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SUMMARY

Somatic cell reprogramming into induced pluripotent
stem cells (iPSCs) induces changes in genome
architecture reflective of the embryonic stem cell
(ESC) state. However, only a small minority of cells
typically transition to pluripotency, which has
limited our understanding of the process. Here, we
characterize the DNA regulatory landscape during
reprogramming by time-course profiling of isolated
sub-populations of intermediates poised to become
iPSCs. Widespread reconfiguration of chromatin
states and transcription factor (TF) occupancy
occurs early during reprogramming, and cells
that fail to reprogram partially retain their original
chromatin states. A second wave of reconfiguration
occurs just prior to pluripotency acquisition, where
a majority of early changes revert to the somatic cell
state and many of the changes that define the plurip-
otent state become established. Our comprehensive
characterization of reprogramming-associatedmole-
cular changes broadens our understanding of this
process and sheds light on how TFs access and
change the chromatin during cell-fate transitions.

INTRODUCTION

Ectopic expression of the Oct4, Klf4, Sox2, and c-Myc (OKSM)

transcription factors (TFs) forces reprogramming of somatic cells

into induced pluripotent stem cells (iPSCs) (Takahashi and

Yamanaka, 2006). Yet, over a decade later, it is still not fully

understood how OKSM reactivate the pluripotency network
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and shut down the somatic cell program. It is clear that wide-

spread chromatin remodeling is critical to attain the pluripotent

state (Hussein et al., 2014; Koche et al., 2011; Lee et al., 2014;

Mikkelsen et al., 2007; O’Malley et al., 2013; Polo et al., 2012).

However, the role of the reprogramming factors and their chro-

matin interactions are still not fully understood, and the limited

data currently available are partly contradictory. For example,

it was recently reported that Oct4, Sox2, and Klf4 mainly target

sites characterized by open chromatin in mouse embryonic

fibroblasts (MEFs), and closed regions when acting in a collabo-

rative fashion with other TFs (Chen et al., 2016; Chronis et al.,

2017), which is in contradiction with studies performed in human

reprogramming that indicate Oct4, Klf4, and Sox2 act as pioneer

factors that target sites enriched for nucleosomes (Soufi et al.,

2012, 2015). Furthermore, there are conflicting reports regarding

the capacity of these TFs to target methylated DNA (Chen et al.,

2016; Yin et al., 2017). A limitation of these studies and challenge

in understanding reprogramming is that many of these findings

were based on bulk reprogramming cultures. Thus, isolation

and characterization of bona fide reprogramming intermediates

is essential to elucidate the regulatory events that trigger cellular

reprogramming. Here, we have characterized the key cell sub-

populations throughout the entire reprogramming process to

obtain a comprehensive and integrated view of the transcrip-

tional, chromatin, epigenome, and TF dynamics.
RESULTS

Progressive Increase of Chromatin Accessibility during
Reprogramming
To study the reprogramming process, we leveraged our recently

reported highly efficient inducible reprogrammable mouse

model (Alaei et al., 2016) to perform time-course profiling

of chromatin accessibility (ATAC sequencing [ATAC-seq]),
nc.
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Figure 1. Genome-wide Profiling of Chromatin Accessibility during Reprogramming

(A) Schematic representation of experimental design.

(B and C) Principal component plots of (B) normalized gene expression and (C) ATAC-seq signal.

(D) Number of bases under ATAC-seq peaks (cumulative peak width).

(E) Proportion of ATAC-seq peaks intersecting with major gene related features.

(F) ATAC-seq signal (blue) and gene expression (green) of genes with known roles in reprogramming. Arrows indicate promoters (P), the Thy1 enhancer (E), and

the Pou5f1 proximal enhancer (PE) and distal enhancer (DE) elements.
TF binding (chromatin immunoprecipitation sequencing [ChIP-

seq]), DNA methylation (whole genome bisulfite sequencing

[MethylC-seq]), and gene expression (RNA sequencing [RNA-

seq]) in MEFs, isolated sub-populations of reprogramming inter-
mediates that are established during reprogramming, iPSCs,

and cells that fail to achieve pluripotency (Figure 1A). MEFs

were reprogrammed into iPSCs upon exposure to doxycycline

(dox), and reprogramming intermediates at days 3, 6, 9, and 12
Cell Stem Cell 21, 834–845, December 7, 2017 835
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Figure 2. Temporal Dynamics of Chromatin Accessibility during Reprogramming

(A) Fuzzy cluster analysis of ATAC-seq signal. Line plots show standardized ATAC-seq signal, with individual gray lines representing individual loci, and the

orange line representing the values for the cluster center.

(B) Distribution of DNA methylation levels for individual regions in ATAC-seq clusters. Methylation levels are represented as the proportion of methylated reads

mapping to CG positions in regions (mCG) divided by the total number of reads mapping to CG position (CG).

