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SUMMARY

Ectopic expression of Oct4, Sox2, Klf4, and c-Myc
can reprogram differentiated somatic cells into
induced pluripotent stem cells (iPSCs). For years,
Oct4 has been considered the key reprogramming
factor core of the four factors. Here, we challenge
this view by reporting a core function of Sox2 and
Klf4 in reprogramming. We found that polycistronic
expression of Sox2 and Klf4 was sufficient to induce
pluripotency in the absence of exogenous Oct4, and
the stoichiometry of Sox2 and Klf4 was essential.
Sox2 and Klf4 cooperatively bound across the
genome, leading to epigenetic remodeling of their
targets, including pluripotency genes and gradual
activation of the pluripotency network. Interestingly,
cells of different germ layer origins, fibroblasts
(mesoderm) and neural progenitor cells (ectoderm),
showed convergent reprogramming trajectories
and similar efficiency. This work demonstrates a
core function of Sox2 and Klf4 in pluripotency induc-
tion and shows that this mechanism is independent
of germ layer origin.

INTRODUCTION

The first demonstration that differentiated somatic cells can be

reprogrammed into induced pluripotent stem cells (iPSCs) uti-

lized ectopic expression of four factors: Oct4 (O), Sox2 (S),

Klf4 (K), and c-Myc (M) (Takahashi and Yamanaka, 2006). For

many years, Oct4 has been considered indispensable in the re-

programming process, because it is the only one of those four

that is sufficient to induce pluripotency alone, and its family

members cannot replace its function (Kim et al., 2009a, 2009b;
1986 Cell Reports 29, 1986–2000, November 12, 2019 ª 2019 The A
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Nakagawa et al., 2008). Though occasional reports have indi-

cated that Oct4 can be replaced by other factors (Fritz et al.,

2015; Gao et al., 2013; Heng et al., 2010; Redmer et al., 2011;

Shu et al., 2013; Tan et al., 2015), Oct4 is still considered the

core pluripotency factor.

Mechanistic investigations have shown that reprogramming is

initiated by the global cooperative engagement of three pioneer

factors (Oct4, Sox2, and Klf4), followed by genome-wide epige-

netic remodeling and two transcriptional waves (Chen et al.,

2016; Chronis et al., 2017; Polo et al., 2012; Smith et al., 2016;

Soufi et al., 2012; Sridharan et al., 2009). These studies empha-

size the cooperative effect of Oct4, Sox2, and Klf4 (Chronis et al.,

2017; Sridharan et al., 2009) but do not explain why Oct4 is

unique, and the function of Sox2 and Klf4 in this process remains

underappreciated.

Previous studies have shown that in human (Papapetrou et al.,

2009) and murine cells (Tiemann et al., 2011), the efficiency of

cellular reprogramming is affected by the stoichiometry of the

ectopic factors. Factor stoichiometry also influences the epige-

netic state and biological properties of iPSCs (Carey et al.,

2011). However, only a handful of studies have examined this ef-

fect in the four-factor context, and the mechanistic understand-

ing of how stoichiometry alters the effect of Sox2 and Klf4 is

limited and superficial.

Here, we sought to address these gaps by precisely control-

ling factor stoichiometry during reprogramming by using polycis-

tronic cassettes. Surprisingly, we found that in the absence of

ectopic Oct4, polycistronic Sox2, Klf4, and c-Myc (S2AK2AM)

was sufficient to establish pluripotency in several types of differ-

entiated somatic cells. We further discovered that the stoichiom-

etry of Sox2 and Klf4 was critical for this reprogramming, as

disruption of the factor balance led to a significant decrease or

failure in iPSC generation. Genome-wide investigations revealed

cooperative binding of Sox2 and Klf4, leading to gradual activa-

tion and establishment of pluripotency network. Moreover,

parallel transcriptomic analysis with secondary (2�) S2AK2AM
uthors.
creativecommons.org/licenses/by-nc-nd/4.0/).
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embryonic fibroblasts and 2� neural progenitor cells (NPCs)

demonstrated convergent reprogramming trajectories and

similar efficiency. Our study shows the stoichiometric sufficiency

of Sox2 and Klf4 in pluripotency induction without ectopic Oct4

and demonstrates a core function of Sox2 and Klf4 in pluripo-

tency induction.

RESULTS

S2AK2AM Reprograms Fibroblasts into iPSCs
To precisely and conveniently control the stoichiometry of multi-

ple factors at the single-cell level, we used polycistronic cas-

settes with 2A sequences (de Felipe et al., 2006). We initially

tested combinations of two-pioneer factors, and c-Myc (M)

was included in all combinations because of its known function

in enhancing reprogramming efficiency through transcriptional

amplification (Lin et al., 2012; Nie et al., 2012). Thus, polycis-

tronic Oct4, Sox2, and c-Myc (O2AS2AM); Oct4, Klf4, and

c-Myc (O2AK2AM); and S2AK2AM were derived from a previous

O2AS2AK2AM plasmid (Carey et al., 2009). These cassettes

were transduced into mouse embryonic fibroblasts (MEFs) (Fig-

ures 1A and S1A), and protein expression was assessed by

western blots, confirming high efficiency of the polycistronic

peptide processing (Figures S1B and S1C).

The three combinations were first tested for their capacity to

induce reprogramming in OG2 MEFs following a widely used

method (Takahashi and Yamanaka, 2006). OG2 MEFs harbor

an EGFP reporter under control of the endogenous Oct4

promoter, so the EGFP signal can be used as a mark of reprog-

ramming efficiency (Szabó et al., 2002). During the 2-week re-

programming, EGFP-positive colonies were counted on days

4, 7, 10, and 14. To our surprise, EGFP-positive colonies were

observed by day 7 under the S2AK2AM condition, and on day

14, �60 EGFP-positive colonies were produced per 100,000

starting MEFs (0.06%) (Figures 1B and S1D). This efficiency

was greater than that observed in the O2AS2AM and O2AK2AM

conditions, although it was still 10-fold less efficient than the

O2AS2AK2AM condition (Figures S1D and S1E).

S2AK2AM generated typical iPSC-like colonies, and iPSC lines

were derived from these colonies. When these lines were

passaged in embryonic stem cell (ESC) medium, they formed

ESC-like domed colonies and were Oct4-EGFP positive, which

remained unchanged even after 20 passages (Figure 1C).

Consistent to this stable marker expression, bisulfite sequencing

indicated that the Oct4 promoter was completely demethylated

in these cells (Figure 1D). Immunofluorescence analysis showed

that these cells were positive for Nanog, Sox2, and SSEA1, and

global gene expression was very similar to the R1 mouse ESC

line (Figures 1E, 1F, and S1F). These data suggested that a plu-

ripotency network had been established in S2AK2AM iPSCs.

We then tested the functional pluripotency of these lines by

examining their capacity to form teratomas and chimeras.

S2AK2AM iPSCs were able to form teratomas, which contained

all three germ layers (Figure S1G) and were successfully used

to generate chimeric mice (Figure 1G). We next tested pluripo-

tency using the most stringent method, the tetraploid comple-

mentation assay (4N). Normal live embryos were recovered on

embryonic day 13.5 (E13.5), suggesting proper in vivo differenti-
ation of iPSCs into all tissues. The EGFP signal could be

observed in the gonadal regions of the embryos (Figures 1H

and 1I), demonstrating successful transmission to the germline.

S2AK2AM ReprogramsMultiple Differentiated Cell Types
into Pluripotency
We next evaluated the capacity of S2AK2AM to reprogram other

cell types. OG2 NPCs, which expressed the NPC markers Nes-

tin, Sox2, and Pax6 and formed neural spheres (Figures S1H and

S1I), were transduced with S2AK2AM and exposed to a similar re-

programming protocol. EGFP-positive colonies were obtained

after 2 weeks, and stable iPSC lines were established (Figures

S1J–S1L), demonstrating that cells from ectoderm can also be

reprogrammed by S2AK2AM.

Next, a more differentiated cell type, OG2 adult mouse tail tip

fibroblasts (TTFs), was examined. Similarly, following S2AK2AM

transduction and the reprogramming protocol, we were able to

derive iPSC lines from the EGFP-positive colonies, and their

pluripotent gene expression was not distinguishable from R1

ESCs (Figures S1M–S1O).

S2AK2AM 2� MEFs and NPCs Can Be Efficiently
Reprogrammed to Pluripotency
To study the S2AK2AM-mediated reprogramming more conve-

niently, we derived S2AK2AM 2� MEFs and NPCs from embryos

generated by 4N assay, because these cells were 100% iPSC

derived (Figure 2A). These 2� MEFs and NPCs responded to

doxycycline robustly. After 12 h of induction, Sox2 and Klf4 pro-

teins were readily detected (Figure 2B). The immunostaining

showed that 2� MEFs or NPCs universally expressed Sox2 and

Klf4 after 24 h (Figure 2C), verifying that all cells were derived

from the S2AK2AM iPSCs.

