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SUMMARY

Cell-fate decisions remain poorly understood at the
chromatin level. Here, we map chromatin remodeling
dynamics during induction of pluripotent stem cells.
ATAC-seq profiling of MEFs expressing Oct4-Sox2-
Klf4 (OSK) reveals dynamic changes in chromatin
states shifting from open to closed (OC) and closed
to open (CO), with an initial burst of OC and an ending
surge of CO. The OC loci are largely composed of
genes associated with a somatic fate, while the CO
loci are associated with pluripotency. Factors/condi-
tions known to impede reprogramming prevent OSK-
driven OC and skew OC-CO dynamics. While the CO
loci are enriched for OSK motifs, the OC loci are not,
suggesting alternative mechanisms for chromatin
closing. Sap30, a Sin3A corepressor complex compo-
nent, is required for theOCshift and facilitates reduced
H3K27ac deposition at OC loci. These results reveal a
chromatin accessibility logic during reprogramming
that may apply to other cell-fate decisions.

INTRODUCTION

The induction of pluripotent stem cells (iPSCs) from fibroblasts

by Yamanaka factors represents a unique system to understand

the logic of cell-fate decisions (Takahashi and Yamanaka, 2006).

The pathways from somatic cells to pluripotency have been well

described by high-throughput methods such asmicroarrays and

RNA sequencing (RNA-seq) that have provided a comprehen-

sive molecular roadmap for gradual fate changes (Cacchiarelli

et al., 2015; Hussein et al., 2014; Polo et al., 2012; Stadtfeld

et al., 2008; Takahashi and Yamanaka, 2006; Toh et al., 2016).
Cell S
Broadly, the reprogramming process can be divided into three

phases, the initial, middle, and maturation phases that are

coupled to the ordered execution of multiple biological pro-

cesses (Hussein et al., 2014; Polo et al., 2012), one of the earliest

of which is a mesenchymal-to-epithelial transition (MET) (Li et al.,

2010; Samavarchi-Tehrani et al., 2010).

It is clear that chromatin is dynamically remodeled at all of

these stages in a specific manner (Koche et al., 2011), but the

mechanisms are complex and incompletely understood (Smith

et al., 2016). Recent studies have provided mechanistic insights

at the molecular level. For example, Plath and colleagues

reported that three reprogramming transcription factors (TFs)

OCT4, SOX2, and KLF4 (OSK) first engage active somatic en-

hancers to initiate their silencing by redistributing somatic TFs

and decommissioning enhancers (Chronis et al., 2017). They

concluded that OSK collaborate among themselves and also

with stage-specific TFs to orchestrate somatic-enhancer inacti-

vation and pluripotent-enhancer activation (Chronis et al., 2017).

Given that OSK are mainly transcriptional activators (Chen et al.,

2008, 2016; Sridharan et al., 2009), it is not clear how they

orchestrate the silencing of somatic enhancers directly.

Here, we report the global chromatin accessibility dynamics

as cells are reprogramed from a somatic to a pluripotent state

upon transfection of MEFs with OSK. We show that during re-

programming chromatin changes are defined by a fast initial

wave of open to closed (OC), which is followed by a slower open-

ing up of chromatin from closed to open (CO), and ends with a

climactic wave of CO. The initial OC wave includes loci enriched

with motifs for AP-1, TEAD, RUNX, ETS, and MAD-family TFs.

Overexpression of TFs that belong to those families, such as

the AP-1-family members c-Jun, c-Fos, and Fosl1, ETS-family

member Ets1, TEAD-family member Tead3, RUNX-family mem-

bers Runx1 and Runx2, and the MAD-family member Mef2c, all

inhibited reprogramming. Of these factors, c-Jun inhibits reprog-

ramming by preventing OSK-driven OC and skewing the overall

OC/CO dynamics. We show that SOX2 and KLF4, and to a lesser
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extent OCT4, are primarily drivers of CO, but not OC, suggesting

that they must first activate potent (indirect) OC factors to

remodel chromatin. Indeed, we show that SAP30, a frequent

member of the SIN3 co-repressor complex (Silverstein and

Ekwall, 2005) that is important for promoting pluripotency with

NANOG (Saunders et al., 2017), acts in reprogramming to

directly suppress key somatic genes. Together, our results

reveal the chromatin accessibility logic during reprogramming

and identify SAP30 as one of the first responders (Pei, 2009)

that help silence somatic genes.

RESULTS

Global Chromatin Dynamics during OSK-Driven
Reprograming of MEFs
Reprogramming of somatic cells with OSKM (OSK+c-MYC) is

considered a slow and inefficient process (Esteban et al.,

2010; Takahashi and Yamanaka, 2006), making comprehensive

molecular analysis challenging (Chronis et al., 2017). We ad-

dressed this problem by taking advantage of OG2 MEFs (mouse

embryonic fibroblasts), which bear an Oct4-GFP reporter whose

expression reflects the establishment of pluripotency (Esteban

et al., 2010; Liu et al., 2015b; Szabó et al., 2002) and the iCD1 re-

programming system (Chen et al., 2011), that is a chemically

defined medium lacking FBS and c-MYC from the reprogram-

ming cocktail, in which up to 40%of cells are GFP+ by day 7 (Fig-

ures 1A, S1A, and S1B). We then harvested cells at D0, 1, 3, 5,

and 7, along with MEFs, iPSCs, and embryonic stem cells

(ESCs), as controls, and processed them for ATAC sequencing

(ATAC-seq) (Buenrostro et al., 2013). Peaks of open chromatin

were identified in the ATAC-seq results (Figure S1C; STAR

Methods) and were highly consistent between independent ex-

periments (R > 0.8; Figures S1D and S1E). Similarly, ATAC-seq

data between ESCs and iPSCs data were also highly consistent

R = 0.93 (Figure S1F), with the same chromatin patterns (Fig-

ure 1B). By comparing the peaks at each locus between MEFs

and ESCs, the dataset reveals three basic groups, closed in

MEFs but open in ESCs (CO), open in MEFs but closed in

ESCs (OC), permanently open in both MEFs and ESCs (PO),

which can be further subdivided into open in both but declining
Figure 1. ATAC-Seq Reveals Chromatin Dynamics during Reprogramm

(A) Schematic for the reprogramming time course and data collection. MEFs wer

into iCD1 reprogramming medium and then harvested for ATAC-seq at the time

(B) Loci of open chromatin were arranged into groups depending upon the day of

or when they were permanently open (PO). PO was subdivided into those loci tha

those that were unchanged (PO). Only serial (not transient) groups are shown here

(C) The number of peaks defined in each of the OC/CO and PO categories.

(D) Selected genomic views of the ATAC-seq data, and comparison with DNase s

shown for the indicated OC/CO groups: Cdh1 (chr8:106,583,813–106,654,710),

Nr5a2 (chr1:136,926,019–136,977,558), Zswim1 (chr2:164,821,225–164,828,214

Prss23 (chr7:89,504,809–89,525,973), Runx2 (chr17:44,755,486–44,821,809), Am

and Jak2 (chr19:29,243,094–29,278,873). OC/CO loci are marked with a gray box

except DNase-seq (0 to 80, normalized tag count), and for all subsequent genome

bar plot below the genome view. RNA-seq expression units are in normalized ta

(E) Violin plots of the expression level for all geneswith a TSSwithin 10 kb of an ATA

on the row-wise SD for each peak. *p value <0.01 Mann-Whitney U test versus t

(F) Gene ontology (GO) analysis for all genes within 10 kb of an ATAC-seq pea

noncentral hypergeometric distribution implemented in goseq. Data were cluste

(G) TF motifs significantly enriched at least >1.5-fold for CO/OC/PO categories of

*p value <1e-20. Data were clustered based on a Euclidean distance matrix and
(PO-down) or increasing in intensity (PO-up) (Figure 1B;

Table S1). The CO and OC peaks can be further divided into

6 subgroups (CO1–6; OC1–6), based on the day of opening

and closing, covering the changes in chromatin between MEFs

and iPSCs/ESCs. Counting these peaks further showed that

OCs outnumber COs in the initial phases of reprogramming,

but the pattern is reversed at the end of reprogramming as

COs outnumber OCs (Figures 1B and 1C). This is consistent

with earlier observations that reprogramming factors target

different chromatin loci at the beginning and end of reprogram-

ming (Sridharan et al., 2009) and is reminiscent of chromatin dy-

namics observed with specific epigenetic marks (Mikkelsen

et al., 2008). CO peaks tended to be widely distributed among

genomic features, suggesting both promoter and enhancer re-

modeling, while OC peaks tended to be gene distal suggesting

mainly enhancer remodeling, and PO peaks were strongly en-

riched for promoters (Figure S1G). Among the peaks closed or

opened, we identified genes specific to each OC or CO group,

such as the pluripotency-related genes Cdh1, Jarid2, Elf3,

Nr5a2, Zswim1, and Dppa2 acquiring open chromatin at specific

stages of reprogramming, and conversely the somatic genes

Ets1, Prss23, Runx2, Amotl1, Epb41l3, and Jak2 being progres-

sively closed (Figure 1D). Importantly, OC and CO dynamics cor-

relates with changes in gene expression, indicating that these

are also functional changes (Figures 1D and 1E), and that chro-

matin accessibility is an important precursor for gene expression

changes during reprogramming. Gene ontology (GO) analysis of

the genes associated with OC and CO loci showed that the OC

loci correspond to genes related to the somatic state (e.g., extra-

cellular matrix organization), while the CO loci are largely associ-

ated with the pluripotent state (blastocyst formation; stem cell

maintenance) (Figure 1F), which matches earlier reports that so-

matic genes are rapidly downregulated, followed by a slower

activation of pluripotency genes (Buganim et al., 2013; Soufi

et al., 2012; Sridharan et al., 2009).