(legend continued on next page)
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were isolated based on the expression of surface markers

demonstrated to be restricted to reprogramming intermediates

or refractory cells (Figures S1A and S1B). Principal component

analysis (PCA) of gene expression levels in these cells (Figure 1B)

confirmed our isolation strategy (Polo et al., 2012). We then

performed ATAC-seq in two biological replicates, which resulted

in highly concordant profiles (Figures S1C and S1D). PCA of

normalized ATAC-seq read counts in accessible chromatin

revealed a biphasic trend similar to RNA-seq, indicating that

large changes in chromatin accessibility occur shortly after

OKSM induction, with more gradual changes between days 3

and 12, before another major wave of reconfiguration when

the cells transition to pluripotency (Figure 1C). Analysis of the

number of DNA bases within peaks and the total peak number

suggests that the cells transition to a globally more accessible

chromatin state at the end of reprogramming (Figures 1D and

S1E). This is supportive of previous studies suggesting pluripo-

tent cells are characterized by a more open chromatin state

than somatic cells (Ahmed et al., 2010; Efroni et al., 2008;

Meshorer et al., 2006).

The relative genomic distribution of ATAC peaks was similar

between time points with �50% located in intergenic regions,

�30% in promoters, and �15% in introns (Figure 1E) indicating

that access to distal regulatory elements plays a significant role

at every time point. For example, downregulation of fibroblast

identity marker Thy1 coincides with a loss in chromatin accessi-

bility by day 6 in a region previously identified as aMEF enhancer

(Figure 1F) (Chronis et al., 2017). Conversely, the promoters of

the pluripotency markers Fut9 (catalyzes SSEA1 synthesis) and

c-Kit were inaccessible in MEFs but gained accessibility by

day 3 (Figure 1F). The Oct4 (Pou5f1) promoter region showed

the same trend; however, the proximal and distal enhancer

elements (Yeom et al., 1996) gain accessibility only at the final

stages, coinciding with endogenous Oct4 (Pou5f1) expression

(Figures 1F and S1F). Together, these results indicate that major

chromatin remodeling occurs in the initial and final stages of

reprogramming, with more subtle changes occurring between

days 3 and 12, leading to an overall increase in chromatin acces-

sibility in pluripotent cells.

Temporal Dynamics of Chromatin Accessibility during
Reprogramming
To further investigate the temporal dynamics of chromatin acces-

sibility during reprogramming, we performed time-course fuzzy

clustering on normalized ATAC-seq read counts in peaks. This

approach yielded eight clusters (Figures 2A, S2A, and S2B; Table

S1) that fall into five distinct categories defined by regions

that (1) become accessible early and remain open through to

the iPSC state (cluster 1 [C1], n = 3,476); (2) are accessible tran-

siently, cluster 2 (C2, n = 4,581) and cluster 3 (C3, n = 6,905);
(C) Average normalized read density for Oct4/Sox2 ChIP-seq for regions intersect

detected at any time point (green lines).

(D) Proportion of ATAC-seq cluster regions intersecting with Oct4/Sox2-bound l

(E) Average standardized gene expression for genes closest to ATAC-seq cluste

(F) Distance of nearest TSS from ATAC-seq peaks in each cluster.

(G) Proportion of ATAC-seq cluster peaks that intersect with chromatin states as

(H) Enrichment of TF motifs in ATAC-seq clusters. Where a point is present, a si

(y axis). Point size represents the proportion of sequences in the cluster featurin
(3) where accessibility is established late, cluster 4 (C4,

n = 2,629) and cluster 5 (C5, n = 2,865); (4) were accessible in

MEFs but that exhibit loss of accessibility progressively or shortly

after OKSM induction, cluster 6 (C6, n = 4,564) and cluster 7 (C7,

n = 6,573); and (5) maintain relatively stable chromatin accessi-

bility, cluster 8 (C8, n = 19,754). This clustering highlighted

several characteristics of chromatin reconfiguration during

reprogramming. Regions accessible in MEFs that become

inaccessible undergo this transition early or progressively during

reprogramming (C6, C7). The majority of transient regions

(C2, C3) gain accessibility shortly after OKSM induction revert

back by the iPSC state. The peaks present in iPSCs (but not in

MEFs) are mostly established early or late during reprogramming

(C1, C4, C5), and the number is similar to the transiently acces-

sible regions (C2, C3). These results indicate that it is not only

the loss of MEF and gain of iPSC identity that are essential for

this transition but also a diverse and complex process of transient

regulatory element accessibility. This highlights the importance

of characterizing the entire reprogramming process in order to

understand this cell-fate change.