We then evaluated whether the 2� MEFs could be reprog-

rammed. After 2 days, all cells underwent dramatic morpholog-

ical changes simultaneously, which became more pronounced

on day 3 (Figure 2D). We also observed upregulation of mesen-

chymal-to-epithelial transition (MET) genes, including Cdh1,

EpCAM, Krt8, and Ocln (Figure 2E). On day 4, EGFP-positive

cell clusters were observed, and iPSC-like colonies could be

easily identified by day 10 (Figures 2F and 2G), consistent with

the upregulation of Oct4 and Nanog, although the relatively low

level of Nanog on day 12 suggested that these EGFP-positive

cells were still not fully reprogrammed (Figure 2H). With further

culturing, 2� iPSC lines were established from these colonies

(Figures S2B and S2C). Reprogramming with 2� NPCs occurred

with similar kinetics (Figure S2A), except that the EGFP signal

was not observed until 2 days later, on day 6 (Figure S2D).

During the MEF reprogramming, �3% of the cells were re-

programmed to form EGFP-positive colonies (Figure 2I). This is

comparable to the efficiency of OSKM 2� reprogramming

observed in another study (2%–4%) (Wernig et al., 2008). We

also tested if we could achieve greater efficiency by optimizing

the culture conditions. First, two small molecules, forskolin and

A83-01, that are well known to promote reprogramming though

activating cyclic AMP (cAMP) generation and inhibiting trans-

forming growth factor b (TGF-b) pathway were added into the

medium, resulting in a 3-fold increase in EGFP-positive colonies

(Figure 2I) with no change in the general reprogramming kinetics
Cell Reports 29, 1986–2000, November 12, 2019 1987



Figure 1. S2AK2AM Reprograms MEFs into iPSCs

(A) Schematic depicting the polycistronic cassettes for S2AK2AM and the reprogramming procedure.

(B) EGFP-positive colonies obtained from S2AK2AM reprogramming on day 7 (scale bar, 100 mm). PH, phase contrast.

(C) S2AK2AM colonies showing an EGFP signal in situ and at passages 1 and 20 (scale bar, 100 mm).

(D) S2AK2AM iPSCs showed complete DNA demethylation at the Oct4 promoter.

(E) Nanog, Sox2, and SSEA1 proteins were detected in S2AK2AM iPSCs (scale bar, 100 mm).

(F) Correlation analysis of global gene expression in S2AK2AM iPSCs and R1 ESCs.

(G–I) Pluripotency of S2AK2AM iPSCs was confirmed by the generation of chimeric mice (G), a tetraploid complementation assay (H), and contribution to germ

cells (I).

See also Figure S1.
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Figure 2. S2AK2AM 2� MEFs Can Be Efficiently Reprogrammed to Pluripotency

(A) Schematic showing the derivation of S2AK2AM 2� MEFs and NPCs from embryos obtained from tetraploid complementation assays.

(B) Sox2 and Klf4 protein expression at the indicated times after doxycycline induction in S2AK2AM 2� MEFs.

(C) Activation of Sox2 and Klf4 in 2� MEFs and NPCs (scale bar, 50 mm).

(legend continued on next page)
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(Figure 2F). Second, we tested the effect of cell density. We

found that higher density of cells in the culture significantly

decreased the reprogramming efficiency (Figure 2J).

With the optimized conditions, we then precisely calculated

the efficiency of generating EGFP-positive colonies. We counted

exact cell numbers before reprogramming, and after 12 days,

15% gave rise to EGFP-positive colonies (Figure 2K). Impor-

tantly, nearly 100% of these EGFP-positive colonies were posi-

tive for Nanog after further culturing (Figure 2M), suggesting

the establishment of pluripotency network. As an alternative

method, we also employed the flow cytometry and seeded single

cells into individual wells; from 288 cells seeded, 44 colonies

(15.28%) were obtained, and 41 of those (14.24%) were EGFP

positive (Figure 2L).

Finally, the temporal requirement of exogenous factors for

MEF reprogramming was examined. Doxycycline was removed

from day 1 to day 12 (Figure 2N). We found a minimum of

4 days of induction was required for EGFP-positive colony gen-

eration, which coincided with the observation of the earliest

EGFP-positive clusters. After day 10, no further increase in col-

ony number was obtained. This suggests that 10 days of induc-

tion already reached the maximum number of colonies.

Similar results were also observed for 2� NPCs (Figures S2E–

S2J). Together, these data demonstrate that 2� S2AK2AM MEFs

and NPCs are two highly efficient reprogramming systems.

Stoichiometry of Sox2 and Klf4 Is Essential for S2AK2AM
Reprogramming
In addition to providing simultaneous expression of Sox2, Klf4,

and c-Myc, the other predicted advantage of S2AK2AM is that

the factor stoichiometry from the polycistronic cassettes is sta-

ble at the single-cell level (Figure S3A). To verify that, the signal

intensity of Sox2 and Klf4 was analyzed by immunostaining. In

single cells transduced with S2AK2AM, Sox2 and Klf4 signals

were generally equivalent, which was in sharp contrast to the

mosaic pattern observed in cells transduced with three vectors

individually expressing Sox2, Klf4, and c-Myc (S+K+M) (Figures

3B, 3C, and S3A).

We next tested the effect of disrupting the factor stoichiom-

etry by moving one factor to a monocistronic cassette, result-

ing in a combination of monocistronic Sox2 plus polycistronic

Klf4 and c-Myc (S+K2AM), monocistronic Klf4 plus polycis-

tronic Sox2 and c-Myc (K+S2AM), and monocistronic c-Myc

plus polycistronic Sox2 and Klf4 (M+S2AK) (Figure 3A). As ex-

pected, we observed loss of coordinated expression of Sox2
(D) Morphological changes of MEFs during the first 3 days of reprogramming (sc

(E) Activation of MET genes during the first 4 days of reprogramming.

(F) Activation of Oct4-EGFP in 2� MEFs under the normal ESC condition (DMSO

(G) Activation of Oct4-EGFP examined by flow cytometry.

(H) Activation of Oct4 and Nanog during MEF reprogramming.

(I) Comparison of EGFP-positive colony efficiency with or without small molecule

control samples (DMSO).

(J) Comparison of EGFP-positive colony efficiency under different cell densities.

(K and L) Efficiency of EGFP-positive colonies measured with initial nuclei count

(M) Immunofluorescence staining of Oct4 and Nanog proteins at the end of repro

(N) Temporal requirement of S2AK2AM for iPSC generation in 2� MEFs.

Data in (E), (I), and (J) represent mean ± SD (n R 3). p values were determined b

significant. Data in (K), (L), and (N) represent mean ± SD (n R 3). See also Figure
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and Klf4 in the S+K2AM and K+S2AM conditions (Figures S3B

and S3C).

Then, we tested how the disruption of Sox2 and Klf4 stoichi-

ometry would affect the reprogramming outcome. To facilitate

the comparison of reprogramming efficiency, we adjusted viral

titrations to achieve comparable percentages of cells co-ex-

pressing Sox2 and Klf4 in all conditions (Figures S3C and

S3D). After 16 days of reprogramming, the number of colonies

was profoundly lower in conditions when Sox2 and Klf4 were

separated (by 90% and 80% in the S+K2AM and K+S2AM combi-

nations, respectively) than in the S2AK2AM condition, whereas

the number of colonies in the M+S2AK was only 30% lower

than the control (Figures 3D and S3E). These results demon-

strate that factor stoichiometry, particularly that of Sox2 and

Klf4, is critical for S2AK2AM reprogramming.

We further investigated how the stoichiometry of Sox2 and

Klf4 affected S2AK2AM reprogramming by manipulating the ratio

of the two factors. We individually overexpressed Sox2 (+Sox2)

or Klf4 (+Klf4) in 2� MEFs (Figure 3E). Because S2AK2AM was

already expressed in these cells, overexpressing Sox2 or Klf4

would lead to an increased ratio of Sox2/Klf4 in the +Sox2 con-

dition and decreased ratio in the +Klf4 condition, as verified by

single-cell fluorescence analysis (Figure 3F) and qPCR (Fig-

ure 3G). By the end of reprogramming, EGFP-positive colony

numbers were smaller for the +Sox2 condition and bigger for

the +Klf4 condition (Figures 3I and S3F). In agreement with these

results, on day 4,Oct4 activation was decreasedwhen Sox2was

overexpressed, and it was enhanced when Klf4 was overex-

pressed (Figure 3H). These data suggest that a higher Klf4/

Sox2 ratio promotes more efficient reprogramming.

Finally, we examined if polycistronic Sox2 and Klf4 was suffi-

cient for iPSC generation without co-expression of c-Myc. The

two-factor combinations, S2AK, S2AM, and K2AM, were used

for reprogramming (Figure 3J). Interestingly, EGFP-positive col-

onies were only obtained in the S2AK condition, and iPSC lines

were established (Figures 3K–3M). However, when Sox2 and

Klf4 were separately expressed from monocistronic plasmids,

no EGFP-positive colony was generated. These results again

confirm the critical role of Sox2 and Klf4 stoichiometry.

Transcriptional Switches at Day 0/2 and Day 12/iPSC
Mark Transitions during 2� MEF and NPC
Reprogramming
To gain insights into S2AK2AM reprogramming, we sought

to understand how the transcriptional network changed
ale bar, 100 mm).

) and AF condition (AF, A83-01 + forskolin) (scale bar, 100 mm).

s (A, A83-01; F, forskolin). Three conditions (A, F, and AF) were compared to

ing (K) and single-cell seeding (L).

gramming.

y one-way ANOVA with Bonferroni post hoc test. *p < 0.05; **p < 0.01; ns, not

S2.
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from distinct differentiated programs toward pluripotency.

