs carrying a doxycycline-
inducible Oct4 cassette (21). Mice generated from these “tetON-
Oct4” ESCs are viable and phenotypically normal, but upon
doxycycline treatment manifest hyperplasia in gut stem cell com-
partments, resulting in a disruption of normal tissue function
(21). In tetON-Oct4 ESCs differentiated by LIF withdrawal and
RA addition, ectopic Oct4 was expressed at a relatively low level
compared to endogenous Oct4, as evidenced by Western blotting
(Fig. 1B, lane 3). Tetracycline-free serum was used with tetON-
Oct4 ESCs, and RA-differentiated cells show no evidence of
“leaky” Oct4 expression (lane 2). When doxycycline was present,
the Oct4 that is produced interacted with the Pou5f1 distal en-
hancer (Fig. 1C). In contrast endogenous Oct1, which is coex-
pressed with Oct4 in ESCs and continues to be expressed in dif-
ferentiated cells, does not interact with this site. This result is
consistent with prior findings (30).

RA treatment resulted in ESC differentiation regardless of
doxycycline administration and exogenous Oct4 expression, as
measured by the downregulation of Nanog and NRSF/REST (Fig.
1B) and the induction of Gata4 mRNA (Fig. 1D). REST inhibition
indicates that the cells still undergo neuronal differentiation in the

FIG 1 ESCs can be differentiated normally with low-level Oct4. (A) Sequence
of the murine Pou5f1 enhancer region. CpG positions are boxed. Known tran-
scription factor binding sites are underlined. (B) Oct4 Western blots of lysates
from tetON-Oct4 ESCs (21) and differentiated ESCs cultured for 16 days in
medium lacking LIF and containing RA, with or without doxycycline. Exper-
iments were performed in the absence and presence of doxycycline (Dox).
Oct4, Nanog, and REST protein expression levels were evaluated. �-Actin was
used as a loading control. (C) Oct1 and Oct4 ChIP enrichment at the Pou5f1
distal enhancer. Differentiation was for 12 days. Values represent averages of

triplicate experiments. Error bars depict the standard deviations of the mean.
(D) Gata4 mRNA expression was determined by qRT-PCR under similar con-
ditions to (C). mRNA levels were normalized to �-actin and changes in ex-
pression are represented as the fold change (n � 3). Error bars depict the
standard deviations. (E) Phase microscopy images of cultured tetON-Oct4
ESCs. The upper left panel shows cells propagated in ESC culture medium. The
upper right panel shows cells differentiated for 16 days in medium lacking LIF
and containing RA. The bottom panel shows cells also cultured in doxycycline.
Images were taken using an Olympus IX51 inverted microscope at �40 mag-
nification with a Lumenera Infinity 2 camera. (F) Pou5f1 mRNA expression
levels as determined by qRT-PCR using primers specific for the endogenous
allele (n � 3). Error bars depict the standard deviations. (G) Bisulfite sequenc-
ing analysis of the murine Pou5f1 enhancer and promoter regions. A schematic
is shown at the top. The Oct4 binding site is boxed. Filled circles indicate DNA
methylation, and open circles indicate unmethylated DNA for a particular
sequenced clone. Sequence reads on either side of dashed line were separately
amplified, miniprepped, and sequenced.
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presence of RA and doxycycline. In addition, the differentiated
cells were morphologically equivalent in phase microscopy (Fig.
1E). As a further control, we also determined the status of endog-
enous Pou5f1 mRNA expression. The doxycycline-inducible Oct4
allele contains a truncated 3= untranslated region, allowing spe-
cific interrogation of endogenous expression using qRT-PCR (see
Materials and Methods). Endogenous Pou5f1 was silenced regard-
less of the presence of doxycycline (Fig. 1F). These data indicate
that, in this system, RA-mediated ESC differentiation occurs in
the presence of doxycycline treatment and ectopic Oct4 expres-
sion.