Given the role of DNA methylation in regulating cellular iden-

tity, we examined the relationship between DNA methylation

and chromatin accessibility during reprogramming. As previ-

ously observed (Lee et al., 2014; Polo et al., 2012), the largest

changes in DNAmethylation occur toward the end of reprogram-

ming (Figures 2B, S2A, and S2C); however, we observed that

major reductions in DNA methylation occur late, irrespective of

the chromatin accessibility state (Figures 2A and 2B). For

example, large decreases in methylation at the iPSC stage (Fig-

ures 2B and S2A) were observed for regions that showed early

(C1) and late (C4, C5) gains in chromatin accessibility. Never-

theless, transient opening of the chromatin (C2, C3) coincides

with a moderate transient decrease in DNA methylation, which

is regained when the chromatin becomes inaccessible in iPSCs

(Figures 2B and S2A). Regions where accessibility was lost

during reprogramming (C6, C7) gained methylation gradually,

with the largest gain between day 12 and iPSCs. Regions that

maintain chromatin accessibility (C8) also remained largely un-

methylated (Figures 2B and S2A). Thus, while sudden regional

demethylation is associated with accessible chromatin in iPSCs,

this seems to be partially independent of the timing of gain in

chromatin accessibility, where it appears possible for increases

in chromatin accessibility to occur in the absence of local deme-

thylation (C1). This strengthens the model that DNA demethyla-

tion is a late event in part due to the transcript abundance of

the DNA demethylating enzymes TET1 and TET2 increasing at

the end of reprogramming (Figure S2D), rather than an inability

of the TET enzymes to access the chromatin.

The dynamics of how Oct4 and Sox2 access the chromatin

during reprogramming has been a subject of significant debate
ing Oct4/Sox2 ChIP-seq peaks (blue lines) or where no Oct4/Sox2 binding was

oci. Blue, Oct4/Sox2 occupancy detected; green, no Oct4/Sox2 occupancy.

r peaks.

defined previously (Chronis et al., 2017).

gnificant enrichment for the motif (x axis) was found in the ATAC-seq clusters

g the motif and red gradient the enrichment significance.
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(Chen et al., 2016; Chronis et al., 2017; Soufi et al., 2012, 2015).

Therefore, we integrated ChIP-seq data for Oct4 and Sox2 (Fig-

ures 2C, 2D, and S2A) to examine how their binding is related to

chromatin accessibility. We observed that the different clusters

exhibit distinct Oct4/Sox2 binding dynamics and occupancy

(Figures 2C, 2D, and S2A). Early changes in accessibility (C1)

appear to be only partially driven by Oct4/Sox2 binding

(�50%), whereas transient changes (C2, C3) are mostly Oct4/

Sox2 driven as around 90% of the ATAC-seq peaks are bound

by Oct4/Sox2 (Figure 2D). Late changes (C4, C5) appear to be

driven by Oct4/Sox2 to a lesser extent (�20%–40%) than early

changes. Interestingly, gradual loss of chromatin accessibility

(C6) is accompanied by partial recruitment of Oct4/Sox2

(�30%); however, the cluster in which accessibility is rapidly

lost (C7) presents exceptionally low levels of Oct4/Sox2 binding

(�2%), implying that this rapid loss of chromatin accessibility is

not driven by Oct4/Sox2 binding. Of note, half of the ATAC-seq

peaks that do not change during reprogramming (C8) exhibit

Oct4/Sox2 binding, suggesting an addition or replacement of

TFs bound in the MEF state.

Analysis of gene expression for the genes closest to the ATAC-

seq peaks within each cluster indicated that for all clusters

except for C6, C7, and C8, changes in transcript abundance

broadly correlate with changes in chromatin accessibility

(Figures 2A and 2E). For regions where accessibility remains

relatively stable (C8), we observed a gradual increase in expres-

sion of the closest genes, indicating that interactions with other

regulatory elements may play a role in regulating gene expres-

sion within this cluster and/or the binding of Oct4/Sox2. For

regions in which accessibility is lost (C6, C7), there was a rapid

decrease in expression of the closest gene followed by transient

reactivation toward the end of reprogramming.

Examination of the relative genomic locations of regions within

each cluster revealed that a high proportion of dynamic regions

are distal (>5 kb) to transcription start sites (TSSs) (Figure 2F).

Conversely, stably maintained (C8), and to a lesser degree the

early established accessible regions (C1), exhibit a relatively

high proportion of regions proximal to TSS (<1 kb) (Figure 2F).

In order to gain further insights into the chromatin state and iden-

tity of regions that show dynamic accessibility, we intersected the

genomic regions in our ATAC-seq clusters with the chromatin

states recently defined by Chronis et al. (2017) (Figure 2G).

Whereas regions that lose chromatin accessibility during reprog-

ramming (C6, C7) were found to mainly be classified as MEF

enhancers, regions that showed early (C1) and late (C4, C5) gains

in chromatin accessibility largely consist of ESC enhancers, and

to a lesser extent promoters (Figure 2G). Regions that exhibit tran-

sient opening of the chromatin (C2, C3) are composed of different

enhancer types (MEF, 48 hr, Pre-iPSC and ESC enhancers) as

well as promoters (Figure 2G). In contrast, the stable ATAC-seq

regions (C8) are mainly composed of promoters (Figure 2G).

Collectively, these data indicate that, while access to promoters

remains relatively stable during reprogramming, transient access

to distal regulatory elements is required at different stages of the

reprogramming process and that DNA demethylation is not

necessarily required for the opening of the chromatin.