Because of the well-characterized function of Oct4 in pluripo-

tency induction and its early detection in both MEF and NPC

reprogramming, we used the activation of endogenous Oct4

to monitor the S2AK2AM reprogramming to pluripotency.

Indeed, EGFP-positive populations showed a much higher

efficiency for generating iPSC-like colonies than their EGFP-

negative counterparts (Figure S4A). RNA sequencing (RNA-

seq) was performed on cells at days 0, 2, 4, 8, and 12

(Figure 4A).

Compared to day 0 MEFs, we detected 1,941, 3,523, 3,910,

2,972, and 3,969 differentially expressed genes (DEGs) in day

2, 4, 8, and 12 reprogramming intermediates and iPSCs, respec-

tively (Figure S4C). With principal-component analysis (PCA), we

depicted the reprogramming progression from MEFs to iPSCs

(Figure 4B). Cells of the different time points were clearly sepa-

rated, suggesting that these populations were transcriptionally

distinct. In particular, the day 2 cells populated away from day

0 MEFs, implying a robust transcriptional switch within the first

2 days of reprogramming.

Hierarchical clustering placed the reprogramming intermedi-

ates from day 2 to day 12 close to each other, suggesting

that two major transcriptional switches occur between days

0 and 2 (day 0/2) and between day 12 and mature iPSCs (day

12/iPSCs) (Figure 4C). To verify this, correlation analysis and

DEGs were used (Figures 4D and 4E). Larger numbers of DEGs

were observed during day 0/2 and day 12/iPSC transitions,

and this was reflected by low correlations between day 0 and

day 2 samples as well as between the day 12 samples and

iPSCs. These data support the existence of day 0/2 and day

12/iPSC transcriptional switches.

We next asked whether similar switches occur during

NPC reprogramming. Because EGFP-positive cells were not

visible on day 4, sorting was only performed on days 8 and

12 (Figures 4A and S4B). RNA-seq revealed that in the reprog-

ramming NPCs, the number of DEGs was similar to that

observed in MEFs at all time points except day 4 (Figure S4D).

Interestingly, day 0/2 and day 12/iPSC transcriptional
Figure 3. Stoichiometry of Sox2 and Klf4 Is Critical for S2AK2AM Repro

(A) Scheme for the three factor combinations S+K2AM, K+S2AM, M+S2AK, and S

(B) Immunofluorescent staining of Sox2 and Klf4 in S2AK2AM and S+K+M condition

and highlighted on the right of each picture.

(C) Scatterplots showing the Sox2 and Klf4 fluorescence intensities in single cells

each dot represents one cell. RFU, relative fluorescence unit.

(D) Quantification of EGFP-positive colony numbers for S2AK2AM, S+K2AM, K+S

shown for each condition.

(E) Schematic depicting extra overexpression of Sox2 (+Sox2) or Klf4 (+Klf4) in S

(F) Scattering plots showing the Sox2 and Klf4 signal intensities for single cells of c

for Sox2 and Klf4, respectively. The equation in control is shown to indicate the

toward high Sox2 or Klf4 in +Sox2 and +Klf4 conditions, and the percentage of h

(G) Sox2 and Klf4 expression levels in the conditions of +Sox2 and +Klf4 on day

(H) Endogenous Oct4 activation in the conditions of +Sox2 and +Klf4 on day 4.

(I) Quantification of EGFP-positive colonies of +Sox2 and +Klf4 cultures on day 1

(J) Schematic depicting the polycistronic combinations K2AM, S2AM, S2AK, and m

(K) Efficiencies of EGFP-positive colonies for K2AM, S2AM, S2AK, and S+K.

(L) Pluripotent gene expression in S2AK iPSCs. R1 mouse ESCs were used for co

(M) Oct4-EGFP colonies in situ and at passage 1 generated from expression of S

Data in (D), (G), (H), and (I) represent mean ± SD (nR 3). p values were determined

represent mean ± SD (n R 3). See also Figure S3.
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switches were also identified during NPC reprogramming

(Figures S4E–S4G).

The Molecular Trajectories of MEF and NPC
Reprogramming Cells are Convergent
There were 699 upregulated genes during day 0/2 switch in MEF

reprogramming. Gene Ontology (GO) analysis revealed the over-

representation of epithelial genes, indicating MET was involved

(Figure S5A). Interestingly, epithelial genes were also highly en-

riched in the 880 genes (Figure S5B) upregulated during the

day 0/2 switch of NPC reprogramming. This indicates that by

day 2, both MEFs and NPCs were reprogrammed toward inter-

mediates with the characteristics of epithelial cells. This suggests

S2AK2AM reprogrammingmight lead to convergentmolecular tra-

jectories after the day 0/2 transcriptional switch in both cell types.

First, we compared the transcriptional profiles of day 0 MEFs

and NPCs. 2,165 genes were differentially expressed, of which

1,066 and 1,099 genes were highly expressed in MEFs and

NPCs, respectively (Figure 4G). Biological processes related to

embryonic fibroblasts were enriched in MEFs, whereas NPC-en-

riched genes included those associated with nervous system

development (Figures S4I and S4J), confirming the original iden-

tities of the two cell types.

Surprisingly, on day 2, the number of DEGs between reprog-

ramming MEFs and NPCs dropped sharply by 93.8% to 174,

indicating the transcriptional similarity of MEF and NPC interme-

diates. The cell types continued to converge over the course of

reprogramming, with no detectable difference in gene expres-

sion on day 12 (Figure 4G).

PCA and correlation analysis clearly supported the disappear-

ance of transcriptional difference between the cell types (Figures

4F and S4H). Starting from day 2, MEF and NPC reprogramming

intermediates populated together and were indistinguishable

based on the first three principal components, covering 55%

of total genes. These data demonstrate that through dominant

activation of similar genes (e.g., the epithelial genes), the molec-

ular trajectories for MEF andNPC reprogramming converge after

the day 0/2 transcriptional switch (Figure 4H).
gramming

+K+M.

s (scale bar, 100 mm). Three single cells indicated in the pictures were enlarged

. The y and x axes represent the intensities for Sox2 and Klf4, respectively, and

2AM, M+S2AK, and S+K+M conditions. The EGFP-positive colony efficiency is

2AK2AM 2� MEFs.

ontrol, +Sox2, and +Klf4 conditions. The y and x axes represent the intensities

diagonal distribution of cells. This equation was used to measure cell drifting

igh Sox2 and Klf4 cells is shown. RFU, relative fluorescence unit.

2.

2. The efficiency is shown for each condition.

onocistronic S+K.

ntrol.

2AK (scale bar, 100 mm).

by one-way ANOVAwith Bonferroni post hoc test. **p < 0.01. Data in (K) and (L)



Figure 4. Identification of the Transcriptional Switches in MEF Reprogramming and Converging Trajectories in MEF and NPC
Reprogramming

(A) Schematic showing the RNA samples collected for RNA-seq at different time points.

(B) PCA for MEF reprogramming depicting the reprogramming progression from MEFs to iPSCs. The day 0, 2, 4, 8, and 12 and iPSC/ESC samples are repre-

sented by black, gray, pink, orange, cyan, and green dots. Each sample has two replicates except for iPSC and ESC.

(C and D) Hierarchical clustering analysis (C) and correlation analysis (D) for MEF reprogramming intermediates. For each time point, two replicates were used.

(E) DEG numbers found between successive intermediates during MEF reprogramming.

(F) Comparison of MEF and NPC reprogramming trajectories. Cells were projected to the first two (dash lines) or three principal components of PCA. Circles and

squares represent MEF and NPC reprogramming intermediates, respectively. The day 0, 2, 8, and 12 and iPSC/ESC samples are represented by black, gray,

orange, cyan, and green dots. Each sample has two replicates except for iPSC and ESC.

(G) DEG numbers between intermediates of the same time points from MEF and NPC reprogramming.

(H) Model for the converging trajectories of MEF and NPC reprogramming.

See also Figure S4.
TheDay 0/2 Switch RemovesCell-Type IdentityMarkers
We then tried to capture the major molecular events governing

the two transcriptional switches. For the day 0/2 switch, many

genes were differentially expressed, with 699 upregulated

versus 1,242 downregulated in MEFs and 880 upregulated

versus 1,245 downregulated in NPCs (Figures 5A and S5C).

Among the downregulated genes, 71.33% (886 out of 1,242)

and 72.93% (908 out of 1,245) were silenced for the rest of re-

programming processes in MEFs and NPCs, respectively, sug-
gesting this inhibition is a critical first step in the induction of

pluripotency.

In the MEF gene set, GO analysis showed that the downregu-

lated genes were mostly responsible for tissue development,

and tissue expression analysis revealed enrichment of genes

related to fibroblasts and mesenchymal stem cells (Figures 5B

and 5C). This indicated silencing of the MEF program during

the day 0/2 switch. Downregulation of fibroblast markers was

confirmed by qPCR (Figure 5D).
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Figure 5. Removal of MEF Identity and Activation of the Pluripotency Network during MEF Reprogramming

(A) Expression profile of genes that were changed in the day 0/2 transcriptional switch. Upregulated and downregulated genes were further divided into two

subgroups based on their further expression changes. The gene numbers are shown in parentheses.