To gain mechanistic insight into the drivers managing these

chromatin dynamics, we analyzed the TF motifs associated with

OC and CO peaks and showed that the CO loci have binding mo-

tifs for the exogenous transgenes OCT4, SOX2 and KLF4, which,

agrees with other work indicating a direct binding-activation
ing

e infected with retroviral vectors containing Oct4, Sox2, and Klf4 and switched

points indicated in the lower row. D indicates day of the reprogramming.

reprogramming they changed from closed to open (CO) or open to closed (OC)

t declined (but remained open) as PO-down, those that increased (PO-up), and

(see Figure S2C). Units are in normalized sequence tag count (see Figure S1C).

equencing (DNase-seq) data from ESCs (GSM1014187) (Yue et al., 2014), are

Jarid2 (chr13:44,716,254–44,747,836), Elf3 (chr1:135,248,174–135,261,330),

), Dppa2 (chr16:48,306,779–48,320,018), Ets1 (chr9:32,689,014–32,721,691),

otl1 (chr9:14,561,384–14,620,554), Epb41l3 (chr17:69,137,961–69,248,544),

. All genome views are to the same vertical scale (0–20, normalized tag count),

views. The RNA-seq expression values for the respective genes is shown in the

g counts.

C-seq peak for eachOC/CO category. Data were converted to aZ score based

he levels in MEFs.

k. *Benjamini-Hochberg corrected p value (Q value) <0.05 from a Wallenius

red based on a Euclidean distance matrix and complete linkage.

ATAC-seq peaks. The motifs for TFs are indicated on the right of the heatmap.

complete linkage.
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Figure 2. AP-1 TFs Impair Chromatin Remodeling

(A) Schematic of the flow cytometry sorting of the Oct4-GFP positive or negative cells at D3 and D7 for ATAC-seq. The GFP is driven by the OG2 reporter, which is

a reporter for Pou5f1/Oct4 gene expression.

(B) Violin plots for the normalized ATAC-seq tag density for all peaks within the indicated OC/CO groups at the indicated time points. Data were converted to a

Z score based on the row-wise SD for each peak. *p < 0.01 Mann-Whitney U test.

(C) Peaks were divided into those peaks open in MEFs and closed in ESCs and vice versa. Peaks were then further divided into those peaks that failed-to-close

(FC) and those that failed-to-open (FO) for both day 3 (left heatmap) and day 7 (right heatmap).

(D) The total number of peaks in FC and FO for day 3 and day 7 cells.

(E) TFmotif discovery within the day 3 or day 7 FC or FO peaks. *p value <1e-20. Data were clustered based on a Euclidean distance matrix and complete linkage.

(F) Average ChIP-seq read density of c-JUN data in ESCs (GSM1587320) (Liu et al., 2015b); the pileups are centered on FC/FO peaks for day 3 or day 7 cells.

(G) Average ChIP-seq read density for the somatic genes RUNX1, FOSL1, and CEBPA in MEFs or in OSKM 48-hr reprogramming cells (Chronis et al., 2017); the

pileups are centered on FC/FO peaks for day 3 or day 7 cells.

(H) Schematic of the experimental design. Cells were sorted for Oct4-GFP negative cells at day 3, and the cells were then infected with small hairpin RNAs

(shRNAs) targeting Luciferase as a control, and c-Jun, Fosl1, Fosl2, c-Fos, or cells were transfected with an overexpression construct containing DsRed, as a

control, or c-Jun, Fosl1, and c-Fos. The cells were then cultured, and the number of Oct4-GFP+ colonies were counted at day 9.

(legend continued on next page)
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mechanism (Chen et al., 2008, 2016; Sridharan et al., 2009) (Fig-

ures 1G and S1H). We took advantage of a recent comprehensive

analysis of TF binding during reprogramming (albeit in a reprog-

ramming system that includes c-MYC, which we omit in our sys-

tem) to explore OSK binding to these OC/CO groups. In the early

stages of reprogramming (as represented by OSKM 48-hr sam-

ples), OSK binds to the CO1 group peaks, potentially directly

mediating their opening (Figure S2A). Intriguingly, OSK are also re-

cruited toOC3/4/5 (as defined in Figure 1B), whichwould be future

sites of chromatin closing; however, in the later stage of reprog-

ramming (represented by pre-iPSCs), thatOSKbinding is lost (Fig-

ure S2A), suggesting thatOSKmay, in addition to activating genes

found at CO peaks, be promiscuously binding to chromatin during

the early stages of reprogramming, in agreement with previous re-

ports (Buganim et al., 2013; Chronis et al., 2017; Soufi et al., 2012;

Sridharan et al., 2009). However, herewe suggest that this promis-

cuous binding atOCpeaks is reduced in the later stages of reprog-

ramming and then lost completely in ESCs/iPSCs (Figure S2A).

Why OSK is recruited to these OC loci is unclear as most of the

OC loci do not haveOSKmotifs but are instead enriched with mo-

tifs for TEAD, RUNX, ETS, ATF, MAD, and AP-1-family TFs (Fig-

ure 1G), and, indeed, theseOC peaks are enriched for the somatic

TFs RUNX1, FOSL1, and CEBPA (Figure S2B), suggesting that

OSK may either be passive, or indirectly silencing these regions

of chromatin, although it has been suggested OSK act to directly

displace key somatic TFs by promiscuous binding to DNA in the

early stages of reprogramming (Chronis et al., 2017). Interestingly,

there is a category of loci that are transiently opened during re-

programming (Figure S2C). These close-open-close (COC) peaks

can be further classified into 10 different groups (COC1–10) (Fig-

ures S2C and S2D). As in the CO groups, the COC groups contain

canonical SOX-OCT and KLFmotifs, but COC peaks also contain

enrichedmotifs for somatic TFs, such as AP-1, ATF, and develop-

mentalmotifs, such as the endoderm-specificOCT4-SOX17 com-

pressed motif (Figure S2E) (Aksoy et al., 2013). The enrichment of

these motifs may help explain why a primitive streak-like stage is

seen during reprogramming (Cacchiarelli et al., 2015; Polo et al.,

2012; Takahashi et al., 2014), as chromatin becomes transiently

permissive for the activity of alternative TFs and cell fates. Indeed,

we observe many enriched GO terms for developmental genes

near to open chromatin (Figure S2F).