Consistent with Pou5f1 silencing, after 16 days of differentia-
tion, DNA methylation at the promoter-proximal Pou5f1 CpGs
was unaffected by ectopic Oct4 (Fig. 1G, right side). In contrast to
the promoter region, ectopic Oct4 expression reduced DNA
methylation at the CpGs adjacent to the Oct4 site within the
Pou5f1 enhancer (Fig. 1G, left side). The effect was strongest at the
CpG closest to the Oct4 site (64% versus 14% methylation with
low-level Oct4, the Fisher exact test P value � 0.059), CpG 2, and
less pronounced at a more distant CpG, CpG 1 (73% versus 45%,
P value � 0.266). Because Oct4 directly interacts with the Pou5f1
enhancer but not with the Pou5f1 proximal promoter, these re-
sults suggest that, like Oct1 (15), Oct4 can act locally to maintain
a state of reduced DNA methylation. Pou5f1 is transcriptionally
silent regardless of ectopic Oct4 expression (Fig. 1F), indicating
that Oct4’s effects on DNA methylation are independent of ongo-
ing transcription.

Dnmt3a methylates DNA at the Pou5f1 locus during ESC dif-
ferentiation (33–35). Methylation of the Pou5f1 locus during dif-
ferentiation is thought to initiate at the promoter and proximal

enhancer regions and spread into the distal enhancer containing
the Oct4 binding site (33, 36). DNA methylation is promoted by
H3K9 methylation and G9a, a histone H3K9 methyltransferase
(34). The decreased DNA methylation associated with local
Oct4 binding was consistent with two models in which either
(i) Oct4 recruits activities that catalyze DNA demethylation or (ii)
Oct4 maintains a chromatin state refractory to Dnmt3a-mediated
deposition of DNA methyl marks. In the first model, Dnmt3a
would be predicted to deposit DNA methyl marks on the DNA,
which would then be removed by activities such as Tet proteins
associated with Oct4. In the second model, DNA methyl groups
would not be deposited. To discriminate between these models,
we used a method in which we could directly capture Dnmt3a
associated with the Pou5f1 enhancer and tested whether ectopic
Oct4 expression blocks association and capture. 5-Aza-2=-deoxy-
cytidine (5-AzadC; decitabine) is a deoxycytosine analog that in-
corporates into replicating DNA. Because of the two-step nature
of DNA methylation, with an intermediate in which the methyl-
transferase is covalently linked to the cytosine moiety, DNA meth-
yltransferases become trapped in covalent linkages with 5-AzadC
moieties in the DNA (37–39). This covalent link can be used in a
variant of ChIP (without formaldehyde cross-linking) to identify
methyltransferases linked to nucleic acids (Aza-IP) (40). We dif-
ferentiated tetON-Oct4 ESCs (without doxycycline) and observed
two waves of Dnmt3a activity near the Oct4 binding site: one at
very short time points after RA treatment and a larger one at 12
days (Fig. 2A). The signals were dependent on an 8-h pulse of
5-AzadC. 12 days is the same point at which de novo methyltrans-
ferases associate with the Pou5f1 enhancer in conventional ChIP
(11). The signal at 12 days was eliminated by doxycycline treat-