(B and C) GO analysis for the biological processes (B) and gene enrichment in tissues (C) with the downregulated 886 genes in (A).

(D) Thy1, Col6a2, and S100s4 were downregulated on day 2 during MEF reprogramming.

(E) Expression profiles of genes that were upregulated during MEF reprogramming are shown. The genes were further divided into groups according to their first

time of activation by 2-fold. Activated pluripotent genes were listed on the right according to their activation time shown on the left.

(F) Heatmap showing the activation kinetics of pluripotent genes during MEF reprogramming. The highest level during reprogramming was set as 1 (100%) for

normalization.

(legend continued on next page)
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Similarly, in NPC reprogramming, the 908 downregulated

genes, including Nestin, Lhx2, and Nlgn1, were mainly associ-

ated with nervous system development (Figures S5D–S5F).

Genes expressed in brain, hypothalamus, and cerebellum were

overrepresented. Thus, with bothMEF andNPC reprogramming,

our data indicate that the removal of original cell identities marks

the day 0/2 transcriptional switch.

The Pluripotency Network Driving MEF and NPC
Reprogramming Is Progressively Activated
Next, we asked how the pluripotency network was established

during S2AK2AM reprogramming by examining when the expres-

sion of pluripotency genes was significantly upregulated. During

MEF reprogramming to iPSCs, 1,615 genes were upregulated.

We divided these genes into groups based on the time point at

which they reached a threshold of 2-fold upregulation, and a

pattern of progressive activation of genes was established (Fig-

ure 5E). Interestingly, we found that Lin28a, Lin28b, Zfp296,

Sox21, and Cdh1 were upregulated as early as day 2, and by

day 4, the expression of another three pluripotent factors,

Oct4, Utf1, and Zsacn10, was elevated (Figure 5F). This was

confirmed by qPCR analysis (Figure 5G). By day 8, a larger group

of pluripotent factors was elevated, including Nanog, Sall4,

Zfp42, Fgf4, Nr5a2, Dppa5/4/3, Esrrb, Tcl1, Tdgf1, Gdf3,

Tex19.1, and Fbxo15, and by day 12, a few more genes were

also activated (e.g., Nodal, Dppa2, Eras, Tet1, and Dnmt3l).

These genes showed a flow of gradual activation (Figure 5F).

We performed a similar analysis of NPC reprogramming (Fig-

ures S5G–S5I). Lin28a, Lin28b, Zfp296, Cdh1, Oct4, and

Zscan10 were upregulated by day 4. After that, Nanog, Sall4,

Tcl1, Fgf4, Zpf42, Gdf3, Utf1, Fbxo15, Esrrb, Dppa4/5, and

Nodal were activated on day 8. Fewer genes were found acti-

vated by day 12, including Tdgf1, Dppa3, Eras, and Tex19.1.

This list was similar to that from MEF reprogramming, with the

leading activation of Oct4, Lin28a/b, Zfp296, and Chd1, and a

group of other key pluripotent factors following. These observa-

tions suggest that independent of the original cell identity, the

pluripotency network was gradually established in a similar

way during MEF and NPC reprogramming.

To further verify the similar kinetics of pluripotency activation in

MEFs and NPCs, 112 pluripotency-related genes were selected,

and their expression levels in MEF and NPC reprogramming in-

termediates were compared in parallel. This correlation analysis

revealed that the intermediates at each time points were highly

similar (Figure 5H), suggesting a shared mechanism of pluripo-

tency establishment in MEF and NPC reprogramming (Figure 5I).

Finally, we investigated the day 12/iPSC transition. We found

that most key pluripotent genes were further upregulated in

MEF and NPC reprogramming at this time point (Figures 5F

and S5I). This verified that the pluripotency network was stabi-

lized and matured during the day 12/iPSC transcriptional switch.
(G) Activation of Oct4, Zfp296, and Lin28a/b was verified by qPCR. Data represe

(H) Correlation analysis for MEF and NPC reprogramming intermediates with 112

highlighted with frames.

(I) Model for the converging trajectories of MEF and NPC reprogramming. Origina

pluripotency network was gradually established afterward.

See also Figure S5.
Sox2 and Klf4 Cooperatively Bind and Activate Their
Targets
To gain insight into to how S2AK2AM facilitates reprogramming,

we examined the genome binding patterns of Sox2 and Klf4.

Chromatin immunoprecipitation followed by sequencing (ChIP-

seq) was performed on day 2 reprogrammed MEFs. Overex-

pressed proteins tended to bind promiscuously across the

genome, so to capture the true binding events, two independent

experiments were conducted and only those peaks observed

consistently (31,236 for Sox2 and 1,175 for Klf4) were used in

this study. De novo motif discovery showed that Sox2 and Klf4

motifs were highly enriched in the immunoprecipitated DNA frag-

ments, verifying the effectiveness of our experiments (Figure 6A).

Although the genomic distribution of Sox2 and Klf4 binding was

similar in reprogramming cells to that in ESCs (Figures S6A and

S6B), there was little overlap between the sites occupied, sug-

gesting overexpressed Sox2 and Klf4 could barely access their

ESC targets during early reprogramming (Figures S6C and S6D).

Interestingly, the Klf4 motif was overrepresented in the Sox2

peaks and vice versa (Figure 6A). The Klf4 motif appeared in

approximately half of Sox2 peaks, whereas the Sox2 motif ap-

peared in 20% of Klf4 peaks. We found that hybrid motifs

occurred in both Sox2- and Klf4-binding regions that contained

at least one Sox2 and one Klf4 motif within 30 bp (Figures S6E

and S6F). Furthermore, Sox2 and Klf4 motifs tended to be close

to each other (Figure 6B). Taken together, these data suggest

that Sox2 and Klf4 cooperatively bound to their targets. Indeed,

we confirmed direct interaction of Sox2 and Klf4 by co-immuno-

precipitation (Figure 6C).

To further investigate their cooperativity, we analyzed the

global colocalization of Sox2 and Klf4 in the genome. Approxi-

mately 80% of the Klf4 peaks were bound by Sox2 (Sox_Klf

peaks) (Figure 6D). For the peaks called only for Sox2 or Klf4

binding (Sox_solo or Klf_solo peaks), we still observed low level

of Klf4 or Sox2 enrichment, respectively (Figures 6E). This was

confirmed by the quantification of the signal intensities (Fig-

ure 6F). This phenomenon demonstrates that Sox2 and Klf4

cooperatively bound their target across the genome with slightly

different preference.

We then examined whether this cooperative binding facilitated

the activation of their target genes. Sox2 binding (Sox2_Klf and

Sox2_solo) led to increased H3K27 acetylation on day 2, but a

similar effect was not observed for Klf4 (Klf4_solo) (Figures 6E

and 6F). This may be because Klf4-bound regions were already

highly acetylated. Consistently, the expression of Sox2 target

genes was also significantly upregulated by day 2 (Figure 6G).

Klf4 Overexpression Leads to a Sox2-Binding Shift
We then investigated whether Sox2 and Klf4 binding was the

same between the S2AK2AM condition and Sox2 or Klf4 overex-

pression alone. The samples for Sox2 or Klf4 overexpression
nt mean ± SD (n R 3).

pluripotency-associated genes. Cell populations from the same time points are

l cell identities were removed during the day 0/2 transcriptional switch, and the
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alone (Sox2_tetO or Klf4_tetO) were from previous data (Chronis

et al., 2017). Although the binding motifs were similar (Figure 6I),

Sox2-binding regions had fundamentally changed in S2AK2AM

and Sox2_tetO conditions, with only �10% overlap (Figure 6H),

while Klf4 binding regions showed high similarity (77% overlap)

between S2AK2AM and Klf4_tetO conditions (Figure S6G).

Because of the overrepresentation of Klf4 motif in the Sox2-

binding loci in the S2AK2AM condition, we reasoned that higher

Klf4 may be responsible for the Sox2-binding shift. Moreover,

the H3K27 acetylation of S2AK2AM-associated peaks (Sox_co

and Sox_SKM) was elevated, but the Sox2 peaks specific to

the Sox2_tetO condition (Sox_tetO) were not (Figure 6J). How-

ever, no binding shift was found for Klf4 peaks.

Sox2 and Klf4 Cooperatively Bind and Activate
Pluripotency-Associated Regions
We also sought to understand how Sox2 and Klf4 cooperate in

binding and activating pluripotent gene loci. Previously, we

showed that Oct4, Lin28a/b, Zfp296, and Sox21 were upregu-

lated early during MEF reprogramming, so we looked at whether

Sox2 and Klf4 co-occupied these genes. As expected, Sox2-

and Klf4-binding peaks were observed at the promoters as

well as some distal elements near these gene loci, and H3K27

acetylation levels were elevated accordingly (Figures 6K

and S6J).

Because of the critical role of Oct4 in pluripotency induction

and maintenance, we studied this case individually with ChIP-

qPCR. Primers were designed to cover a large region from the

first exon to the distal enhancer of Oct4 (Figure 6K). Similar to

the ChIP-seq data, Sox2 and Klf4 binding at the distal enhancer

was seen as early as day 2, while much less binding of Sox2 and

Klf4 was found on the proximal enhancer and promoter regions

(Figure 6L). These bindings became more pronounced by day 5

(Figure 6M). Accordingly, the H3K27 acetylation level of this re-

gion was dramatically elevated (Figures S6H and S6I). Thus,

before the detection of Oct4 transcription, Sox2 and Klf4 were

already bound to the Oct4 locus.