To see whether this same logic also exists in other reprog-

ramming systems, we reanalyzed three ATAC-seq datasets

for pluripotent reprogramming: two extended OSKM datasets

where the starting cells were MEFs (Cheloufi et al., 2015; Chronis

et al., 2017), and an OSKM system using B cells instead of MEFs

as the starting cell type (Di Stefano et al., 2016). Principal compo-

nent analysis (PCA) of gene expression of the three OSKM-based

reprogramming systems, compared to our OSK iCD1 MEF sys-

tem, showed that the three MEF-based systems all traverse

similar trajectories to iPSCs, while the B cells arrived at the

same place from a different starting point (Figure S3A). PCA of
(I) Effect of KD of c-Jun, Fosl1, Fosl2, and c-Fos in day 3 GFP– cells (see schema

iPSC generation, 3 3 104 D3 GFP– cells were plated per well in 24-well plates. D

experiments and are shown as the mean ± SEM. *p value <0.05, **p value <0.01

(J) Overexpression c-Jun, Fosl1, c-Fos in day 3 GFP– cells. After 2 rounds infection

cells were plated per well in 24-well plates. No GFP+ colonies were observed

biological replicates in 2 independent experiments and are shown as the mean ±
ATAC-seq data from those systems suggested a similar pattern,

albeit chromatin seemed to be in advance of gene expression

(Figure S3B). Intriguingly, all three systems follow a very similar

OC/CO logic as our iCD1 system, albeit at different genomic

loci, and with different numbers of OC/CO both early and

late, likely due to differences in starting cell types, and sample

coverage across the reprogramming time course (Figures S3C–

S3E). Importantly, independent of the reprogramming system

used, we detected the same somatic TF motifs in the OC peaks

of all three systems: AP-1, ETS, RUNX, and TEAD family TFs (Fig-

ures S3F–S3H), highlighting the generality of these TFs. There

were some important differences though, AP-1 motifs also ap-

peared in the CO peaks in the B cell reprogramming system (Fig-

ure S3F), and in OC peaks the B cell system showed enrichment

for the immune-related PU.1 and IRF-family TF motifs. Overall,

these analyses reveal a binary logic regarding the opening and

closing of genomic loci as cells reprogram and emphasize the

importance of somatic TFs in the initial stages of reprogramming.

Somatic TFs as Reprogramming Barriers
To further test the open/close dynamic logic in reprogramming,

we wished to see whether it can help explain why a significant

portion of the MEFs cannot be reprogrammed, a common prob-

lem in reprogramming experiments. We reasoned thatMEFs that

are resistant to reprogramming fail to open or close loci appropri-

ately for correct reprograming. In the iCD1 reprogramming

system used here small numbers of GFP+ cells can be detected

as early as day 3; hence, we sorted D3 and D7 GFP+ and GFP–

cells and then compared their chromatin accessibility by

ATAC-seq (Figure 2A). Analysis of the overall levels of chromatin

for the OC/CO groups indicates that the GFP– cells have defects

in both CO and OC (Figure 2B). To look closer at the defects, we

calculated those loci that failed to close (FC), and failed to open

(FO) (Figures 2C and 2D), and found that while D3 GFP+ cells

have a chromatin accessibility pattern much closer to ESCs

and D7 GFP+ cells, all GFP– cells harbor a similar pattern (Fig-

ure 2C, right panel). As expected the FO peaks were dominated

bymotifs for the reprogramming factors, OCT4, SOX2 and KLF4,

while FC peaks contained significantly enriched motifs at both

D3 and D7 for AP-1 family TFs including ATF3, BATF, FOSL2,

and BACH2 (Figure 2E). Interestingly, NF1, RUNX, and TEAD-

family motifs are also present at FC loci (Figure 2E). Additionally,

these FC peaks tend to be bound by somatic TFs; for example,

when c-Jun was overexpressed in ESCs, it is preferentially re-

cruited to these FC loci (Figure 2F), indicating they are target

loci for c-JUN. A similar observation was seen in RUNX1,

FOSL1, and CEBPA chromatin immunoprecipitation sequencing

(ChIP-seq) data in MEFs and OSKM 48-hr (Chronis et al., 2017);

those somatic TFs were bound primarily to FC peaks (Figure 2G).

The D3 GFP– cells can still proceed to become GFP+ cells;

hence, to understand the relative importance of chromatin open-

ing and closing and the function of the somatic TFs, we sorted
tic in H). After two rounds of infection, GFP+ clones were counted at day 9. For

, day; Luc, luciferase. Data are from 6 biological replicates in 2 independent

, ***p value <0.001, one-way ANOVA with Dunnett’s test.

, GFP+ clones were counted at day 9. For iPSC generation, 33 104 day 3 GFP–

when c-Jun, Fosl1, and c-Fos were overexpressed. D, day. Data are from 6

SEM. ***p value <0.001, one-way ANOVA with Dunnett’s test.

Cell Stem Cell 21, 819–833, December 7, 2017 823



A B C

D

E

H

F G I

(legend on next page)

824 Cell Stem Cell 21, 819–833, December 7, 2017



GFP– cells at day 3 (Figure 2H) and then either knocked down

AP-1 factors (Figures 2I and S4A) or overexpressed AP-1 factors

(Figure 2J) and then allowed the cells to continue reprogramming

and counted the number of resulting GFP+ colonies. Knockdown

of c-Jun and Fosl2 modestly but significantly increased the

number of resulting GFP+ colonies (Figure 2I), while conversely

overexpression of c-Jun, Fosl1, and c-Fos completely ablated

the ability of the GFP– cells to become GFP+ cells (Figure 2J).

This suggests that somatic TFs are barriers for reprogramming.

c-JUN Impedes Reprogramming by Disrupting
Chromatin Dynamics
OSK are TFs known to activate gene expression by opening

chromatin, i.e., the CO loci (Figure S2A), a process studied

extensively and relatively well understood (Buganim et al.,

2013; Gaspar-Maia et al., 2011; Koche et al., 2011; Mikkelsen

et al., 2008; Polo et al., 2012; Sridharan et al., 2009). Indeed,

opening of chromatin often improves reprogramming, for

example, inhibition of histone deacetylases improves reprog-

ramming (Huangfu et al., 2008), and the loss of many epigenetic

repressors also helps (Chen et al., 2013; Schmidt and Plath,

2012; Xu et al., 2016). What is less well understood is the require-

ment for chromatin closing in reprogramming (Chronis et al.,

2017), particularly at key somatic and fibroblastic genes (Buga-

nim et al., 2013). We began by hypothesizing that TFs corre-

sponding to the motifs in the OC loci (Figure S1H) may act nega-

tively during reprogramming as we have already shown that the

AP-1-family TFs c-Jun, c-Fos, Fosl1 (Fra1), and Fosl2 (Fra2) all

impair reprogramming (Liu et al., 2015b); here, we show that in

addition the ETS-family Ets1, TEAD-family Tead3, RUNX-family

Runx1, Runx2, and MAD-family Mef2c can all significantly

decrease the formation of GFP+ colonies (Figure 3A). As overex-

pression of c-Jun was the most efficient at inhibiting reprogram-

ming, we performed ATAC-seq on an OSK+c-Jun time course to

determine where the defect in chromatin dynamics occurs.

Western blot analysis indicated that, while c-JUN declines as

cells are reprogrammed and is lost in ESCs, overexpression of

c-JUN substantially increases the protein level of c-JUN (Fig-

ure S4B). ATAC-seq data show that c-Jun blocks reprogram-
Figure 3. c-JUN Impedes Reprogramming by Impairing Chromatin Clo

(A) OSK and one of the AP-1-family TFs (c-Jun, c-Fos, Fosl1), ETS-family TFs (E

family (Mef2c) were co-overexpressed during reprogramming, and the number of

MEFs were plated per well in 12-well plates. Data were from four independent ex

***p value <0.001, one-way ANOVA with Dunnett’s test.

(B) Heatmap of OC/CO loci, as defined in Figure 1B, this time including OSK+c-

(C) The OC/COOSK-mediated regions were assessed for the impact of the co-exp

Peaks were counted as either peaks that should open but fail-to-open (FO) when c

of c-Jun. The percentage of peaks that FC or FO are indicated. Data are generate

the respective days.

(D) Genome views of the ATAC-seq data for the pluripotency genes Sall4 (c

106,612,996), and the key somatic gene and AP-1 TF Fosl1 (chr19:5,440,934–5

Regions of open chromatin are marked with a gray box.

(E) Violin plots for the normalized ATAC-seq tag density for all peaks within the in

Z score to emphasis change. Data were converted to a Z score based on the ro

(F) OC/CO peaks redefined from the ATAC-seq data when OSK and c-Jun are c

(G) Bar chart showing the number of ATAC-seq peaks for the c-Jun OC/CO-defi

(H) Venn diagrams showing the overlap of OSK OC/CO peaks and OSK+c-Jun

OSK+c-Jun ATAC-seq experiments; the overlap indicates peaks that CO or OC

(I) Motif discovery within the categories of OSK and OSK+c-Jun-specific peaks

distance matrix and complete linkage.
mingbyperturbing theOSK-drivenOC/COdynamics (Figure 3B),

and if wemeasure the peaks for the OC/CO sites we can see that

the defect is mainly at OC3, as about 60% of the loci that should

close fail to close (Figure 3C). This was matched by a near total

failure to correctly open CO peaks. This effect can be seen at

specific loci; for example, Sall4 and Cdh1 both failed to open,

and Fosl1 and Twist2 failed to close (Figure 3D), crucially the

chromatin status matches their gene expression pattern: Fosl1

and Twist2 both fail to be correctly downregulated, while Sall4

and Cdh1 fail to upregulate when c-Jun is overexpressed with

OSK (Figure S4C). We can extend this pattern to all OC/CO

groups independently of the binary threshold approach we use

in Figures 3B and 3C. The levels of ATAC-seq signal for all

groups indicated that even as early as OC1 the loci show signif-

icantly impaired closing, but at all days of reprogramming the OC

groups were significantly down (Figure 3E).