FIG 2 Oct4 prevents DNA methyl mark deposition at Pou5f1. (A) Dnmt3a reactivity with the Pou5f1 distal enhancer region was assessed by Aza-IP using
differentiating ESCs. Enrichment in normal ESCs (day 0) lacking a 5-AzadC pulse is arbitrarily set to 1.0, and the relative enrichment for 1 �M RA-treated cells
with or without a 5-AzadC pulse is shown. (B) tetON-Oct4 ESCs differentiated for 12 days with RA with or without the addition of doxycycline were used in
Aza-IP assays. Enrichment in normal ESCs (day 0) lacking a 5-AzadC pulse is arbitrarily set to 1.0, and the relative enrichment for RA-treated cells with or without
a 5-AzadC pulse is shown. (C) tetON-Oct4 ESCs were differentiated by removing LIF and adding RA. A 12-day time course is shown. Oct4 expression was probed
by Western blotting. �-Actin was used as a loading control. No doxycycline was present.
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FIG 3 Oct4 associates with Jmjd1c and FACT at Pou5f1. (A) Jmjd1a and Jmjd1c ChIP enrichment was measured at the Pou5f1 enhancer in tetON-Oct4 ESCs,
ESCs undergoing RA-mediated differentiation for 11 days, and similarly differentiated ESCs treated with doxycycline for 12 h to induce Oct4. (B) Coimmuno-
precipitation assay using undifferentiated tetON-Oct4 ESCs (without doxycycline in the medium). Lysates were immunoprecipitated with anti-Jmjd1c anti-
bodies or with an isotype control, followed by Western blotting with Oct4 antibodies. (C) Differentiation time course of Oct1, Jmjd1c, Dmnt3a, and H3K9me2
protein expression (without doxycycline). Western blot data are shown. Histone H3 and �-actin were used as loading controls. (D) Histone H3 and H3K9me2
ChIP enrichment in 11-day-differentiated ESCs (with or without 12 h of doxycycline treatment to induce ectopic Oct4 expression). (E) A ChIP time course was
performed using ESCs differentiated for 11 days with RA and subsequently induced using doxycycline for the indicated times. ChIP was performed at the Pou5f1
enhancer with the indicated antibodies. For each antibody, the ChIP signal is shown as a percentage of the maximum (100%). Each experiment was performed
in biological triplicates. Error bars depict the standard deviations. In cases where the same time point showed maximum signal for all biological and technical
replicates (Oct4, histone H3, and SSRP1), the signal was 100%, and the standard deviation for that time point was 0. In other cases (Jmjd1c and H3K9me2) the
maximum signal was at different times for different replicates, and an error was derived at all time points. (F) A similar ChIP experiment was performed at the
0- and 10-h time points with antibodies against the FACT subunit Spt16. (G) A Western blot was performed with antibodies against Oct4 to monitor production
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ment and ectopic Oct4 expression (Fig. 2B), indicating that Oct4
expression blocks Dnmt3a engagement with enhancer DNA. En-
dogenous Oct4 protein expression was mostly quenched by day 5;
however, prolonged exposure indicated that residual protein was
detectable through 10 days (Fig. 2C, lane 11). These results are
consistent with a model in which Oct4 decreases DNA methyl-
ation by preventing association of Dnmt3a rather than by catalyz-
ing DNA demethylation. Dnmt3a enrichment monitored by con-
ventional ChIP-qPCR showed the same trends (see Fig. S1 in the
supplemental material). Because prior work indicated that Oct1
regulates DNA methylation indirectly through Jmjd1a recruit-
ment and control of H3K9me2 (15), we pursued a model in which
Oct4 also regulates DNA methylation indirectly through control
of H3K9 methylation.

Sequential Oct4-mediated Jmjd1c recruitment, histone
demethylation, and nucleosome depletion. We first tested
whether Jmjd1a associates with Oct4 at the Pou5f1 enhancer. Rel-
ative to isotype control antibodies and an intergenic control re-
gion, no enrichment was detected at Pou5f1 in ESCs or in RA
differentiated cells at 11 days given a 12-h pulse of doxycycline
(Fig. 3A). We therefore tested whether Oct4 recruits paralogs of
Jmjd1a. Jmjd1c is a lysine demethylase necessary for normal
mouse testes development (41). In contrast to Jmjd1a, Jmjd1c
robustly associated with the Oct4 site in the Pou5f1 distal enhancer
in undifferentiated ESCs but not in differentiating cells that have
lost endogenous Oct4 (Fig. 3A). A 12-h pulse of doxycycline and
ectopic Oct4 expression was sufficient to induce Jmjd1c recruit-
ment, indicating that Oct4 recruits Jmjd1c to the Pou5f1 enhancer.
Unlike Jmjd1a, Oct4 has been reported to interact with Jmjd1c in
a large screen (42). We confirmed this finding by immunoprecipi-
tating Oct4 or Jmjd1c from ESC extracts, as well as extracts from
11-day RA differentiated cells given a 12-h pulse of doxycycline,
and probing for the other coprecipitated protein (Fig. 3B). Al-
though levels fluctuate with neuronal differentiation, significant
levels of Oct1, Jmjd1c, Dnmt3a, and H3K9me2 were present at the
11-day time point (Fig. 3C). Jmjd1c is known to be expressed in
multiple adult neuronal cell types (43).

We tested whether Oct4 and Jmjd1c association coincide with
loss of H3K9me2. ESCs partially differentiated for 11 days pos-
sessed significant levels of H3 and H3K9me2 at the Pou5f1 distal
enhancer (Fig. 3D). In contrast, 12 h of doxycycline treatment
and ectopic Oct4 expression eliminated enrichment for not
only H3K9me2 but also H3. H3 depletion is consistent with
findings that Oct4 binding can correlate with nucleosome-free
regions (11).