Analysis of DNA motif enrichment in the ATAC-seq clusters

revealed different families of TF binding motifs (Figure 2H).

Only early accessible (C1), transiently accessible (C2, C3), and
838 Cell Stem Cell 21, 834–845, December 7, 2017
to a lesser extent the late accessible regions (C5) show enrich-

ment for the Oct4 and Sox2 binding motifs (Figure 2H). This is

concordant with our ChIP-seq profiling of Oct4 and Sox2 (Fig-

ure S2A), demonstrating the validity of our motif analysis

approach on ATAC-seq for TF discovery. Notably, our motif

enrichment analysis together with published Klf4 ChIP-seq

data (Chronis et al., 2017) suggests that Klf4 does play a key

role not only in the early and transient chromatin changes similar

to Oct4 and Sox2 (C1–3), but also in the maintenance of

chromatin accessibility in promoter regions (C8) (Figure S2E).

Interestingly, our data suggest less Oct4/Sox2 binding to C6,

C7, and C8 than the data of Chronis et al., while iPSCs and

ESCs showed comparable binding (Figure S2E), which may be

due to differences in the purity of reprogramming intermediates

between the studies. In comparison, CTCF shows binding only

to early accessible regions (C1) and promoters (C8) (Figure S2F).

Gene ontology analysis of the TFs associated with the clusters

revealed that C1, C2, and C3 were enriched in TFs associated

with stem cell maintenance, pluripotency, and cell-fate commit-

ment. C2, C3, C6, and C7 were also associated with different

signaling pathways (TNF, MAPK, Cytokine), whereas C8 was

only enriched in TFs associated with transcriptional regulation.

Supportive of our predictive analysis, several TFs have already

been shown to play a central role in cellular reprogramming. For

example, for Tcf4, which is enriched in the early accessible

regions (C1), it has been shown that its knockdown early during

reprogramming results in a decrease in reprogramming effi-

ciency (Ho et al., 2013). Also, regions characterized by a tran-

sient gain in chromatin accessibility (C3) show motif enrichment

for AP-2 gamma, overexpression of which leads to increased

reprogramming efficiency (Polo et al., 2012), and regions with

late chromatin accessibility (C4) for PRDM14 and p63, the deple-

tion of which has previously been linked to a decrease in reprog-

ramming efficiency (Alexandrova et al., 2013; Chia et al., 2010).

To further validate our predictive analysis, we overexpressed

Sox9, enriched in the early and transient clusters (C1, C2, C3),

which resulted in an increase in reprogramming efficiency (Fig-

ure S2G). While expression of Sox9 is initially downregulated

upon OKSM induction, its expression is transiently upregulated

between days 3 and 12 (Figure S2H) suggesting that Sox9 plays

a role in the establishment of transiently accessible regions

(C2, C3) rather than the iPSC chromatin state. Moreover, we

have recently shown that knockdown of Erg1, enriched in

regions that lose chromatin accessibility (C7), leads to an

increase in reprogramming efficiency (Nefzger et al., 2017 [see

related paper in Cell Reports]), highlighting the requirement of

losing somatic TF binding to MEF enhancers (C6, C7) during

cellular reprogramming.

Our analysis also indicates that binding sites for TFs initially

bound to somatic sites (C6, C7) become rapidly accessible dur-

ing reprogramming as transient regions (C2), suggesting that

redistribution of somatic TFs to transient regions may play a

role in the extinction of the somatic transcriptional network.

This is in agreement with previous publications showing that

the knockdown of several of those TFs, including Runx1,

Cebpa/b, and AP-1 TF c-Jun, results in an increase in reprog-

ramming efficiency (Chronis et al., 2017; Liu et al., 2015).

To further validate this hypothesis, we selected two additional

TFs from this ‘‘displacement’’ category, Fos and Fosb, and



A B

D E

C

F G H

J

L

K

I

(legend on next page)

Cell Stem Cell 21, 834–845, December 7, 2017 839



determined reprogramming efficiency upon short hairpin RNA

(shRNA)-mediated knockdown (Figure S2G). Depletion of Fosb

resulted in an increase in reprogramming efficiency comparable

to the increase observed upon Cebpb knockdown, considered

as a positive control (Chronis et al., 2017), while the increase

upon Fos knockdown was even more pronounced (Figure S2G).