More interestingly, we noticed that co-binding of Sox2 and

Klf4 occurs on one of the 231 ESC-specific superenhancers up-

stream of Oct4. These superenhancers were reported by Whyte

and colleagues in 2013 and are associated with the high expres-
Figure 6. Sox2 and Klf4 Cooperate to Activate the Pluripotency Netwo

(A) De novo discovery of motifs in Sox2 and Klf4 peaks.

(B) Distance analysis of Sox2 and Klf4 motifs in Sox2 peaks.

(C) Direct interaction of Sox2 and Klf4 was verified by co-immunoprecipitation in

(D) Overlap of Sox2 and Klf4 peaks shown with the Venn diagram.

(E) Heatmaps of Sox2, Klf4, and H2K27 acetylation ChIP-seq signals for the indic

and the intensity of Klf4 in Klf_solo.

(F) Quantification of signal intensities of Sox2, Klf4, and H3K27 acetylation in (E)

(G) Boxplots showing the expression of genes associated with the Sox_Klf, Sox_

(H) Venn diagram showing the binding overlap of Sox2 in S2AK2AM and Sox2_tet

(I) De novo discovery of motifs with Sox2-binding peaks in Sox2_tetO condition.

(J) Quantification of signal intensities of Sox2 and H3K27 acetylation in three dif

S2AK2AM and Sox2_tetO condition, Sox_SKM indicates the peaks specific for S2

condition. In the upper right corner, SKM represents S2AK2AM reprogramming, a

(K) Sox2 and Klf4 binding and H3K27 acetylation at the Oct4 enhancer. The locat

(L and M) Sox2 and Klf4 binding at the Oct4 enhancer was examined by ChIP-q

Data in (L) and (M) represent mean ± SD (n R 3 ). See also Figure S6.
sion of nearby pluripotent genes (Whyte et al., 2013). We

searched if other ESC-specific superenhancers were also bound

by Sox2 or Klf4. Interestingly, Sox2 binding also occurred on four

superenhancers close to Nanog and Sox2 (Figure S6K), and

these superenhancers has been shown to be essential forNanog

and Sox2 expression in ESCs (Blinka et al., 2016; Li et al., 2014;

Zhou et al., 2014). A Fgf4 superenhancer was also bound by

Sox2. These results demonstrate that on day 2 of S2AK2AM re-

programming, Sox2 and Klf4 cooperatively bound and remod-

eled some pluripotent gene loci even prior to their transcriptional

activation, suggesting their function in early priming toward

pluripotency.

DISCUSSION

In this study, we investigated the effect of Sox2 and Klf4 on re-

programming outcomes. Remarkably, we demonstrated that in

the absence of ectopic Oct4, polycistronic Sox2 and Klf4 were

sufficient to generate iPSCs from different types of somatic cells.

The stoichiometric cooperativity of Sox2 and Klf4 was found

to be critical for efficient pluripotency induction in S2AK2AM

reprogramming. In 2� S2AK2AM reprogramming systems, we

systematically characterized Sox2 and Klf4 co-occupancy and

transcriptional trajectories for MEF and NPC reprogramming

processes. Our work revealed an Oct4-independent role of

Sox2 and Klf4 in pluripotency induction.

Most previous reprogramming studies overexpressed factors

from separate (e.g., monocistronic) vectors, leading to factor

stoichiometric heterogeneity in individual cells. In our study,

polycistronic cassettes, which can more precisely control the

stoichiometry at single-cell level expression (Carey et al., 2009;

Carey et al., 2011), proved to be technically essential for the re-

programming outcome. In support of our findings, Kim and col-

leagues recently showed that variation in the Klf4 protein level

with different polycistronic vectors caused phenotypic differ-

ences in reprogramming and gene activation patterns, which

were not observed with monocistronic vectors (Kim et al.,

2015). In our study, when Sox2 and Klf4 were expressed from

monocistronic cassettes, their stoichiometry was inconsistent,

and reprogramming was compromised or completely failed (Fig-

ures 3D and 3K). Moreover, manipulation of Sox2 and Klf4
rk in S2AK2AM Reprogramming

day 2 reprogramming MEFs.

ated groups of peaks, sorted by the intensity of Sox2 in Sox_Klf and Sox_solo

.

solo, and Klf_solo peaks.

O conditions.

ferent groups of Sox2-binding peaks. Sox2_co indicates the shared peaks in

AK2AM reprogramming, and Sox_tetO indicates peaks specific for Sox2_tetO

nd Sox2 represents the Sox2_tetO condition.

ions of superenhancer and ChIP-qPCR amplicons (a through i) are also shown.

PCR on reprogramming day 2 (L) and day 5 (M).
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stoichiometry in the secondary system further suggested that a

higher Klf4 to Sox2 ratio favored iPSC generation (Figures 3E-

3I). Previous monocistronic studies titrated virus levels to control

factor stoichiometry, which we believe is much less precise at

the single-cell level for two reasons. First, the precise titration

did not guarantee the factor stoichiometry in individual cells,

because the virus infection followed the Pearson distribution.

Second, even when the expected copy number of genes was in-

serted into the genome in some single cells, factor stoichiometry

was subject to switch over time due to changes in local chro-

matin status throughout the 2-week reprogramming process.

Our work demonstrates that Sox2 and Klf4 act as the func-

tional core to elicit the pluripotency network. This function of

Sox2 and Klf4 was unappreciated before this study, because

Oct4 was considered indispensable to the reactivation of the

pluripotency network. In the past decade, other factors and

small molecules have been reported to promote pluripotency

in the absence of Oct4 (Fritz et al., 2015; Gao et al., 2013;

Heng et al., 2010; Redmer et al., 2011; Shu et al., 2013; Tan

et al., 2015). However, most of these have since been shown

to amplify the efficiency of reprogramming in the presence of

Oct4, suggesting that rather than replacing the function of

Oc4, they may act in parallel. Based on these findings, we hy-

pothesized that the combination of Sox2, Klf4, and c-Myc may

be sufficient to induce pluripotency at a low level but that the

addition of Oct4 or its substitutes was required to achieve

detectable efficiency. Here, we show that the stoichiometry of

Sox2 and Klf4 was key to inducing pluripotency in the absence

of exogenous Oct4. Importantly, our findings do not diminish

the importance of endogenous Oct4 gene in establishing plurip-

otency. The Oct4 distal enhancer was epigenetically remodeled

beginning at day 2 of S2AK2AM reprogramming (Figures 6K, 6L,

S6H, and S6I), and endogenousOct4 transcription was detected

by day 4 (Figure 2H). The importance of Oct4 locus remodeling,

especially for the enhancers, has also been emphasized in other

studies. Chronis and colleagues observed that in the context of

OSKM reprogramming, the Oct4 distal enhancer was bound by

Oct4, Sox2, and Klf4 after 48 h (Chronis et al., 2017). Liu and col-

leagues also reported generation of iPSCs with CRISPR-based

remodeling of the Oct4 enhancer and promoter (Liu et al.,

2018). These and our studies support the concept that the re-

modeling of distal enhancer ofOct4may be an early event crucial

for the reprogramming toward pluripotency.

Although many different cell types have been used for reprog-

ramming, we actually know very little about parallel reprogram-

ming of different cell types. In this study, we systematically

characterized the reprogramming trajectories of ectodermal

NPCs and mesodermal MEFs. We found that the overexpressed

factors dominate the reprogramming and that overall reprogram-

ming kinetics and efficiencies are similar for different cell types

irrespective of the germ-layer origin (Figures 2D, 2F, 2H, 2K,

2L, S2A, S2D, S2F, and S2I). Based on effect of Oct4 and

Sox2 in elevating mesoendodermal and ectodermal genes,

Shu and colleagues previously formulated a ‘‘seesaw’’ model

wherein achieving a balance of the two counteracting forces re-

sults in induction of pluripotency (Shu et al., 2013). However, the

results of S2AK2AM reprogramming suggest limitations to this

model. We observed further activation of a group of epithelial
1998 Cell Reports 29, 1986–2000, November 12, 2019
genes during the reprogramming of NPCs (Figure S5B), suggest-

ing the activation of these genes is independent of cell origin and

could be the innate function of Sox2 and Klf4.

As early as day 2, we observed the intermediate cells of MEF

and NPC reprogramming had similar transcriptional profiles.

This is profoundly different from what is observed in the OSKM

system, in which the trajectories only converge by the end of re-

programming (Nefzger et al., 2017). However, this may be ex-

plained by the different intermediate populations captured in

the two studies. With the preselected cell-specific markers for

fibroblasts, neutrophils, or keratinocyte reprogramming for all in-

termediate sorting in Nefzger and colleagues’ study, it is not sur-

prising to observe the differentiated reprogramming trajectories

for different cell types. In our study, we used the bulk cell popu-

lations for RNA-seq on days 0 and 2. Because of the heterozy-

gous nature of fibroblasts, our results represent the general re-

programming direction for all populations on day 2. 15% of

these original cells were reprogrammed to pluripotency, but it

is extremely difficult for us to capture the transcriptional changes

in these specific populations with present datasets. As single-

cell sequencing technology has been robustly developed and

matured, we believe that it will provide a promising platform for

us to delve into question in the future. From day 8 on, Oct4-pos-

itive intermediate populations were selected for sequencing.