Provided chromatin changes occur synchronously in the pop-
ulation, the culture system described above can be used to probe
dynamics by performing ChIP time courses. We differentiated
ESCs for 11 days and then provided doxycycline to induce Oct4,
calculating the ChIP enrichment for each antibody as a percentage
relative to the maximum enrichment. At day 11 (0 h of doxycy-
cline administration), Oct4 and Jmjd1c were absent and
H3K9me2 was present (Fig. 3E). Both Oct4 and Jmjd1c became

detectable at 6 h (light blue and red lines). In contrast, at 6 h there
was no association with another chromatin-modifying activity,
the FACT complex (purple line). Concomitant with Jmjd1c asso-
ciation, H3K9me2 enrichment began to decline at 6 h (green line),
reaching zero by 10 h. In the case of H3, no diminution was ap-
parent until 8 h (dark blue line). The transient increase in signal at
6 h was likely due to improved epitope availability as K9me2 was
removed. H3 reached zero enrichment at 12 h. Loss of H3 there-
fore lagged H3K9me2 loss by 2 h, suggesting that K9me2 de-
methylation is requisite for nucleosome eviction.

The FACT complex (Spt16�SSRP1) is a regulator of nucleo-
some function associated with transcription initiation and elon-
gation (44, 45). FACT is abundant, but local enrichment has been
associated with nucleosome depletion as part of transcription ini-
tiation processes in other contexts (46–48). Studies confirm inter-
actions between Oct4 and FACT (17, 42), although no functional
role has been ascribed. We performed ChIP with antibodies
against SSRP1 to determine whether FACT is recruited to the
Pou5f1 distal enhancer. No SSRP1 was detected at Pou5f1 at 0 h, or
at 6 h when Oct4 and Jmjd1c became detectable (Fig. 3E). SSRP1
association rose at 8 h, coinciding with the loss of H3. Association
peaked at 10 h. Unexpectedly, SSRP1 was completely lost at 12 h,
indicating not only that FACT may mediate the loss of H3 but also
that it may require H3 to stably associate. Non-normalized ChIP
enrichment is shown in Fig. S2 in the supplemental material. We
also identified significant ChIP signal using antibodies to the other
FACT complex component, Spt16, at the peak 10-h time point but
not at t � 0 (Fig. 3F). Oct4 protein was induced with kinetics that
slightly preceded the ChIP signal (Fig. 3G). Despite the chromatin
changes mediated by Oct4, endogenous Pou5f1 was not induced
(Fig. 3H). Nanog expression was also unaltered (see Fig. S3 in the
supplemental material). These results suggest that newly bound
Oct4 acts locally at Pou5f1 by first recruiting Jmjd1c and promot-
ing histone demethylation and then promoting FACT recruit-
ment and the depletion of local nucleosomes. Subsequently,
FACT is released. These changes are not indirect consequences of
changes in Pou5f1 expression but rather result from the immedi-
ate binding of Oct4 and associated factors.

FACT recruitment and H3 depletion at Pou5f1 both require
dioxygenase activity. The findings described above provide a por-
trait of changes to chromatin and associated modifying activities
as a function of time. To provide evidence for a causal relation-
ship, we used DMOG, an inhibitor of dioxygenase activity, which
is required to demethylate H3K9. We performed a similar RA-
mediated differentiation/re-expression assay in the presence of
added DMOG or vehicle control. Because DMOG has multiple
effects (such as mimicking hypoxia), we incubated cells for the
minimum possible time. DMOG was added at 4 h, when Oct4
protein is detectable (Fig. 3G) but not bound to Pou5f1 (Fig. 3E).
DMOG was present throughout the remaining 6 h of the assay.
DMOG treatment had no effect on Jmjd1c recruitment by Oct4
(Fig. 3I). In contrast and as expected, DMOG significantly blocked
H3K9me2 demethylation, resulting in substantial H3K9me2 re-