Initial Binding of Oct4/Sox2 Is Independent of DNA
Methylation Status but Not in the iPSC State
DNA sequence motif analysis at the Oct4 and Sox2 ChIP-seq

peaks (Figure 3A) indicated that �50% of Oct4 peaks and

�70% of Sox2 peaks have the Oct4, Sox2, or the Oct4-Sox2-

Nanog motifs present and that this proportion is relatively stable

throughout the entire process (Figure 3B). Furthermore, Oct4/

Sox2 peaks devoid of the Oct4/Sox2 motifs show an overrepre-

sentation of the Klf TF family (Figure 3C), suggesting that Klf4

plays an important role in mediating Oct4/Sox2 recruitment to

a significant fraction of target sites during reprogramming. To

further explore the dynamics of Oct4/Sox2 binding independent

of the chromatin state, we performed k-means clustering of all

Oct4/Sox2 co-bound peaks and separated the clusters into

two groups based on whether the Oct4/Sox2 motifs were pre-

sent (P) or absent (A) (Figures 3D, 3E, and S3A). For both groups,

highly similar binding profiles between Oct4 and Sox2 were

observed (Figures 3D and 3E). Three distinct categories of

Oct4/Sox2 binding could be distinguished: (1) regions that are

bound early in the reprogramming process and remain largely

bound through to the iPSC state (cluster 1 and subset of cluster

2 and 4); (2) transiently bound regions, which form the largest

group (most of cluster 2 and 4); and (3) regions that gain Oct4/

Sox2 binding late during reprogramming, typically between

day 12 and iPSCs (clusters P3, A3). We then assessed how chro-

matin accessibility (Figure 3F), DNA methylation (Figures 3G and

S3B), or distance to TSS (Figure 3H) related to these binding pat-

terns. Aswe showed previously, during reprogramming the bind-

ing of Oct4/Sox2 coincides with open chromatin that is generally

independent of the DNA-methylation status (Figures 3D–3G).

However, although binding of Oct4/Sox2 during reprogramming

could occur in methylated or unmethylated regions, the regions

where Oct4/Sox2 were bound in iPSCs mostly coincide with

unmethylated regions (Figures 3D–3G). Furthermore, transient

binding of Oct4/Sox2 during reprogramming occurs mostly in

methylated distal regions, which is particularly noticeable in the
Figure 3. Oct4/Sox2 Binding Dynamics during Reprogramming with R

(A) Consensus binding motifs for Oct4, Sox2, and the combination of Oct4-Sox-

(B) Analysis of the proportion of ChIP-seq peaks for each time point featuring an

(C) Motif enrichment analysis of Oct4/Sox2-bound loci. Bar plots show the perc

TFs listed on the y axis. Green bars represent the proportion of background seq

(D) Heatmaps showing Oct4 ChIP-seq signal in Oct4 called peaks with the cons

(E) Heatmaps showing Sox2 ChIP-seq signal in Sox2 called peaks with the cons

(F) Heatmaps of ATAC-seq read density at Oct4/Sox2-bound loci.

(G) Heatmaps of DNA methylation levels at CG positions in corresponding Oct4/

(H) Distance of Oct4/Sox2-occupied loci with respect to the nearest TSS. Orang

(I) Heatmaps of Oct4 ChIP-seq signal and ATAC-seq signal. Heatmaps are gro

SSEA1+ cells.

(J) Fraction of ChIP-seq peaks featuring full Oct4-Sox2 motif or partial Oct4 mot

(K) Distribution of nucleosome occupancy scores for Oct4-bound motifs at day 3

(L) Nucleosome density, Tn5 insertion enrichment and ChIP-seq signal at Oct4-

Tn5 insertion signal shows a distinct footprint at bound motifs (x = 0).
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motif present group (Figures 3D–3H). Additionally, �40% of the

binding in the absence of the Oct4/Sox2 motif occurs at unme-

thylated promoter regions. While no major differences between

group P (Oct4/Sox2 motifs present) and group A (Oct4/Sox2

motifs absent) are evident when comparing the Oct4/Sox2 bind-

ing profiles, the respective chromatin accessibility profiles sug-

gest major differences (Figures 3D–3F). Furthermore, expression

of the nearest gene follows a similar trend between group P and

group A, broadly positively correlating with Oct4/Sox2 binding

(Figure S3C). In order to further interrogate whether Klf4 might

be recruiting Oct4/Sox2 to sites of group A, we analyzed previ-

ously published Klf4 ChIP data (Figure S3D) (Chronis et al.,

2017) and found that there was good overlap between sites

bound by Oct4/Sox2 early during reprogramming and in iPSCs,

and Klf4 bound in 48-hr bulk reprogramming cultures and ESCs,

respectively. This suggests that Klf4 does co-occupy these sites

with Oct4/Sox2 and may be recruiting these factors there at the

early and late stages of reprogramming. However, the overlap

between Oct4/Sox2 binding in our intermediates and Klf4 bind-

ing in Pre-iPSCs in those sites is less similar, which might sug-

gest that Klf4 does not co-occupy these sites at all times during

reprogramming or could be indicative of the fact that Pre-iPSCs

are an artifact in the reprogramming pathway. Together, these

results suggest that in the pluripotent state Oct4/Sox2 only

remain bound at unmethylated regions, regardless of whether

they were recruited to methylated regions. Furthermore, while

Oct4 and Sox2 preferentially bind to their consensus motifs in

sites characterized by closed and methylated chromatin in

MEFs, they are further recruited to open and unmethylated

chromatin promoter regions, at least partially by Klf4.