Although c-Jun expression derailed normal OC/CO reprog-

ramming dynamics, it still had a strong effect on chromatin, so

we re-clustered the OSK+c-Jun datasets without ESCs and a

new OC/CO pattern emerged (Figure 3F). Curiously, OSK+c-

Jun led to the opening and closing of more loci than OSK alone

(Figures 1C and 3G). There was little overlap in the pattern of CO

peaks between OSK and OSK+c-Jun, and the vast majority of

peaks were specific to either condition (Figure 3H). OSK+c-Jun

opened 31,273 specific loci, suggesting that the cells are head-

ing to an alternate cell fate (Figure 3H, top). For OC peaks, there

was both a substantial overlap of 58,736 peaks, but also 25,865

and 13,304 specific peaks (Figure 3H, bottom). We then classi-

fied the peaks into those that were specific to OSK alone or

OSK+c-Jun specific (Figure 3H). Motif discovery indicated

that, while both sets of OC peaks were enriched for c-JUN

motifs, the OSK+c-Jun-specific CO peaks were enriched for

c-JUN, while the OSK-alone-specific CO peaks were not (Fig-

ure 3I). Additionally, those genes that were upregulated during

OSK+c-Jun reprogramming were related to somatic functions,

such as angiogenesis or lung development (Figures S4D and

S4E). These results suggest that c-Jun inhibits reprogramming

by altering the normal balance of OC/CO dynamics and instead

initiating its own CO cascade that alters cell fate.
sing and Opening

ts1, Elf3), TEAD-family TF (Tead3), RUNX-family TFs (Runx1, Runx2), or MAD-

Oct4-GFP colonies was counted at day 7. For iPSCs generation, 23 104 OG2-

periments and are shown as the mean ± SEM. *p value <0.05, **p value <0.01,

Jun reprogramming data. D indicates day.

ression of c-Jun. Bar chart shows the number of peaks misregulated by c-Jun.

-Jun is present or peaks that should close but fail-to-close (FC) in the presence

d for each day of the time course by comparing the OSK versus OSK+c-Jun for

hr2:168,747,667–168,843,575), the epithelial gene Cdh1 (chr8:106,596,163–

,457,109) and the mesenchymal gene Twist2 (chr1:91,798,164–91,825,398).

dicated OC/CO groups at the indicated time points. Data were converted to a

w-wise SD for each peak. *p < 0.01 Mann-Whitney U test.

o-expressed in MEFs.

ned peaks in (F).

OC/CO peaks. Specific categories are defined as peaks exclusive to OSK or

in both OSK and OSK+c-Jun.

defined in (H). *p value <1e-20. Data were clustered based on a Euclidean
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Since fetal bovine serum (FBS) inhibits reprogramming (Chen

et al., 2011), we tested the effect of FBS and showed that FBS,

like c-Jun, causes a similar fail-to-close and fail-to-open effect

that leads to a failure to close 49% of OC3 and open 60% of

CO3 loci (Figures S4F and S4G). This suggests that these FC/

FO patterns provide a rational explanation for the observed

impairments in reprogramming.

Oct4/Sox2/Klf4 Open Chromatin Loci
OSK are pioneering factors that can engage chromatin directly

(Soufi et al., 2015). However, reprogramming is a cooperative

process with OSK, the impact of each factor may be masked

in our previous analysis. To resolve the role of each factor, we

took advantage of the fact that ATAC-seq provides information

about the physical status of chromatin at open or close states

and performed ATAC-seq on MEFs infected with O, S, K, alone

or in combination, at the early stages of reprogramming (Fig-

ure 4A). Although the individual factors are opening a lot of chro-

matin loci, it is only the OSK-D0/D1 (CO1/CO2, OC1/OC2) loci

that are important for reprogramming, so we looked at the re-

sponses of the OSKCO1/2 or OC1/2 loci as defined in Figure 1B.

We show that O, S, and K alone or in combination open chro-

matin in specific patterns, and no single factor or pair of factors

can open/close chromatin in the same pattern as OSK (Fig-

ure 4B). We then categorized the CO1/2 or OC1/2 OSK peaks

into the simplest tier of O, S, or K or combinations that could

open/close a locus; i.e., if a locus could be opened by O and S

alone, but not K, then we would count that locus as O and S

dependent; hence, loci can appear in more than one list (Figures

4C and 4D). It became apparent that, while all three of OSK can

open loci and are thus acting as pioneer TFs to open chromatin

(Soufi et al., 2015), S and K could open nearly twice as many loci

as O alone, and only 257 O peaks were exclusively opened by O,

as many of the O-specific peaks could also be opened by S or K

alone (Figures 4C and 4D), Interestingly, the S-containing double

factors OS and SK both also opened more peaks than OK, sug-

gesting that S has a strong role in opening chromatin (Figure 4C).

It should be pointed out that we excluded c-MYC from our re-

programing cocktail, which has interesting functions in both

opening and closing chromatin (Buganim et al., 2013; Soufi

et al., 2015; Sridharan et al., 2009). So, in the absence of

c-MYC, we can conclude that SOX2 and KLF4 are major drivers

of chromatin opening. By analyzing the motifs within those

dependent-open and dependent-closed loci, we show that all

dependent-open clusters contain OCT, SOX, KLF motifs as ex-

pected (Figure 4E). However, the dependent-closed peaks do

not contain any OCT, SOX, and KLF motifs and instead contain

the same collection of AP-1, RUNX, TEAD motifs we have seen

previously (Figures 4E and S1H). These results suggest that

OSK open chromatin by directly binding, while they close chro-

matin indirectly.

SAP30 Is Required for Reprogramming
The fact that OC loci contain no motifs for the reprogramming

factors suggests that O, S, and K may activate other factors to

perform the closing of chromatin. Additionally, an alternative

mechanism has also been recently proposed that OSK may

impair the activity of somatic TFs by promiscuous binding to

active enhancers and displacing them (Chronis et al., 2017). To
826 Cell Stem Cell 21, 819–833, December 7, 2017
test the hypothesis that an indirect mechanism may be respon-

sible for the closing of chromatin loci, we selected genes with a

transcription start site (TSS) within 10 kb of a CO1–5 peak and

intersected that with all genes upregulated >1.5-fold between

MEFs and ESCs (Table S2) that were annotated as an epigenetic

factor in the EpiFactors database (Medvedeva et al., 2015). This

resulted in 18 candidate genes (Figures 5A and S5A), of which

Sap30 appeared interesting as its expression was upregulated

early at day 0, whenmost of the chromatin closing is taking place

(Figure S5B). SAP30 is an adaptor for the SIN3A and NCOR co-

repressor complexes and can recruit HDACs to deacetylate

histones (Laherty et al., 1998) and is part of the SIN3A complex

upregulated during reprogramming, along with SIN3A itself (Fig-

ure S5B). In MEFs, Sap30 is expressed only at a basal level, as

measured by RT-PCR, even though the chromatin at the TSS of

Sap30 was open (Figures 5B and 6C). ATAC-seq data indicated

two regions of chromatin become open as the cells reprogram

and may represent enhancer regions (En1 and En2; Figures 5B

and S5C). Importantly En1 responds only to OSK, while En2 re-

sponds to S, OS, SK, and OSK (Figure 5B), and only En1 recruits

EP300, OCT4, and SOX2 in ESCs (Figure S5C), and finally only

En1 chromatinmatches Sap30 gene expression for the combina-

tions of O, S, and K factors (Figure 5C) and is not upregulated

when c-Jun is added to the reprogramming cocktail (Figure S5B).