of protein over the same time course. ESCs and endogenous Oct4 are shown as a positive control. �-Actin was used as a loading control. (H) Endogenous Pou5f1
expression was monitored in partially differentiated ESCs and the same cells treated with doxycycline for 12 h using qRT-PCR. Undifferentiated ESCs were used
as a control. (I) ChIP was performed at the Pou5f1 enhancer in 11-day RA-differentiated ESCs and after 10 h of induction with doxycycline as in panel D; however,
DMOG was also added after 4 h of doxycycline treatment. Cells were therefore exposed to doxycycline for 10 h and to DMOG for 6 h. Jmjd1c, H3K9me2, Spt16,
and H3 antibodies were used.
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FIG 4 Oct4, Jmjd1c, and FACT coassociate with multiple genomic targets. (A) Relative alignment depth coverage tracks of ChIP-Seq data corresponding to the
murine Pou5f1 locus and surrounding region. Oct4 enrichment is shown in blue in 11-day RA-differentiated ESCs in the absence of doxycycline (0 h Oct4) or in
red after a 10-h doxycycline treatment (10 h Oct4). Jmjd1c and Spt16 enrichment is shown below in red. Input controls for each time point are shown below in
black. Relative depth tracks are scaled the same and represented as per-base FPKMs (fragments per kilobase of exon per million fragments). (B to E) Similar data
for Vamp1 (B), Slain2 (C), Nanog (D), and Sox2 (E). A region of upstream noncoding RNA expression (Sox2ot) is also shown. (F) Venn diagram depicting target
identification for Oct4, Spt16, and Jmjd1c ChIPseq, as well as overlap. The peak calling was based on a 2-fold cutoff with a Q-value FDR of 0.05. (G) ChIP
enrichment for Oct4, Jmjd1c, Spt16, and histone H3 was determined by qPCR similarly to Fig. 3; however, a ChIP primer pair spanning the Oct4 site in the
murine Nanog, Vamp1, and Slain2 promoters was used in place of Pou5f1.

1020 mcb.asm.org March 2015 Volume 35 Number 6Molecular and Cellular Biology

http://mcb.asm.org


tention at 10 h compared to the control. DMOG also blocked
Spt16 binding, strongly suggesting that complete H3K9me2 de-
methylation is a prerequisite for FACT association. In addition,
H3 depletion was blocked, suggesting that depletion requires de-
methylation and/or FACT recruitment.

The Oct4-Jmjd1c-FACT pathway operates at multiple Oct4
target genes. To understand whether this assay system can be used
to broadly measure Oct4 binding and chromatin-modifying ac-
tivity, we performed ChIP-Seq. We differentiated ESCs for 11 days
using RA and then induced ectopic Oct4 with doxycycline for 10 h
to assess Oct4, Jmjd1c, and Spt16 (FACT complex) binding. Be-
tween 31 and 50 million sequence reads were generated (average
49.5 million), ca. 65% of which uniquely aligned to the mouse
reference genome.

We identified sites specifically bound by newly synthesized
Oct4 at t � 10 h compared to the input control (see Table S1 in the
supplemental material). Using a 2-fold ratio and a Q-value FDR �
0.05 cutoffs, we identified 265 specific Oct4-bound regions, 72%
of which were genic based on a transcription start site distance
cutoff of 10 kb. A high frequency (no less than 73%) of these
binding events correlate with known Oct4 target genes based on
one murine ESC data set (49). Examples include Pou5f1, Vamp1,
Slain2, and the pluripotency gene Nanog (Fig. 4A to D). We also
analyzed the core pluripotency Oct4 target Sox2, visually identify-
ing Oct4 enrichment at the Sox2 promoter (Fig. 4E). This result
suggests that additional biological targets may be missed in this
analysis. We also compared the set of Oct4 targets with Jmjd1c and
Spt16 (FACT) binding events. FACT is abundant and known to
associate with many genomic regions in yeast, such as sites of high
gene activity (50). Approximately 1,100 FACT binding events
were identified (see Table S2 in the supplemental material), in-
cluding 65% of all identified Oct4 peaks, including Pou5f1,

Vamp1, Slain2, and Nanog (Fig. 4F). Jmjd1c produced less enrich-
ment, yielding only 24 specific binding events with the same sta-
tistical algorithms and cutoffs (see Table S3 in the supplemental
material). Nevertheless, Pou5f1 was objectively identified as a
common Oct4, Jmjd1c, and Spt16 target (Fig. 4F). Using qPCR,
we confirmed specific Oct4 binding and identified a similar pat-
tern of cofactor recruitment and H3 depletion at the Nanog and
Vamp1 promoters and Slain2 enhancer (Fig. 4G).

Jmjd1c is required for iPSC reprogramming. If Jmjd1c helps
execute Oct4’s transcription functions, then it should be necessary
for processes known to require Oct4. Most prominent of these is
the ability to reprogram somatic cells to pluripotency (6, 51). We
used lentiviral shRNA knockdown to ablate Jmjd1c in Oct4-GFP
MEFs and tested iPSC formation using the 4-in-1 human STEM-
CCA vector system (52). Oct4-GFP fibroblasts fluoresce green
upon reprogramming and activation of endogenous Oct4.