Oct4 andSox2 Largely TargetClosedChromatin inMEFs
Our observation that Oct4/Sox2 binding occurs mainly in inac-

cessible chromatin in MEFs is relevant to a debated question

regarding previous reports of Oct4/Sox2 exhibiting pioneer TF

activity (Soufi et al., 2012, 2015). In contrast, it has been pro-

posed that during mouse reprogramming Oct4 binds preferen-

tially to genomic regions that are locally accessible (Chen

et al., 2016; Chronis et al., 2017). However, crucially, previous

studies did not purify reprogramming intermediates, and conse-

quently some results could be confounded by the presence of

cells not undergoing reprogramming. Thus, we analyzed

chromatin accessibility in MEFs and our day 3 reprogramming
espect to DNA Binding Motifs and Chromatin State

Nanog used to class Oct4/Sox2-bound loci as motif present of absent.

y of the consensus motifs.

entage of ChIP-seq peaks (blue bars) featuring the consensus motifs for the

uences where the motif was present.

ensus motif present or absent and grouped by k-means clustering.

ensus motif present or absent and grouped by k-means clustering.

Sox2-bound loci.

e represents TSS <1 kb; dark blue indicates TSS >1 kb.

uped by k-means clustering (k = 2) of ATAC-seq signal in MEFs and day 3

if.

in regions with closed chromatin in MEFs.

bound motifs in day 3 SSEA1+ cells for four nucleosome occupancy classes.
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intermediates (which constitute <20% of the entire population)

(Figure S1A) in Oct4/Sox2 binding regions. This revealed that

the majority of day 3 Oct4/Sox2 binding sites are located in

closed chromatin in MEFs (Figures 3I and S3E). However, at

day 3 the chromatin is accessible at these Oct4/Sox2 binding

sites. Further, our data suggest that these closed chromatin sites

in MEFs targeted by Oct4/Sox2 are mainly located distal to the

TSS (Figure S3F). As pioneering would likely require these TFs

to recognize specificmotifs on nucleosomes in heterochromatin,

we analyzed the fraction of Oct4 and Sox2 ChIP-seq peaks

featuring the full Oct4-Sox2 consensus motif, or just the Oct4

and Sox2 partial motifs. This revealed that >75% of binding

events in regions where the chromatin was inaccessible in

MEFs (C2) feature these motifs (Figures 3J and S3G). Further-

more, given the ability of ATAC-seq data to give positional infor-

mation of nucleosomes in open chromatin (Schep et al., 2015),

we profiled nucleosome occupancy at Oct4/Sox2 binding sites.

We observed that most Oct4/Sox2-bound loci featuring the

consensus motifs are depleted of nucleosomes; however, a mi-

nority of these sites feature appreciable nucleosome occupancy

signal (Figures 3K and S3H). Furthermore, analysis of Oct4/Sox2

co-occupancy with nucleosomes showed that even for regions

featuring moderate nucleosome occupancy there was ChIP-

seq signal comparable to those regions showing nucleosome

depletion (Figures 3L and S3I). These regions show a Tn5

insertion signal that is an intermediate between the distinct TF

footprint seen for nucleosome depleted regions and the signal

diminishment in the regions with high nucleosome occupancy

(Figures 3L and S3I). Although these data do not indicate major

binding of Oct4/Sox2 to nucleosomes in the heterochromatin

state, it demonstrates that in some cases nucleosomes are

present at loci where Oct4/Sox2 bind. Together, these results

indicate that the majority of Oct4/Sox2 binding events early

during reprogramming occur in regions that exhibited a closed

chromatin state in MEFs and that 3 days later, at the time that

Oct4/Sox2 binding was interrogated, the chromatin was acces-

sible at sites bound by Oct4/Sox2 suggesting a pioneer effect.

Maintenance of the MEF Enhancer Chromatin State Is a
Hallmark of Cells that Fail to Reprogram
To investigate the low efficiency of the reprogramming

process and the origin of cells refractory to reprogramming, we

compared Oct4/Sox2 binding dynamics, chromatin accessi-

bility, and gene expression for true intermediates (SSEA1+) and

refractory Thy1+ cells at days 3 and 6 of reprogramming. For

Sox2, there was a large degree of overlap between SSEA1+

and Thy1+ peaks at day 3 but considerably fewer loci with
Figure 4. Reprogramming and Refractory Cells Exhibit Distinct Oct4/S
(A) Intersections of Oct4/Sox2 ChIP-seq peaks called for SSEA+ and Thy1+ cells

(B) Oct4/Sox2 binding density relative to the distance from the nearest TSS.

(C) ATAC-seq, Oct4 ChIP-seq, and Sox2 ChIP-seq in regions largely classified a

largely classified as promoters (C8, see Figure 2).

(D) Positional enrichment of the Sp4 motif with respect to Oct4 ChIP-seq peaks

feature the Oct4-Sox2 motif.

(E) RNA-seq data for Sp4 indicate that Thy1+ cells do not feature the upregulatio

(F) Browser shot of the Sp4 gene region indicates stronger binding of Oct4 (

accessibility (red).