Together with the results on day 2, the data from these purified

population supported our convergent model.

We noticed two key similarities between S2AK2AM and previ-

ous OSKM reprogramming. The day 0/2 and day 12/iPSC

transcriptional switches during S2AK2AM reprogramming were

reminiscent of the two transcriptional waves described during

OSKM reprogramming (Nefzger et al., 2017; Polo et al., 2012).

In addition, the pluripotency gene loci bound by Sox2 and Klf4

in our experiments overlapped with those shown by a previous

study using O2AS2AK2AM, including Oct4, Sox2, and Nanog

(Chronis et al., 2017). Considering the critical role of Oct4,

Sox2, and Nanog in establishing pluripotency and the higher

EGFP-positive colony efficiency in cells transduced with

S2AK2AM than O2AS2AM or O2AK2AM, we conclude that cooper-

ation between Sox2 and Klf4 could also be the major driving

force for O2AS2AK2AM reprogramming. The addition of Oct4 or

other pluripotency factors (e.g., Nanog, Lin28a/b, or Tet1) may

further promote the efficiency through transcriptional, metabolic,

or epigenetic mechanisms.
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Primers for plasmid construction, see Table S1 This paper N/A

Primers for qPCR or bisulfite sequencing, see

Table S2

This paper N/A

Recombinant DNA

TetO-FUW-Oct4 Brambrink et al., 2008 Addgene plasmid Cat# 20323

TetO-FUW-Sox2 Brambrink et al., 2008 Addgene plasmid Cat# 20326

TetO-FUW-Klf4 Brambrink et al., 2008 Addgene plasmid Cat# 20322

TetO-FUW-c-Myc Brambrink et al., 2008 Addgene plasmid Cat# 20324

TetO-FUW-OSKM Carey et al., 2009 Addgene plasmid Cat# 20321

pMD2.G Didier Trono Lab Addgene plasmid Cat# 12259

psPAX2 Didier Trono Lab Addgene plasmid Cat# 12260

FUW-M2rtTA Hockemeyer et al., 2008 Addgene plasmid Cat# 20342

TetO-FUW-mCherry This paper N/A

TetO-FUW-SKM This paper N/A

TetO-FUW-OKM This paper N/A

TetO-FUW-OSM This paper N/A

TetO-FUW-SK This paper N/A

TetO-FUW-SM This paper N/A

TetO-FUW-KM This paper N/A

Software and Algorithms

FlowJo v10 FlowJo LLC. https://www.flowjo.com/

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/scientific-software/

prism/

Gen5 BioTek https://www.biotek.com/products/software-

robotics-software/gen5-software-features-for-

imaging-microscopy/

DAVID 6.8 LHRI, National Cancer Institute at

Frederick

https://david.ncifcrf.gov

FASTQC Babraham Institute http://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

STAR 2.5.1b Dobin et al., 2013 https://academic.oup.com/bioinformatics/

article-lookup/doi/10.1093/bioinformatics/bts635

DESeq2 1.10.1 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

Gmodels 2.16.2 N/A https://cran.r-project.org/web/packages/

gmodels/index.html

Pheatmap 1.0.10 N/A https://cran.r-project.org/web/packages/

pheatmap/index.html

Corrplot 0.84 https://github.com/taiyun/corrplot https://cran.r-project.org/web/packages/corrplot/

index.html

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/index.

shtml

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MACS2 2.1.0 Zhang et al., 2008 https://github.com/taoliu/MACS

GREAT McLean et al., 2010 http://bejerano.stanford.edu/great/public/html/

Bedtools Quinlan and Hall, 2010 https://academic.oup.com/bioinformatics/

article-lookup/doi/10.1093/bioinformatics/btq033

Ngsplots Shen et al., 2014 http://bmcgenomics.biomedcentral.com/articles/

10.1186/1471-2164-15-284

IGV 2.4.10 Robinson et al., 2011 https://software.broadinstitute.org/software/igv/

ReleaseNotes/2.4.x
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sheng

Ding (shengding@tsinghua.edu.cn). All materials generated in this study are available from the Lead Contact with a completed Ma-

terials Transfer Agreement (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
HEK293T/17 cells (female) were cultured in DMEM (Invitrogen) supplemented with 10% FBS.

Mouse embryonic fibroblasts (MEFs) (mixed sex, for male and female embryos were combined to generate the primary cells) were

prepared from the E13.5 embryos, and mouse tail tip fibroblasts (TTFs) (male) were derived from a 14-month old adult male mouse.

MEFs and TTFs were cultured in MEF medium (DMEM supplemented with 10% FBS and non-essential amino acid (NEAA,

Invitrogen)).

Mouse primary neural progenitor cells (NPCs) (mixed sex, for male and female embryos were combined to generate the primary

cells) were prepared from the head of E13.5 embryos and maintained on matrigel (BD, 356231)-coated plates in the NPC medium

(Neuralbasal medium (Invitrogen), 2% B27 (Invitrogen), 1% GlutaMAXTM (Invitrogen), 1% penicillin/streptomycin (Invitrogen),

2 mg/ml heparin (Sigma Aldrich), 20 ng/ml bFGF (Thermo fisher Scientific), and 20 ng/ml EGF (R&D)).

Mouse ESCs (male) and iPSCs (male) weremaintained on feeders in ESCmedium (Knock Out-DMEM (Invitrogen) with 5%ES-FBS

(Invitrogen) and 15% Knock Out-serum replacement (KSR, Invitrogen), 1% GlutaMAXTM, 1% NEAA, 0.1mM 2-mercaptoethanol

(Sigma Aldrich), 10 ng/ml leukemia inhibitory factor (LIF, Millipore), 3 mM CHIR99021 (Selleck), and 1 mM PD0325901 (Selleck)).

For microinjection, iPSCs (male) were maintained under feeder-free N2B27 condition (50% DMEM/F12 (Invitrogen), 50% Neuro-

basal Medium, 0.5%N2 (Invitrogen), 1%B27, 0.1mM2-mercaptoethanol, 10 ng/ml LIF, 25 mg/ml BSA (Invitrogen), 3 mMCHIR99021,

and 1 mM PD0325901).

Mice
OG2Mice (B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J) (male and female) were from the Jackson Laboratory (004654). CD-1 (ICR) mice (male

and female) were from Charles River (#022). OG2 mice were crossed for the derivation of OG2 MEFs as well as NPCs at embryonic

day 13.5. OG2 mice at 14-month old (male) were used for the derivation of TTFs.

Super-ovulated female CD1 (ICR) mice were mated to CD1 (ICR) males for blastocyst preparation and further microinjection ex-

periments. E13.5 embryos of tetraploid complementation assay were used for derivation of secondary MEFs and NPCs.

All animal procedures were approved by the Institutional Animal Care and Use Committee at the Tsinghua University, Beijing; as

well as the Institutional Animal Care and Use Committee at the Institute of Zoology, Chinese Academy of Science, Beijing.

METHOD DETAILS

Plasmid Construction
All plasmids generated in this study are listed in Table S1. TetO-FUW-OSKM (20321), TetO-FUW- Oct4 (20323), TetO-FUW-Sox2

(20326), TetO-FUW-Klf4 (20322), TetO-FUW-c-Myc (20324), and FUW-M2rtTA (20342) are from Addgene. All plasmids in this study

are based on the TetO-FUW backbone. For cloning, the backbone was digested with the indicated enzymes and recovered by gel

extraction for insert ligation. All inserts were amplified by PCR using the KOD Xtreme HS Polymerase (Novagen, 71975-3), and the

ligations were done with T4 ligase or Gibson Assembly Master Mix (NEB, E2611). All plasmids were confirmed by enzyme digestion

and sequencing.
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Virus Preparation and Transduction
For lentivirus preparation, HEK293T cells were plated 1 day ahead to reach about 70% confluency for transfection, and VSV-G en-

velope expressing plasmid pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 12260) were used for lentiviral packaging. Plasmids

(1.8 mg) with the gene of interests were mixed with psPAX2 (1.35 mg) and pMD2.G (0.45 mg) for each well of six-well plates, and

Lipofectamine� 3000 Reagent (Thermo Fisher Scientific, L3000) was used for transfection. Five to eight hours later, the medium

was changed to fresh MEF medium. Supernatant containing the virus was harvested at 48 hours, passed through a 0.45-mM filter

to remove the cell debris, and mixed with 1 volume of fresh medium for immediate use.

For infection, MEFs or NPCs were incubated with the lentiviral supernatant in the presence of 5 mg/ml polybrene (Millipore) for

8 hours or overnight. Medium was changed back to MEF or NPC medium after the infection for cells to recovery.

Derivation of Mouse Embryonic Fibroblasts
E13.5 embryos were used for MEFs derivation. After the embryo recovery, the head, limbs, and internal organs, especially the go-

nads, were removed under dissection microscope. The remaining bodies of the embryos were finely minced with two blades and

digested in 0.05% Trypsin-EDTA for 15 minutes. MEF medium was then added to stop the trypsinization. Further dissociation of

the tissues was performed by pipetting up and down for a few times. Cells were then collected by centrifugation and plated onto

15cm dishes for expansion (passage 0, P0). MEFs were used before passages 4 for all tests.