To test whether the two putative enhancers En1 and En2 at

the Sap30 locus are responsible for its activation by the reprog-

raming factors, we constructed reporters for these putative en-

hancers and showed that in a luciferase assay En1 alone is active

as an enhancer (Figure 5D). We then show that exogenously

expressed Sap30 significantly enhanced reprogramming (Fig-

ure S5D), albeit the improvement was small in the efficient iCD1

reprogramming system. Conversely, knocking down Sap30 sub-

stantially impairs reprogramming, as measured by the number of

GFP+ colonies (Figures 5E and S5E). To understand the mecha-

nism by which Sap30 knockdown derails reprogramming, we

performed ATAC-seq onD3 andD7 cells undergoing reprogram-

mingwithSap30 knockeddownandshow thatmanypeaks failed

to close at both D3 and D7 (Figures 5F and S5F). At D7, while the

early closing peaks (OC1/OC2) had mostly closed as expected,

of the OC3 closing peaks 44% had failed to close at D7 with

Sap30 knockdown (KD), and for the OC4 and OC5 peaks >70%

of these peaks had failed to close, indicating a severe disruption

in chromatin closing from the OC3 (day 1) stage onward (Fig-

ure 5G). Looking at the overall levels of chromatin indicates the

defect in chromatin remodeling is evident by day 3 (OC3) and

the cells do not recover (OC5) (Figure 5H). To explore the time

requirement of Sap30 during reprogramming, we knocked

down Sap30 at different time points, and this result indicated

that Sap30 is mainly required at the earlier stages (D1–2) as KD

from D5–7 had little effect on reprogramming while at D3–7 KD,

although significant, was relatively modest in impairing reprog-

ramming (Figures 5I and S5G). These results suggest that

SAP30 is required for reprogramming by impacting chromatin

remodeling.

SAP30 Is a Master Regulator of Chromatin Dynamics at
Key Somatic Genes
To understand how SAP30 regulates reprogramming, we per-

formed ChIP-seq of both SAP30 and SIN3A at D3 and D7 of an
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Figure 4. Oct4, Sox2, and Klf4 Act to Open Chromatin

(A) MEFs infected with Oct4 (O), Sox2 (S), or Klf4 (K) alone or in combination and the total numbers of chromatin regions (peaks) that become open or closed

at day 1.

(B) Heatmap of the CO1/2 peaks (left) or OC1/2 peaks (right), as defined in Figure 1B, and their response when either single O, S, K, or pairs of O, S, K factors are

expressed in a reprogramming time course. Any influence of the medium or cell-culture conditions was removed by only considering peaks that specifically

opened in OSK and not DsRed D1 control or closed in OSK and remained open in DsRed D1 control.

(C) Number of peaks in the early stage of theOC1/2 andCO1/2 that can be opened or closed by single or pairs of reprogramming factors, derived from (B). AnOSK

peakwas considered dependent-open or dependent-closed if it could open/close that peak by itself or if not by a single factor, by a combination of factors, for the

simplest ‘‘tier’’ of factors. For example, if S, K, SK, and OS could open/close a peak, then it would be considered as S and K dependent, while an OSK peak that

that could be opened/closed by OS and OK (but not O, S, or K alone) would be considered as both OS and OK dependent. Peaks can thus appear in more than

one list, and the sum of peaks is greater than the total number of OSK peaks.

(D) Venn plots for the number of peaks for overlapping between each dependent class, derived from (C).

(E) TFmotifs significantly enriched at least 1.5-fold for each defined group of ATAC-seq peaks, derived in (C). The TF family motifs are indicated on the right of the

heatmap. *p value <1e-20. Note that the OSK motifs only appear in the dependent-open peaks, while the AP-1, TEAD, RUNX, and ETS somatic motifs are only

enriched in the dependent-closed peaks. Data were clustered based on a Euclidean distance matrix and complete linkage.
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Figure 5. Sap30 Is Required for Efficient Reprogramming

(A) Schematic of the strategy used to identify Sap30. The CO1–5 peaks (Table S1) were annotated to 8,492 TSSs within 10 kb, of which 176 genes were also

upregulated in ESCs compared toMEFs (Table S2). Of these 176 genes, 18 candidate genes were selected as potential epigenetic regulators as they overlapped

with the EpiFactors database (Figure S6A) (Medvedeva et al., 2015).

(B) Genome view of the ATAC-seq data at the Sap30 locus (chr8:57,480,773–57,505,323). Chromatin is open at the TSS of Sap30 at all stages of reprogramming,

but two putative enhancer regions (En1, En2) show dynamic opening during reprogramming.

(C) qRT-PCR of Sap30 relative to Gapdh at day 1 of a reprogramming time course in cells transduced with O, S, K alone, or their combinations. Data are from two

biological replicates and are shown as the mean.

(D) Enhancer-luciferase assays for the regions of open chromatin near to the Sap30 gene. Schematic of the luciferase constructs used (left) and luciferase results

(right). Neg, negative control region; En1/2, enhancer 1/2; OSK, co-transfection of Oct4, Sox2, and Klf4; NT, no transfection of reprogramming factors. Data are

from three biological replicates and are shown as the mean ± SEM. *p value <0.05 from a one-way ANOVA with Dunnett’s test.

(legend continued on next page)
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OSK reprogramming time course.We show a substantial overlap

of SAP30 and SIN3A, but each also had unique binding patterns

(Figure 6A). We further show that both SIN3A and SAP30 are

bound close to TSSs (Figure 6B), in agreement with previous re-

ports that SIN3A binds closely to TSSs (Saunders et al., 2017;

van Oevelen et al., 2010). As SAP30 and SIN3A are known to

recruit HDACs (Laherty et al., 1998), we also mapped global

H3K27ac by ChIP-seq and show that, in addition to being co-

localized at TSSs with SAP30/SIN3A, H3K27ac had a broader

distribution, extending 50–500 kb on either side of the TSS (Fig-

ure 6B). Although we originally hypothesized that SAP30 directly

bind to OC loci, we were surprised that there was almost no as-

sociation of SAP30 with OC peaks (Figure 6C). Instead, there

was a close association with a subset of PO ATAC-seq regions

that we called ‘‘PO-down’’ (Figures 1B, 6C, 6D and S6A), which

are regions that are open, and remain open, but are reduced in

intensity as the cells reprogram (Figure 1B). We noticed that

within the set of PO-down genes we could identify many of the

same key somatic TFs that we have previously shown to impair

reprogramming, for example c-Jun, Fosl1, c-Fos, Ets1, and

Runx2 (Figures 1B, 3A, and 6E). Crucially, all of these loci are

occupied by SAP30, and KD of Sap30 leads to a large upregula-

tion of H3K27ac levels at both day 3 and day 7 (Figures 6F and

6G). Overall, knocking down of Sap30 prevented the silencing

of 507 somatic genes, including the key somatic genes Ets1,

Fosl1, Fosl2, Bach1, and Zeb2 and many other AP-1 family

TFs and other factors that GO analysis indicates are involved

in developmental processes, such as dendrite morphogenesis,

brain development, and blood vessel development (Figures

6H, 6I, and S6B; Table S3). Finally, we show that, of these 507

somatic genes, SAP30 does not alter chromatin accessibility,

but it does lead to an increase in H3K27ac levels (Figure 6J).

These results indicate that SAP30 works to decrease the levels

of H3K27ac at key somatic genes. Loss of SAP30 during reprog-

ramming leads to inappropriately high levels of H3K27ac which

leads to upregulated somatic genes and a consequent derailing

of reprogramming. These results further confirm SAP30 as

a master regulator of chromatin closing by engaging the PO-

down loci.

DISCUSSION

In this report, we mapped the chromatin accessibility dynamics

associated with cell-fate changes during the conversion of MEFs

to iPSCs by OSK and show that the dynamics has a binary open-

close logic. Remarkably, this dynamic pattern can help explain
(E) KD of Sap30 impairs somatic cell reprogramming. Two shRNAs targeting Sap

assessed at day 7. For iPSCs generation, 23 104 OG2-MEFs were plated per we

and are shown as the mean ± SEM. ***p value <0.001 from a one-way ANOVA w

(F) Heatmap of OC/CO groups (as defined in Figure 1B), including ATAC-seq da

(G) Bar chart of the number and percentage of peaks that FO or FC when Sap

percentage were generated using only the state of chromatin at day 7 in OSK+s

(H) Violin plots for the normalized tag count for the ATAC-seq data for each OC or

data. Data were converted to a Z score based on the row-wise SD for each pea

(I) Effect of KD of Sap30 in reprogramming at specific time point windows. Sap

remainder of the reprogramming time course. GFP+ colonies were counted on

specified time points of reprogramming. For iPSC generation, 1 3 104 OG2-ME

replicates in 3 independent experiments and are shown as the mean ± SEM. ***

control and the shSap30#1 KD.
how c-JUN and FBS impede reprogramming, as these factors

lead to a failure to close the appropriate genomic loci at the cor-

rect time. Our ATAC-seq data were enriched for motifs for AP-1

TFs such as c-JUN, thus providing an explanation of our earlier

work on c-JUN being a guardian of the somatic cell fate (Liu

et al., 2015b). Our current work also extends the list beyond

c-JUN to include TFs from the ETS, TEAD, RUNX, and MAD

families, that all impair reprogramming when overexpressed.