(G) Reprogramming efficiency of MEFs upon shRNA-mediated knockdown of Sp

5 experimental replicates for control.
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detectable binding at day 6 in Thy1+ cells compared to

SSEA1+ cells (Figure 4A). This loss of target sites in Thy1+ was

even more pronounced for Oct4 (Figure 4A). Analysis of the

genomic distribution of Oct4/Sox2 ChIP-seq peaks revealed

that SSEA1+ cells show proportionally higher binding in proximal

promoter regions compared with Thy1+ cells for binding sites

where Oct4/Sox2 motifs are absent (Figure 4B).

We further found that the three ATAC clusters indicative of

MEF enhancer regions (C6, C7) and promoter regions (C8)

showed notable differences in either chromatin accessibility or

Oct4/Sox2 binding between SSEA1+ and Thy1+ cells (Figure 4C).

In C6, and to a lesser degree in C7, SSEA1+ cells lose chromatin

accessibility during the first 6 days of reprogramming; however,

refractory Thy1+ cells largely retain the open chromatin state

(Figure 4C), as do the reprogramming intermediate cells

analyzed by Chronis et al. (Figure S2E). Furthermore, only a small

fraction of regions indicative of MEF enhancers (C6 and C7)

show evidence of Oct4/Sox2 occupancy, which was compara-

ble between SSEA1+ and Thy1+ cells, and consequently does

not fully support the proposed model of somatic TF re-distribu-

tion fromMEF enhancers by the reprogramming factors (Chronis

et al., 2017). Inspection of regions showing constitutively open

chromatin (C8) during reprogramming revealed no differences

in chromatin accessibility between SSEA1+ and Thy1+ cells.

However, Oct4 occupancy in these regions was higher in

SSEA1+ cells, which was most pronounced at day 6 of reprog-

ramming, and which is also reflective of the relative proximal

enrichment of Oct4 in SSEA1+ cells (Figure 4B). Similar observa-

tions were also noted for Sox2, but the magnitude of difference

between SSEA1+ and Thy1+ cells was lower (Figure 4C). Closer

inspection revealed notably higher binding of Oct4 in constitu-

tively open chromatin in SSEA1+ cells compared with Thy1+ cells

at day 6 (Figure 4C).

In order to test whether the binding of Oct4 in transient targets

is the result of dox-inducible OKSM,we inducedOKSM in iPSCs.

In agreement with our previous data (Alaei et al., 2016; Polo et al.,

2012), our results show that Oct4 protein abundance increases

�1.5-fold after dox induction compared to basal levels in iPSCs

(Figure S3J). ChIP-seq analysis on iPSCs plus dox at 3 and

6 days showed that this induction did not lead to a redistribution

of Oct4/Sox2 (Figure S3K), indicating that overexpression of

ectopic OKSM is not sufficient for the redistribution of Oct4/

Sox2, and as our functional experiments indicate, other TF are

also required. To investigate this further, we subset the Oct4

ChIP-seq binding sites overlapping the ATAC-seq cluster

C8 within 1 kb of TSS and devoid of the Oct4-Sox2 motif

(n = 2,339) and performed a local motif enrichment analysis using
ox2 Occupancy and Chromatin Accessibility
.

s MEF enhancers (C6 and C7, see Figure 2) and constitutively open chromatin

at day 3 that intersect with constitutively open chromatin (C8) and also do not

n of Sp4 seen in SSEA1+ cells.

green) at the Sp4 promoter in SSEA1+ cells, despite equivalent ATAC-seq

4. Data are presented as mean ± SEM of 6 experimental replicates for Sp4 and



CentriMo (Bailey and Machanick, 2012). This revealed motifs

highly similar to KLF and SP TFs, in particular, Sp4 (Figure 4D).

Sp4 also showed significant expression differences between

SSEA1+ and Thy1+ cells (Figure 4E), and the Sp4 promoter is

bound differentially by Oct4 (Figure 4F). This result was intriguing

because proximal regions feature open chromatin in both

SSEA1+ and Thy1+ cells. Therefore, we reasoned that Sp4 may

play a critical role during reprogramming by facilitating Oct4

recruitment to proximal regulatory regions. We performed

knockdown of Sp4 during reprogramming, which resulted in a

strong decrease in reprogramming efficiency, indicating that

Sp4 plays a key role in the process (Figure 4G).

Despite the major differences in chromatin accessibility and TF

occupancy between cells undergoing reprogramming (SSEA1+)

and refractory cells (Thy1+) at day 3, as previously reported

(Polo et al., 2012), the transcriptomes of these cells were highly

similar, with no significant differences in gene expression (all

genes FDR >0.1 and fold change <2). However, by day 6, the

transcriptomes of SSEA1+ and Thy1+ cells have significantly

diverged, with 178 and 35 genes expressed comparatively higher

in Thy1+ cells and SSEA1+ cells, respectively (Figure S4A, FDR

<0.01, fold change >2). When analyzing Oct4/Sox2 occupancy

with respect to these differentially expressed genes, the differ-

ences in promoter region binding between SSEA1+ and Thy1+

cells is discernable at day 3, and most pronounced at day 6

(Figure S4B). Furthermore, genes that are expressed higher in

SSEA1+ cells at day 6 feature higher Oct4/Sox2 occupancy at

the same time point, whereas this is apparent mostly for Oct4

only in genes expressed higher in Thy1+ cells.