Derivation of Mouse Neural Progenitor Cells
One day prior to the experiment, Poly-D-lysine (PDL)/Laminin coated plates were prepared for NPC cultures. Briefly, 12-well culture

plates were filled with PDL (10 mg/ml in distilled water) and incubated overnight at 37�C incubator. On the next day, the solution was

removed from plate wells. The wells were then washed with distilled water for three times and air-dried. Laminin (5 mg/ml in distilled

water) was then added and incubated at 37�C incubator for 4 hours to overnight. Laminin was removed from well before using the

plate.

E13.5 embryos were used for NPC derivation. The embryo was decapitated with dissecting forceps. Skin and skull were peeling

back from head to expose the brain. The whole brain was picked out using curved forceps and placed into cold DPBS. After rinsing

with DPBS twice, brain was placed in a 35-cm dish, finely minced with sharp scissors. The minced tissue was transferred to a 15 mL

centrifuge tube and digested with 1ml of 0.05% Trypsin-EDTA at 37�C for 7 minutes. To stop the enzymatic reaction, 5 mL of NPC

mediumwas added to tube, followed by centrifugation and removing the supernatant. Tissue pellet was further dissociatedwith 1mL

of NPCmediumby pipetting up and down several times and filteredwith a 70 mmcell strainer. Cells were then placed to PDL/Laminin-

coated 12-well plate and cultured in NPCmedium for several days. During culture, NPCs proliferated and detached from plate to form

floating neural spheres (P0). Spheres were then collected and digested to single NPCs with StemPro Accutase (Thermo Fisher Sci-

entific). Since then, NPCswere cultured adherently onmatrigel-coated plate for the following passages. NPCswere used before pas-

sages 4 for all tests.

Derivation of Mouse Tail Tip Fibroblasts
For TTFs derivation, 14-month old adults were used. The tail was peeled, minced into 1mm pieces, and cultured in a 60-cm dish.

Medium was half changed every 3 days until fibroblasts migrated out of the graft pieces. Cells were then passaged and ready for

use (P1).

Reprogramming and Derivation of iPSC Lines
OG2MEFs or TTFs were seeded onto gelatin-coated plates at the density of 10,000 cells/cm2. After transduction, cells were allowed

to recover inMEFmedium for 24-36 hours. Cells were then replated with the density of 10,000 cells/cm2, except elsewhere indicated.

For NPCs, 5,000 cells/cm2 were seeded on Poly-D-lysine (PDL)/Laminin-coated six-well plates. After transduction, cells were al-

lowed to recover in NPC medium for 24-36 hours. To start reprogramming, cultures were switched to reprogramming medium

(ESC medium without Chirr99021 and PD0325901) with 1 mg/ml doxycycline. This was denoted as day 0. During the entire process,

medium was refreshed every other day for the first 10 days and everyday afterward. From day 10, ESC medium with 1 mg/ml doxy-

cycline was used. EGFP-positive colonies were usually counted on day 12 and ready for iPSC derivation on day 16.

For iPSC line derivation, the reprogramming cultures were incubated with 1 mg/ml collagenase B (Roche) for 20 minutes at 37�C.
Single colonies were picked up under microscope and digested in 0.05% trypsin for 5-10 minutes for single-cell suspensions. Cells

were then seeded on feeders in normal ESC medium, and these cells are considered as passage 0 (P0) iPSCs.

Evaluation of EGFP-Positive Colony Efficiency
To calculate the EGFP-positive colony efficiency precisely, 2� MEFs or NPCs were seeded into 48-well plates. 24 hours later (day 0),

half of the wells were stainedwith Heochest 33342 (Thermo Fisher Scientific), and the exact cell numbers in the well were recorded by

counting the stained nuclei. The other half of cells was switched to reprogramming medium with 1 mg/ml doxycycline for further cul-

ture. During the experiment, medium was changed every other day, and the EGFP-positive colonies were counted on day 12. The

final efficiency was calculated by dividing the EGFP-positive colony numbers by the initial cell numbers recorded on day 0.
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Another method was also used. Single cells were seeded into the wells of 96-well plates with feeders. The next day, MEF medium

was switched to reprogramming medium with 1 mg/ml doxycycline (day 0). During the reprogramming process, medium was

changed every 4 days, and EGFP-positive colony numbers were counted on day 16. The efficiency was calculated by dividing

the total EGFP-positive colony numbers by the well numbers.

Blastocyst Microinjection
iPSCs were cultured under N2B27 condition without feeders. On the day of injection, cells were suspended in Blastocyst Injection

Medium (25 mM HEPES-buffered DMEM plus 10% FBS, pH 7.4).

For generation of chimeric mice, super-ovulated female CD1 (ICR) mice (4-week old) were mated to CD1 (ICR) males. Morulae

(2.5 d post-coitum) were collected and cultured overnight in KSOM medium (Millipore) at 37�C in 5% CO2. The next morning, the

blastocysts were ready for iPSCs injection, and approximately 10 cells were injected for each blastocyst. Injected blastocysts

were cultured in KSOMmedium at 37�C in 5% CO2 for 1-2 hours and then implanted into uteri of 2.5 d post-coitum pseudopregnant

CD1 (ICR) female mice.

For tetraploid complementation assay, two cell-stage CD1 (ICR) embryos were electrofused to produce tetraploid embryos, and

approximately 10 iPSCswere injected into the reconstructed tetraploid blastocysts. Injected blastocysts were cultured in KSOMme-

dium at 37�C in 5% CO2 for 1-2 hours and then implanted into uteri of 0.5 d post-coitum pseudopregnant CD1 (ICR) female mice.

E13.5 embryos were dissected for generation of secondary MEFs and NPCs (2� MEFs and NPCs).

For gonadal contribution, the injected embryos were recovered 13 days (E13.5) after implantation. The gonadal regions of each

embryo were collected and visualized under microscope for EGFP signal.

Examination of Secondary Reprogramming System
To validate the induction of reprogramming factors, 2� MEFs and NPCs were plated on 24-well plate at the density of 20,000

cells/cm2. After cultured in reprogramming medium with 1 mg/ml doxycycline for 48 hours, cells were fixed for immunofluorescent

staining to test the expression of Sox2 and Klf4.

To test the influence of original cell density to final reprogramming efficiency, 2� MEFs and NPCs were plated on feeders in 12-well

plates at density of 500 cells/well, 1,000 cells/well, 2.000 cells/well, 4,000 cells/well, respectively. Cells were reprogrammed as pre-

viously described. On reprogramming day 12, EGFP positive colony numbers were counted under fluorescent microscope.

To validate the requirement of doxycycline during reprogramming, 2� MEFs and NPCs were plated on feeders in 12-well plates at

the density of 1,000 cells/well. Doxycycline was removed from reprogramming medium from day 0 to day 12. EGFP-positive colony

numbers were counted on day 16.

To test the reprogramming kinetics with small molecules, 2� MEFs and NPCs were plated on feeders in 12-well plates at density of

1,000 cells/well. Cells were cultured in reprogramming medium with 1 mg/ml doxycycline, 1 mM A83-01 and 10 mM Forskolin for

12 days. The cell morphology was recorded for the reprogramming kinetics.

All conditions were repeated in triplicate.

Reprogramming of Early EGFP-Positive Cells
2� MEFs and NPCs were seeded on feeders and reprogrammed as described before. On the reprogramming day 6, EGFP-positive

and EGFP-negative cells were sorted by flow cytometry, and cells of the same number were replated to a new 6-well plate with

feeders, respectively. Cells were cultured in reprogramming medium with 1 mg/ml doxycycline for another 6 more days and the num-

ber of EGFP-positive colony was counted.

Teratoma Formation
To generate teratoma, iPSCs maintained on feeders were switched to matrigel-coated plate and cultured in ESC medium without

Chirr99021 and PD0325901. Then iPSCs were trypsinized and suspended in culture medium containing 2% matrigel. Then

1.0X106 cells were subcutaneously injected into the hind limbs of SCID mice. 5 weeks after the injection, tumors were dissected

and fixed in 4% of polyformaldehyde (Sigma Aldrich), followed by paraffin section and hematoxylin-eosin (HE) staining.

Bisulfite Sequencing
Bisulfite treatment was done with the EpiTect Bisulfite Kit (QIAGEN, 59104) exactly following the protocol provided for cultured cells.

Recovered DNAwas amplified by two-round PCRwith primers targeting the Oct4 promoter, and the PCR products were ligated with

T-vectors pMD20 (Clontech, 3270). Ten random selected clones were sequenced. PCR primers used are listed in Table S2.

Karyotyping
Karyotype analysis of iPS cell lines was performed at Cell Line Genetics by analyzing the Giemsa binding (Meisner and Johnson,

2008). Briefly, iPSCs undergoing active division were blocked at metaphase with 0.1 mg/ml colcemid. Then iPSCs were trypsinized

to single cells by 0.05% trypsin-EDTA. KCL hypotonic solution (0.075M) was used to resuspend and swollen iPSCs by gently swirling

and incubating at room temperature for 20min. Subsequently, iPSCs were fixed in fixative (3:1 v/v ratio of methanol to acetic acid),

followed by preparation of slides for karyotyping.
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Flow Cytometry
Reprogramming cells were treated with 1 mg/ml of Collagenase B for 10-30 min depending on the cell density, followed by 5-minute

trypsinization with 0.05% trypsin. Cells were then suspended in culture medium and filtered through 40 mm cell strainer. Flow cytom-

etry analysis or sorting was performed on BD FACS Aria III. The treatments with collagenase B, filtration, and sorting usually lead to

decrease by 30-50 times in generating EGFP-positive colonies. All data were analyzed with FlowJo v10.