Additionally, we argue that the closing of open somatic loci,

rather than the opening of pluripotent loci, is a pre-requisite for

iPSCs, an effect also seen recently in other systems (Chronis

et al., 2017), indicating that OSK must overcome powerful so-

matic TFs to alter cell fate and reprogram cells.

An attractive model for how OSK acts to bring about reprog-

ramming is the pioneer model, where OSK act as pioneer factors

to displace nucleosomes in closed chromatin and directly initiate

the opening up of chromatin (Soufi et al., 2012, 2015). And

indeed, we show that of S, K, and to a lesser extent O appear

to bemajor chromatin openers (Figure 4), at least early in reprog-

ramming. However, how chromatin closing occurs is less clear.

OSK are not generally known as transcriptional repressors, but

they do promiscuously bind to regions of open chromatin in

the early stages of reprogramming (Buganim et al., 2013; Chronis

et al., 2017; Sridharan et al., 2009), although this effect is lost

rapidly by day 1 in our accelerated system (Figure S2A). There-

fore, the pioneer model is not applicable to chromatin loci

undergoing closing at the early phases of reprogramming.

Key somatic genes need to be downregulated for reprogram-

ming to proceed, in a process that has previously been unclear

because OSK are not generally known as transcriptional repres-

sors (Buganim et al., 2013). It seems likely that OSK instead rely

on ‘‘1st responders’’ that indirectly close chromatin and silence

somatic genes (Pei, 2009), although it has been argued that

OSK directly acts to displace somatic TFs away from enhancers

(Chronis et al., 2017). In addition to the displacement of somatic

TFs, we show that OSK activates SAP30 and, along with SIN3A

complexes, acts to deacetylate chromatin at key somatic TFs,

causing their downregulation.

Although SAP30 and SIN3A co-occupy many loci during re-

programming, 63% of SAP30 binding sites are not co-occupied

by SIN3A (Figure 6A), indicating in addition to SAP30 and SIN3A

common activity, they also have substantial context-specific

functions, for example, SAP30 can also cooperate with the

NCOR co-repressor complex for context-specific activity (Lah-

erty et al., 1998). Similarly, we also observed enrichment of

SAP30/SIN3A at a class of ‘‘PO-up’’ sites that have elevated
30 were co-transfected along with OSK and the number of GFP+ colonies was

ll in 12-well plates. Data are from 12 replicates from 5 independent experiments

ith Dunnett’s test.

ta when Sap30 was knocked down.

30 is knocked down for the indicated OC/CO groups at day 7. Numbers and

hSap30.

CO category (as indicated), for all time points including the shSap30 ATAC-seq

k. *p value <0.01, Mann-Whitney U test.

30 was knocked down starting at the indicated day and proceeding for the

day 7. Vectors containing an shRNA targeting Sap30 were transfected at the

Fs were plated per well in 24-well plates. D, day. Data are from 9 biological

p value <0.001, two-way ANOVA with Sidak correction between the scramble
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Figure 6. Sap30 Specifically Regulates Key Somatic Genes and Promotes Reprogramming by Removing H3K27ac

(A) SIN3A, SAP30ChIP-seq overlap Venn diagrams. SAP30was fusedwith a 3xFlag tag, co-expressedwith OSKduring reprogramming and precipitated using an

anti-Flag antibody; SIN3A was precipitated using a anit-SIN3A antibody. SAP30 and SIN3A were subjected to ChIP-seq at day 3 and day 7 of reprogramming.

SAP30 or SIN3A were considered overlapping if their peak spans overlapped by 1 bp or more, the Venn indicates the overlap of SAP30 and SIN3A at day 7.

(B) Distribution of SAP30 and SIN3A binding (left) or the distribution of H3K27ac peaks (right), with respect to the nearest TSS, for the indicated reprogramming

conditions. The percentage of peaks in each category is indicated.

(C) Heatmap of sequence read density for ATAC-seq and H3K27ac, SAP30, SIN3A data, in MEFs, OSK-D3, OSK-D7, ESCs, and Sap30 KD at OSK-D3, OSK-D7

signal onCO/OC/POcategory, ranked bymean signal strength.Windows are centered on the ATAC-seq peak summit. Each rowof the heatmap is a genomic locus.

(D) Pileup of the somatic TFs RUNX1, FOSL1, and CEBPA at the PO-down ATAC-seq peaks inMEFs or OSKM48-hr cells. Raw data was reanalyzed fromChronis

et al. (2017).

(legend continued on next page)
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levels of H3K27ac as reprogramming progresses. This is in

agreement with reports that SIN3A can activate genes during

muscle differentiation (Cheng et al., 2014; van Oevelen et al.,

2010), and it has also been reported that a SIN3A/HDAC2 com-

plex cooperates with NANOG to activate gene expression of

pluripotent genes in the late stages of reprogramming (Saunders

et al., 2017). Similar context-specific activation and repression is

likely for SAP30. Consequently, it will be important to tease apart

these differences in co-repressor complex activity, especially

considering the common observation that the loss or inhibition

of epigenetic co-repressors often improves reprogramming effi-

ciency (Buganim et al., 2013; Chen et al., 2013; Huangfu et al.,

2008; Xu et al., 2016).

One caveat in this study is the use of pooled populations of

cells. At the single-cell level, there is indeed a binary logic (as a

locus can only be open or closed); however, when analyzing a

pool of cells this may not be the case, as the ATAC signal shows

levels of chromatin opening and closing. Additionally, we use

pooled populations at different stages of reprogramming, and

this heterogeneity may mask cell states. Consequently, it will

be critically important to apply new single-cell technologies to

the understanding of chromatin dynamics (Buenrostro et al.,

2015b; Cusanovich et al., 2015). Finally, the binary close/open

dynamics described here may be applicable to other cell-fate

decisions including those for differentiation and trans-differenti-

ation. Interrogation of the chromatin dynamics may thus reveal

strategies for altering the epigenetic environment and improving

in vitro differentiation and transdifferentiation protocols. How-

ever, which targets to alter will be complex, and the logic

described here provides the basis to design novel strategies to

modulate cell fates with precision.
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Rabbit polyclonal anti-H3K27ac Abcam Cat#ab4729; RRID: AB_2118291
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Rabbit polyclonal anti-IgG Abcam Cat#ab37415; RRID: AB_2631996

Chemicals, Peptides, and Recombinant Proteins
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DMEM-Dulbecco’s Modified Eagle
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Hyclone Cat#SH30022-2B
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Trypsin-EDTA (0.25%), phenol red GIBCO Cat#25200114
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RRI TaKaRa Cat#D2313A

SsoAdvanced Universal SYBR Green

Supermix

Bio-Rad Cat#172-5274

Lipofectamine 3000 Reagent Thermo Fisher Cat#L3000001

IGEPAL CA-630 Sigma Cat#198596

DNase/RNase Free Deionized Water TIANGEN Cat#RT121

Critical Commercial Assays

Nextera DNA library preparation kit Illumina Cat#FC-121-1031

QIAGEN MinElute kit QIAGEN Cat#28006

KAPA Library Quantification kit KAPA BIOSYSTEMS Cat#KK4824

TruSeq RNA Sample Prep kit Illumina Cat#RS-122-2001

VAHTS Turbo DNA Library Prep kit Vazyme Biotech Cat#TD-503

NextSeq500 High output 150 cycles Illumina Cat#FC-404-2002

NextSeq500 Mid output 150 cycles Illumina Cat#FC-404-2001

VAHTSTM Library Quantification Kit Vazyme Biotech Cat# NQ101 - NQ106

AMPure XP beads BEECKMAN COULTER Cat#A63882

Deposited Data

ATAC-seq data, ChIP-seq data,

RNA-seq data
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Experimental Models: Cell Lines

OG2 Mouse Embryonic Fibroblasts:CBA/

CaJ x C57BL/6J

This paper NA

OG2 Mouse Embryonic Stem cells:CBA/

CaJ x C57BL/6J

This paper NA

Platinum-E (Plat-E) A gift from The Fourth Military

Medical University

N/A

HEK293T ATCC Cat#CRL-1126

Experimental Models: Organisms/Strains

OG2 transgenic mice:CBA/CaJ x

C57BL/6J

The Jackson Laboratory Mouse strain datasheet: 004654

Oligonucleotides

Oligonucleotides are summarized

in Tables S4 and S5

N/A N/A

Recombinant DNA

pMX-Oct3/4 (Takahashi and Yamanaka, 2006) Addgene Cat#13366

pMX-Sox2 (Takahashi and Yamanaka, 2006) Addgene Cat#13367

pMX-Klf4 (Takahashi and Yamanaka, 2006) Addgene Cat#13370

pMX-DsRed Laboratory of D. Pei

(Liu et al., 2015b)