Together, these results highlight distinct chromatin and Oct4/

Sox2 binding differences between cells that will successfully tran-

sition toward pluripotency and refractory cells. Reduced targeting

of Oct4/Sox2 is characteristic of Thy1+ cells compared to SSEA1+

cells, particularly in regions proximal to TSS, which is also

apparent in promoter regions of differentially expressed genes

between these cell types. Furthermore, the retention of the MEF

chromatin state in a subset of MEF enhancer regions appears to

be a defining characteristic of cells refractory to reprogramming.

DISCUSSION

Our extensive analysis indicates that stable as well as transient

Oct4/Sox2 binding dynamics are required during reprogramming.

We observed that very early binding of Oct4/Sox2 occurs primar-

ily in regions with transiently accessible chromatin that are

enriched for TF bindingmotifs, which are also present inMEF pro-

moters that become inaccessible early during reprogramming

(Figures 2A and 2H, cluster 2 versus clusters 6, 7).Wehypothesize

that the rapid loss of chromatin accessibility at MEF promoters

(and gene expression), rather than being due to Oct4/Sox2 direct

binding, is due to somatic TFs being recruited to these transiently

accessible regions by Oct4/Sox2 (Figures 2A, 2C, and 2D). This

would partially agree with recent findings, which suggest that so-

matic TFs are redistributed upon Oct4/Sox2/Klf4 binding. How-

ever, this binding of Oct4/Sox2/Klf4 was proposed to occur

mostly at open MEF enhancers (Chronis et al., 2017), whereas

our data suggest redistribution of somatic TF mostly occurs

through binding of the reprogramming factors to regions formerly

closed. These differences may be due to the nature of the exam-
ined cells (e.g., bulk reprogramming cultures versus bona fide re-

programming intermediates) but might also be reflective of the

different mouse models used and hence a different stoichiometry

of the reprogramming factors. As shown in Figures S4C and S4D,

the populations studied in Chronis et al. do not match entirely with

our purified reprogramming intermediates.

Determining whether Oct4/Sox2 pioneer the opening of

chromatin, or whether they become engaged shortly after the

DNA becomes accessible, is difficult with current technologies

due to the rapid dynamic nature of TF binding. Regardless, our

results show that, at day 3 of reprogramming, themajority of sites

bound by Oct4/Sox2 in reprogramming intermediates were

inaccessible in MEFs. Yet, once those regions show Oct4/

Sox2 binding at day 3, the chromatin is accessible. Furthermore,

we observed a similar behavior for Oct4/Sox2 binding between

day 12 and iPSCs with Oct4/Sox2 mostly binding to ESC

enhancers that display closed chromatin at day 12 (Fig-

ures 3D–3F), supporting the hypothesis that Oct4/Sox2 act as

pioneer factors during reprogramming. However, our data also

show that �30% of sites bound by Oct4/Sox2 on day 3 of re-

programming are located in regions that show open and largely

unmethylated chromatin in MEFs. Interestingly, these sites do

not show enrichment of the Oct4/Sox2 motif like the sites tar-

geted in closed chromatin but instead enrichment for the Klf

motif, suggesting that Klf4 recruits Oct4/Sox2 to these loci.

Further, our data suggest that DNA methylation does not have

a significant impact on Oct4/Sox2 binding, in contrast to previ-

ous findings (Chen et al., 2016). However, the majority of regions

bound by Oct4/Sox2 at the beginning of reprogramming were

initially methylated, consistent with recent finding indicating

that Oct4 has a higher affinity for methylated sequences (Yin

et al., 2017). This further supports the model of Oct4/Sox2 acting

as pioneer factors.

Our results showing reduced Oct4/Sox2 binding in refractory

cells in constitutively open chromatin suggest that in refractory

cells Oct4/Sox2 fail to displace somatic TFs. This is in agreement

with our previous finding that further OKSM overexpression in

refractory cells can successfully induce reprogramming of those

cells (Polo et al., 2012). Furthermore, despite no major transcrip-

tional differences between cells that undergo reprogramming

and refractory cells, our results have uncovered major differ-

ences in chromatin accessibility, suggesting these are key for

the reprogramming progress. Moreover, refractory cells fail to

lose chromatin accessibility in MEF enhancers independent of

Oct4/Sox2, probably through persistent binding of members of

the TEA, Runt, and/or bZIP TF family in refractory cells. Taken

together, our findings demonstrate that chromatin remodeling

is highly dynamic during cellular reprogramming and that it is

not only the loss of MEF identity and gain of iPSC identity that

is essential, but also the accessibility and activation of transient

regulatory elements.
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