Prior work suggested that Jmjd1c knockdown only minimally
reduces (�20%) iPSC generation efficiency (19). However,
knockdown efficacy was not described in the present study. Fur-
thermore, iPSC morphology was used to assess reprogramming.
Using human STEMCCA and Oct4-GFP MEFs, together with
four different Jmjd1c shRNAs, we also observed iPSC-like colo-
nies. However, the colonies lacked green fluorescence (Fig. 5A),
indicating that they were incompletely reprogrammed and still
reliant on virally expressed rather than endogenous Oct4. A
scrambled shRNA lentivirus had no effect on GFP� iPSC colony
emergence. The strongest effects were observed when the five
shRNAs were combined (Fig. 5A and B). Collected data from qua-
druplicate experiments are quantified in Fig. 5B. Additional im-
ages are shown in Fig. S4A in the supplemental material. We also
reprogrammed cells using the mouse reprogramming factors,
generating similar results. Images of the colonies generated are

FIG 5 Jmjd1c is required to completely reprogram MEFs to pluripotency. (A) Uninfected primary Oct4-GFP MEFs (passage 5) or MEFs cotransduced with
empty vector or Jmjd1c shRNA-encoding lentiviruses were infected with hSTEMCCA encoding human Oct4, Sox2, Klf4, and c-Myc. Cells were selected with 4
�M puromycin in ESC medium and plated on irradiated feeder fibroblasts. Images were obtained at 14 days posttransduction. Scale bars, 100 �m. (B)
Quantification of total colonies and GFP� colonies observed in a 10-cm dish. Averages were taken from four biological replicates. Error bars indicate � the
standard deviations. (C) Oct4-GFP MEFs or mouse ESCs were probed for Jmjd1c by Western blotting (lanes 8 and 9). In lanes 1 to 7, MEFs infected with
hSTEMCCA and reprogrammed for 14 days and then collected and probed for Jmjd1c. Lanes 1 to 6 were additionally infected with Jmjd1c knockdown
lentiviruses or scrambled controls. �-Actin was used as a loading control.
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shown in Fig. S4B. This reprogramming method generated fewer
colonies with iPSC-like morphology upon Jmjd1c knockdown.
Collected data from quadruplicate experiments are shown in Fig.
S4C in the supplemental material. Western blotting indicated that
the Jmjd1c protein was expressed robustly in mouse ESCs but
poorly in the target Oct4-GFP MEFs (Fig. 5C). iPSC reprogram-
ming resulted in Jmjd1c induction. Specific shRNA knockdown
but not scrambled shRNA blocked induction of Jmjd1c (Fig. 5C).
These results indicate that Jmjd1c enables formation of bona fide
iPSCs and may act in a late step in the reprogramming process.

DISCUSSION

Although prior work has provided insights into how Oct4 regu-
lates transcription (9-13, 53), critical components of Oct4’s
downstream functions remain unknown. We describe an experi-
mental platform that allows collection of synchronous Oct4 bind-
ing and local chromatin remodeling data. It offers advantages over
using established ESCs, because early changes mediated by initial
Oct4 binding and transiently recruited activities can be visualized.
It also offers advantages over using fully differentiated cells, in
which induction of pluripotency targets by exogenous factors is
typically inefficient, variable and slow. Partially reprogrammed
iPSCs (or “pre-iPSCs”), which have been used with success in
other settings, fail to demonstrate Oct4 binding to key late target

genes, including Pou5f1, despite the fact that Oct4 is expressed
from the reprogramming cocktail (19). Using this system, we
identified a sequential mechanism in which first Oct4 recruits the
histone lysine demethylase Jmjd1c to chromatin occupied by a
nucleosome that contains H3K9me2, then Jmjd1c demethylates
H3K9me2, and finally the FACT complex is transiently recruited
and local H3 is depleted. The resulting chromatin is refractory to
DNA methylation by Dnmt3a (Fig. 6). This mechanism operates
at three critical Oct4 pluripotency targets, Pou5f1, Sox2, and
Nanog. These findings are consistent with the known pioneer ac-
tivity of Oct4 (54).