N/A

pMX-c-Jun Laboratory of D. Pei

(Liu et al., 2015b)

N/A

pMX-c-Fos Laboratory of D. Pei

(Liu et al., 2015b)

N/A

pMX-Fosl1 Laboratory of D. Pei

(Liu et al., 2015b)

N/A

pMX-Ets1 This paper N/A

pMX-Elf3 This paper N/A

pMX-Tead3 This paper N/A

pMX-Mst1 This paper N/A

pMX-Runx1 This paper N/A

pMX-Runx2 This paper N/A

pMX-Mef2c This paper N/A

pMX-Sin3a This paper N/A

pMX-Sin3b This paper N/A

pMX-Rbbp7 This paper N/A

pMX-Rbbp4 This paper N/A

pMX-Sap18 This paper N/A

pMX-Sap30 This paper N/A

pMX-Hdac1 This paper N/A

pMX-Hdac2 This paper N/A

M69 pCMV pGL3 Luciferase was a gift from Randall Moon Addgene Cat#17186

Software and Algorithms

EDAseq (Risso et al., 2011) https://bioconductor.org/packages/devel/

bioc/html/EDASeq.html

Macs14 v1.4.2 (Zhang et al., 2008) http://liulab.dfci.harvard.edu/MACS/

00README.html

Dfilter v1.5 (Kumar et al., 2013) http://collaborations.gis.a-star.edu.sg/

�cmb6/kumarv1/dfilter/tutorial.html

Bowtie v2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml
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Rsem v1.2.22 (Li and Dewey, 2011) https://deweylab.github.io/RSEM/

Glbase (Hutchins et al., 2014) https://bitbucket.org/oaxiom/glbase/wiki/Home

FASTQC Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Homer (Heinz et al., 2010) http://homer.ucsd.edu/homer/motif/

Bedtools Bedtools http://bedtools.readthedocs.io/en/latest/

deeptools (Ramı́rez et al., 2014) https://deeptools.readthedocs.io/en/latest/

Samtools Samtools http://www.htslib.org/

Goseq (Young et al., 2010) https://bioconductor.org/packages/release/

bioc/html/goseq.html

DAVID (Huang et al., 2009) https://david.ncifcrf.gov/

Flowjo FLOWJO LLC https://www.flowjo.com/

GraphPad Prism 6.0 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Illustrator Adobe System Software Ireland http://www.adobe.com/cn/products/cs6/

illustrator.html

Photoshop Adobe System Software Ireland http://www.adobe.com/cn/products/cs6/

photoshop.html

Bio-RAD CFX Manager BIO-RAD http://www.bio-rad.com/en-us/product/

cfx-manager-software?tab=Download

ZEN Zeiss https://www.zeiss.com/microscopy/int/

software-cameras.html

Accuri C6 Plus BD biosciences http://www.bdbiosciences.com/us/instruments/

research/cell-analyzers/bd-accuri/m/1294932/overview

BD FACSAria II BD biosciences https://www.bdbiosciences.com/cn/home

Dual-Luciferase Reporter Assay

System

Promega https://www.promega.com/products/reporter-

assays-and-transfection/reporter-assays/dual_

luciferase-reporter-assay-system/?catNum=E1910

AB Applied Biosystems Gene Company Limited http://www.genehk.com/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information, and requests for reagents will be fulfilled by the Lead Contact, Prof. Duanqing Pei (pei_duanqing@gibh.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
OG2 transgenic mice (CBA/CaJ x C57BL/6J) were purchased from the Jackson laboratories (Mouse strain datasheet: 004654). An-

imals were individually housed under a 12 hr light/dark cycle and provided with food and water ad libitum. Our studies followed the

guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health, and the protocols were approved by the

Committee on the Ethics of Animal Experiments at theGuangzhou Institutes of Biomedicine andHealth. All efforts weremade tomini-

mize animal discomfort.

Cell culture
Mouse embryonic fibroblasts (MEFs) were derived from 13.5 d.p.cmouse embryos by crossingmaleOct4–GFP (OG2) reporter allele-

carrying mice (Szabó et al., 2002) (CBA/CaJ X C57BL/6J) to 129Sv/Jae female mice. MEFs, HEK293T and PlatE cells were main-

tained in DMEM supplemented with 10% FBS (NATOCOR), GlutaMAX (GIBCO) and non-essential amino acids (NEAA, GIBCO),

Mouse ESCs and iPSCs were cultured feeder-free with N2B27-2i medium (50% (v/v) DMEM (Hyclone), 50% (v/v) knock out

DMEM (GIBCO), N2 (GIBCO), B27 (GIBCO), NEAA (GIBCO), GlutaMAX (GIBCO), PD0325901 (1 mM, In house-synthesized),

CHIR99021 (3 mM, In house-synthesized), LIF (10 ng/ml, In house-synthesized)). HEK293T were purchased from ATCC (CRL-

1126). mESCswere derived in-house. All of the cell lines have been confirmed asmycoplasma contamination free with theMycoAlert

Mycoplasma Detection Kit (Lonza, LT07-318).
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METHOD DETAILS

Reprogramming and transgenic experiments
MEFs were reprogrammed as previously described (Chen et al., 2011; Liu et al., 2015a). Briefly, MEFs within 2 passages were plated

at 2*104 per well (12 well plate) and then infected with retrovirus generated from PlatE cells. Infected cells were cultured in iCD1 me-

dium (Chen et al., 2011), or ESCmedium (DMEM, 15% (v/v) FBS, penicillin/streptomycin (GIBCO), NEAA (GIBCO), Pyruvate (GIBCO),

2-Mercaptoethanol (GIBCO), GlutaMAX (GIBCO), LIF (10 ng/ml)). iPSC colonies were picked and then maintained as described

above for ESCs. A step-by-step protocol describing the reprogramming procedure in this study can be found at the Nature Protocol

Exchange (Liu et al., 2015a). shRNAs were transfected into cells by lentivirus. All shRNA sequences used in this manuscript can be

found in STAR Methods.

Fluorescence activated cell sorting
Cells were treated with 2.5% pancreatic enzymes (GIBCO) and were resuspended in PBS + 1% BSA. GFP was detected using an

AccuriTM C6 Plus (BD biosciences) and GFP–/+ cell sorting was performed on a BD Aria II (BD biosciences).

Luciferase assay
HEK293T cells were seeded in 24-well plates at 1.3 3 105 cells/well the day before transfection. Oct4/Klf4/Sox2 expression vector

(200 ng/well), pGL3-reporter (100 ng/well) and TK-Renilla (1 ng/well) were co-transfected into the cells with Lipo-3000 (Life Tech) ac-

cording to the manufacturer’s instructions. pcDNA-ctrl were added accordingly to make the total DNA amount to be 700 ng/well for

each sample. Cells were harvested 48 hr post-transfection and luciferase activity was detected with the Dual-Luciferase Reporter

Assay System (Promega) according to the manufacturer’s instructions.

qRT-PCR analyses
qRT-PCR reactions were set up in technical triplicate with the SYBRGreenQPCRMasterMix (Applied Biosystems), all qPCR primers

used in this manuscript can be found in STAR Methods.

Immunoblotting
Immunoblotting was accomplished as previously described (Liu et al., 2015b). Cells were collected into 1.5 mL Eppendorf tubes and

lysed in protein lysis buffer with protease inhibitor cocktail (Roche) on ice for 10 min, and then boiled the lysis product in 100�C for

10min. After centrifugation, the cell lysis products were subjected to SDS-PAGE and incubated with the corresponding primary anti-

body and secondary antibodies. The following antibodies were used: anti-c-JUN (CST no. 9165, 1:1000), anti-GAPDH (Bioworld,

AP2063, 1:5000).