Oct1, an Oct4 paralog, recruits the KDM3 family member
Jmjd1a to remove H3K9me2 from local chromatin (15). Pou5f1
(the gene encoding Oct4) is occupied by Oct4 but not by Oct1
(30), allowing for the analysis of Oct4 function in the absence of
Oct1. It is not clear why Jmjd1c is selectively recruited by Oct4;
however, Jmjd1c is larger than Jmjd1a (�280 kDa versus �148
kDa) and contains a distinct N terminus (55). Recent work sug-
gests that Jmjd1c associates with the transcription factor Nanog
(56), but evidence for a functional role as a Nanog cofactor is
lacking. Jmjd1c is important for maintenance of spermatogonial
germ cells (57), and rare germ line Jmjd1c variants are associated
with certain germ cell tumors (58). In addition, Jmjd1c is a down-
stream Oct4 target (59), suggesting a possible regulatory loop. We

FIG 6 (Step 1) Model mechanism for sequential chromatin changes mediated by Jmjd1c and FACT recruited to Oct4 at pluripotency targets. (Step 2) Prior to
Oct4 induction, target chromatin is characterized by H3K9me2 and the ability of Dnmt3a to methylate CpG DNA). (Step 3) After Oct4 expression, Oct4 and
Jmjd1c associate and mediate H3K9 demethylation. (Step 4) FACT is subsequently recruited and mediates nucleosome depletion. FACT dissociates, and
Oct4-occupied DNA refractory to methylation by Dnmt3a remains.
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show that Jmjd1c RNAi limits iPSC reprogramming, indicating
that the system described in this report identifies physiologically
important Oct4 coregulators. The mark Jmjd1c acts on,
H3K9me2, presents a barrier to iPSC generation that must be
overcome by one or more reprogramming factors (19). Interest-
ingly, Jmjd1c knockdown impacts differentiation but not mainte-
nance of established ESCs (60). Therefore, Jmjd1c appears to be a
critical regulator of both ESC establishment and differentiation
but not maintenance.

Subsequent to K9 demethylation, FACT is recruited to Oct4/
Jmjd1c/DNA complexes. FACT is known to associate with Oct4
(17, 42), providing a basis for this recruitment. FACT recruitment
is concomitant with H3 depletion, suggesting a mechanism in
which locally enriched FACT mediates local nucleosome deple-
tion. Consistently, suppression of H3 demethylation blocks FACT
recruitment and also depletion of H3. FACT enrichment is lost
following depletion of H3. In yeast, transient FACT has been iden-
tified as a key component of a sequential transcription initiation
cascade that culminates in nucleosome displacement (44, 45, 48).
In metazoans, both Drosophila GAGA factor and mammalian
HSF1 have been shown to associate with FACT as part of their
transcription function (46, 47). Recently, the mammalian tran-
scription factor myogenin was also shown to recruit FACT and
displace nucleosomes as part of a transcription initiation (not
elongation) process (61). Knockdown of either FACT subunit im-
pairs ESC maintenance and impairs mouse survival at the early
blastocyst stage (62, 63), a finding consistent with a role in pluri-
potency.

We performed genome-wide studies of newly synthesized Oct4
binding events, as well as binding of Jmjd1c and Spt16 (FACT). A
prior study in yeast identified Spt16 binding events, demonstrat-
ing preferential localization to transcription units (50). Our anal-
ysis of mouse cells also identified thousands of Spt16 binding
events; however, we also identified focal Spt16 enrichment at a
specific subset of Oct4 target genes, including Pou5f1, Nanog,
Vamp1, and Slain2. Ectopic Oct4 expression and Jmjd1c recruit-
ment is also associated with loss of H3. Loss of H3 is consistent
with findings that Oct4 occupancy can correlate with nucleo-
some-free regions (11). Other work has shown that many Oct4
sites are enriched rather than depleted for nucleosomes (54),
which is consistent with the finding that this mechanism only acts
at the majority of Oct4 targets. H3 loss provides a plausible mech-
anism for the observed block to DNA methylation observed with
ectopic Oct4 expression, because Dnmt3-containing complexes
are thought to associate with nucleosomes to initiate de novo DNA
methylation (64, 65).

In conclusion, we have developed a system in which Oct4 ex-
pression is induced in partially differentiated ESCs. Induction re-
sults in uniform binding and temporally synchronous chromatin
remodeling, enabling the discovery of activities that functionally
collaborate with Oct4. Using this system, we identify Jmjd1c and
the FACT complex as activities associated with Oct4 binding and
local chromatin remodeling. This method should provide a valu-
able tool for studying Oct4’s transcriptional functions.
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