ATAC-seq
ATAC-seq was performed as previously described (Buenrostro et al., 2013; Buenrostro et al., 2015a). In brief, a total of 50,000 cells

were washed once with 50 mL of cold PBS and resuspended in 50 mL lysis buffer (10 mM Tris-HCl pH 7.4, 10 mMNaCl, 3 mMMgCl2,

0.2% (v/v) IGEPAL CA-630). The suspension of nuclei was then centrifuged for 10 min at 500 g at 4�C, followed by the addition of

50 mL transposition reaction mix (25 mL TD buffer, 2.5 mL Tn5 transposase and 22.5 mL nuclease-free H2O) of Nextera DNA library

Preparation Kit (96 samples) (FC-121-1031, Illumina). Samples were then PCR amplified and incubated at 37�C for 30min. DNA

was isolated using a MinElute Kit (QIAGEN). ATAC-seq libraries were first subjected to 5 cycles of pre-amplification. To determine

the suitable number of cycles required for the second round of PCR the library was assessed by quantitative PCR as described

(Buenrostro et al., 2015a), and the library was then PCR amplified for the appropriate number of cycles. Libraries were purified

with a Qiaquick PCR (QIAGEN) column. Library concentration was measured using a KAPA Library Quantification kit (KK4824)

according to the manufacturer’s instructions. Library integrity was checked by gel electrophoresis. Finally, the ATAC library was

sequenced on a NextSeq 500 using a NextSeq 500 High Output Kit v2 (150 cycles) (FC-404-2002, Illumina) according to the

manufacturer’s instructions.

ChIP-seq
ChIP was performed as described previously (Liu et al., 2015b), Briefly, cells were fixed in 18 mL DMEM (Hyclone) containing 1%

formaldehyde for 15 min at room temperature with rotation, the reaction was quenched by the addition of 2 mL of 0.125 M glycine.

And then the cells were washed with PBS 3 times. Cells were lysed in ChIP buffer A (50mM HEPES-KOH, 140 mM NaCl, 1mM EDTA

(pH 8.0), 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 50 mM Tris-HCl (pH 8.0), and protease inhibitor cocktail) for 10 min at 4�C.
Pellets were lysed in ChIP buffer B (1% SDS, 50 nM Tris-HCl (pH 8.0), 10mM EDTA and protease inhibitor cocktail) for 5 min at 4�C.
The DNA was fragmented to 100-500 bp by sonication, and then centrifuged at 12,000 g for 2 min. The supernatant was diluted with

ChIP IP buffer (0.01% SDS, 1% Triton X-100, 2mM EDTA, 50mM Tris-HCl (pH 8.0), 150 mM NaCl and protease inhibitor cocktail).

Immunoprecipitation was performed using 2 mg antibody added to protein A/G Dynabeads, and incubated overnight at 4�C. Beads
were washed, eluted and reverse crosslinked. DNA was purified by using the MinElute Reaction Clean up Kit (QIAGEN).
Cell Stem Cell 21, 819–833.e1–e6, December 7, 2017 e4



ChIP-seq library preparation
The ChIP DNA library for NextSeq 500 sequencing was constructed with VAHTS Turbo DNA Library Prep Kit for Illumina (Vazyme

Biotech) according to manufacturer’s instructions. AMPure XP beads were used for purification steps. The library was quantified

with VAHTS Library Quantification Kit for Illumina (Vazyme Biotech). Libraries were sequenced on an Illumina NextSeq 500 v2 using

50bp paired-end reads.

RNA-seq and gene expression analysis
Total RNA was prepared with TRIzol. For quantitative PCR, cDNAs were synthesized with ReverTra Ace (Toyobo) and oligo-dT

(Takara), and then analyzed by qPCR with Premix Ex Taq (Takara). For RNA-seq, TruSeq RNA Sample Prep Kit (RS-122-2001, Illu-

mina) was used for library construction and the sequencing was done using a NextSeq 500 High Output Kit v2 (75 cycles) (FC-404-

1005, Illumina), according to the manufacturer’s instructions. RNA-seq was processed as described in (Hutchins et al., 2017), briefly

reads were using aligned to a transcriptome index generated from the Ensembl annotations (v79), using RSEM (Li and Dewey, 2011),

bowtie2 (Langmead and Salzberg, 2012), and normalized using EDASeq (Risso et al., 2011). RNA-seq data is expressed in units of

GC-normalized tag counts.

ATAC-seq bioinformatic analysis and peak calling
All sequencing data were mapped onto the mm10 mouse genome assembly using bowtie2 (–very-sensitive). Low quality mapped

reads were removed using samtools (view –q 35) and only unique reads mapping to a single genomic location and strand were

kept. We removed mitochondrial sequences using ‘grep –v ‘chrM’. Biological replicates were merged, and peaks were called using

dfilter (Kumar et al., 2013) (with the settings: -bs = 100 –ks = 60 –refine). BigWig files were produced using genomeCoverageBed from

bedtools (scale = 107/ < each_sample’s_total_unique_reads > ) and then bedGraphToBigWig. Gene ontology and gene expression

measures were called by first collecting all TSSs within 10 kb of an ATAC-seq peak, and then performing GO analysis with goseq

(Young et al., 2010), or measuring gene expression. Other analysis was performed using deeptools (Ramı́rez et al., 2014), or glbase

(Hutchins et al., 2014).

Strategy for re-calling peaks from the ATAC-seq data
Using only the peaks called by dfilter leads to a large number of false negative peaks. Hence, we ‘re-call’ all peaks by measuring the

sequence tag density in all ATAC-seq libraries for all peaks, irrespective of which library the peak was originally called in by dfilter.

However, to use this strategy, we need to estimate the background signal that occurs in the ATAC-seq by chance alone, and so

discriminate peak from non-peak. To generate a background, we first collected a superset of all peaks by merging all peaks with

centers less than 350 bp apart. We similarly merged all ATAC-seq unique reads into a superset sequence library, and then removed

all of the reads overlapped by 1 bp with any ‘open’ peak in our superset of ATAC-seq peaks. This provides a list of ‘sequencable’

genomic regions that were not inside putative ATAC-seq peaks, and from which we can randomly draw a pseudo-background.

We then randomly extracted 50,000,000 reads as a pseudo-input (analogous to the input used in ChIP-seq experiments) to stand

in for a random background. We then measured the density of sequence reads within a 700 bp window centered on each peak in

the pseudo-input, and did the same for the ATAC-seq experimental peaks (Figure S1C). This suggested that a suitable background

to call peak from non-peak would be 0.2734, resulting in a 0.1% false positive rate based on calling peaks within the pseudo-input.

We thenmeasured the sequence tag density for all peaks in our superset of peaks, and then ‘re-called’ a peak as a peak or non-peak

for each ATAC-seq experiment based on the threshold of 0.2734. Ultimately this led to more accurate peak calling, as weak peaks

rejected by dfilter could be recovered as a real peak. All down-stream analysis is based on this threshold value of 0.2734 if the ATAC-

seq is below this value it is annotated as ‘closed’ and above ‘open’.

SAP30 and SIN3A ChIP-seq analysis and peaks calling
Reads form ChIP-seq experiments were mapped to the mouse genome (mm10) using Bowtie2 (–very-sensitive), as described for

ATAC-seq data, and only those reads that mapped once were retained for further analysis. Peaks were called using MACS2 (Zhang

et al., 2008) software with the default parameters.

Transcription factor motif discovery and gene ontology
Motif analysis was performed using HOMER (Heinz et al., 2010) using default settings. Motifs were only kept if the P value was < 0.01

and (< percent of target > / < percent of background > ) was > 1.5. Gene ontology enrichment was performed using goseq (Young

et al., 2010), with default settings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bar chart data are presented as the mean ± SEM. Sequence pileups and heatmaps indicate the mean tag count per 1e6 bp in the

library. Violin plots indicate the kernel density estimation of the data distribution, the boxes inside indicate the first and third quartiles,

the white dot indicates the median. Boxes in boxplots indicate the first and third quartiles, whiskers indicate 1.5* < inter quartile

range >, fliers indicate data points outside of that range. Sample number (n) indicates the number of independent biological samples

in each experiment. Statistical tests used in this manuscript include one-way ANOVAwith Dunnett’s test, two-way ANOVAwith Sidak
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correction, Student’s t test and two-tailed Mann-Whitney U test. Tests were considered significant as indicated in the figure legends.

Other statistical tests were implemented as part of the respective computational framework: Gene ontology analysis was performed

using goseq (Young et al., 2010) with a Wallenius noncentral hypergeometric distribution, and DAVID (Huang et al., 2009) using the

EASE score (a modified Fisher exact test). Motif discovery using HOMER (Heinz et al., 2010) used a binomial distribution.

DATA AND SOFTWARE AVAILABILITY

The ATAC-seq, ChIP-seq and RNA-seq data described in this study was deposited with the gene expression omnibus with the

accession number GEO: GSE93029.
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