Western Blots and Quantification
Cell lysis samples or immunoprecipitation (IP) samples were loaded onto 10% SDS-PAGE gel for separation and then transferred to

nitrocellulose membranes 0.45 mm (BioRad, 1620115). The following antibodies were used for immuno-blotting (IB): anti-Oct4 (Ab-

cam ab19857), anti-Sox2 (Millipore AB5603 for IP, Abcam ab79351 for IB), anti-Klf4 (Stemgent 09-0021), and anti-actin (Santa Cruz

sc-47778).

Co-Immunoprecipitation
Secondary MEFs (10,000 cells/cm2) were plated onto a gelatin-coated 10-cm dish and cultured in reprogramming medium with

1 mg/ml doxycycline for 2 days. Cells were lysed with 500 mL ice-cold IP buffer (50 mM Tris- HCl pH 7.4, 150 mM NaCl, 1% Triton

X-100, 0.1% NP-40, and 1.5 mM EDTA) on ice for 20 minutes. Protein A dynabead slurry (20 mL, Life Sciences Technologies,

10001D) was used for each IP test. Elute target and co-IP proteins with SDS sample buffer for direct western detection.

Immunofluorescent Staining and Image Analysis
Cells were washed three times with DPBS and fixed with 4% PFA for 30 minutes at 4�C. Donkey serum (10% in DPBS) with 1% BSA

was used for blocking for 1 hour at 4�C. Triton X-100 (0.3%) was added during blocking when staining of nuclei-located proteins.

Antibodies were diluted in DPBS with 1% BSA. The following primary antibodies were used for staining: anti-Sox2 (Millipore,

AB5603; Abcam, ab79351), anti-Klf4 (Stemgent, 09-0021; R&D, AF3158), anti-c-Myc (epitomics, 1472-1), anti-Nanog (Abcam,

80892), and anti-SSEA-1 (Stemgent, 09-0095).

Single visual field imaging was performed with fluorescent microscope (IX83, Olympus); Images were taken and analyzed using

CellSens Dimension. For multiple visual fields imaging and analysis, cell culture plates were scanned using automated microscope

(Lionheart FX, BioTek). Images were concatenative synthesized and analyzed using Gen5 Software.

RNA Extraction
For cultured cells, samples were lysed and total RNA was extracted with RNeasy Plus mini kit (QIAGEN, 74136) with QiaShredder

(QIAGEN, 79656) according to the manufacture’s instruction. For sorted cells, samples at the indicated time points were collected

and lysed in TRIzolTM Reagent (Invitrogen, 15596026). Total RNA was extracted as the following procedures. Linear acrylamide

(Thermo Fisher Scientific, AM9520) was added to lysed cell samples for enhancing the precipitation of RNA. Chloroform was then

added and shaken vigorously with lysed samples to extract RNA. After centrifugation, RNA dissolved in aqueous phase was carefully

transferred into an RNase free tube andmixed intensively with 1 volume of isopropanol (Sigma Aldrich). Samples were then placed at

�20�C overnight to precipitate RNA. On the next day, isopropanol was carefully removed after centrifugation and RNA was pelleted

at bottom of the tube. The RNA pellet was then washed with 75% ethanol to eliminate possible residual traces of guanidinium.

Ethanol was then removed after centrifugation by pipet tip and 10 minutes of air dry. Finally, total RNA was dissolved in 20 ml of

nuclease-free water by pipetting up and down several times if necessary.

Quantitative PCR
To test the gene expression level, total RNA was used for qPCR experiments. Genomic DNA elimination and reverse transcription

were performed using the iScript cDNA synthesis kit (Bio-Rad), and qPCR was performed with iQTM SYBR Green Supermix (Bio-

Rad) on CFX384 Real-Time PCR System (Bio-Rad). All reactions were done in quadruplicate. All data were statistically analyzed

in Prism 7 with the build-in analysis methods.

RNA Sequencing of Reprogramming MEFs and NPCs
Total RNA of samples at the indicated times were used for sequencing. Sequencing libraries were generated using NEBNext�
UltraTM RNA Library Prep Kit for Illumina� (NEB #E7530L), according to the manufacturer’s instructions. A total amount of 2mg

RNA per sample was used as input material for library preparation. The library fragments were purified with QiaQuick PCR kits

(QIAGEN, 28106), quality-controlled by Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA) and quantified by

qPCR. Libraries were then sequenced using Illumina HiSeq 2500 platform and 150 bp paired-end (PE150) reads were generated.

Chromatin Immunoprecipitation
All ChIP experiments were performedwith EZ-ChIP Chromatin Immunoprecipitation kit (Millipore, 17-371), following the protocol pro-

vided with the kit with minor modifications. Briefly, day 0 or days 2 reprogramming cells (�1.0X107) in a 15-cm dish were crosslinked

with 0.55 mL of 37% formaldehyde to 20 mL of growth medium. 1 mL of 2.5 M glycine (20X) was added to quench the unreacted

formaldehyde. Cells in each 15-cm plate were collected and resuspended in 830 ml of lysis buffer. Genomic DNA was then sheared
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to a length of 100-500 bp on Covaris S220 Sonicator with optimized conditions. For Sox2 or Klf4 ChIP, 1.0X107 reprogramming cells

and 10 mg of antibodywere used for each experiment, and for H3K27acChIP, 5.0X106 reprogramming cells and 2 mg of antibodywere

used. Finally, DNA fragments were recovered with NucleoSpin Gel and PCRClean-up kit (MAGHEREY-NAGEL, 740609) and used for

either qPCR or library preparation. The primary antibodies used are as follows: anti-Sox2 (Millipore, AB5603), anti-Klf4 (R&D,

AF3158), and anti-H3K27ac (Abcam, ab4729).

Preparation of DNA Library for Sequencing
Sequencing libraries were generated with NEBNext� UltraTM II DNA Library Prep Kit for Illumina (E7645S), according to the man-

ufacturer’s instructions. Briefly, 4 ng of ChIP DNA and 40 ng of Input DNAwere used for library preparation. NEBNextMultiplex Oligos

for Illumina (Set 1, NEB #E7335; Set 2, NEB #E7500) were used for PCR amplification of adaptor-ligated DNA. Libraries were purified

with SPRIselect� Reagent Kit (Beckman Coulter, Inc. #B23317), quality-controlled by Bioanalyzer 2100 and quantified by qPCR.

Sequencing was performed on Illumina NextSeq 550AR using single end 50-bp reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analyses were performed in GraphPad Prism 7. Significance and the value of n were calculated with the indicatedmethods

in each figure legend. The data are presented as the mean ± SD *p < 0.05; **p < 0.01; ns, non-significant.

Alignment and Processing of RNA-Seq Data
Before alignment, low quality reads and those containing adaptor or poly-N were removed using FastQC. The remaining reads were

mapped to the assembly mm9 genome using the default parameters in STAR (2.5.1b) aligner.

Clustering of RNA-Seq Data
To clustering samples at different reprogramming time point, Manhattan method was used to find the distance and then hierarchical

clustering was applied using hclust.

Differentially Expressed Genes Analysis
Differentially expressed genes (DEGs) of two groups was performed using the DESeq2 R package (1.10.1). DESeq2 provides statis-

tical routines for determining differential expression from digital gene expression data using a model based on the negative binomial

distribution. The resulting p values were adjusted using the Benjamini and Hochberg’s approach to control the false discovery rate.

Genes with an adjusted p value < 0.05 found by DESeq2 were designated as differentially expressed.

Principal Component Analysis
Principal Components Analysis (PCA) was performed in R with R packages gmodels(2.16.2). Fast.prcomp was used for efficient

computation of principal components and singular value decompositions.

Ontology Annotation
Gene ontology (GO) enrichment of DEGs during reprogramming was calculated using the DAVID 6.8 functional annotation bioinfor-

matics tool (https://david.ncifcrf.gov). Terms that had a p value < 0.05 was defined as significantly enriched.

Correlation Analysis of SKM Samples
The correlation of all RNA sequencing data between MEF or NPC samples at different reprogramming times and was analyzed in R

using pheatmap(1.0.10). The correlation of 112 pluripotency-associated genes between reprogramming NPCs and MEFs were

analyzed using corrplot (0.84).

Alignment and Processing of ChIP-Seq Data
Alignment of the ChIP-seq reads was done using Bowtie2 with mouse genome build mm9, the result was then filtered by MAPQ

(0.1.19) scores with smtools to only keep reads with MAPQ larger than 10 (Langmead et al., 2009). To identify regions of ChIP-

Seq enrichment over background, peak callings were performed by MACS2 (2.1.0), using the corresponding input DNA as control

for each sample (Zhang et al., 2008). Default parameters in MACS were used. The number of reads per million mapped reads

(RPM) was calculated in each peak and the corresponding input control of that peak.

Motif Analysis
The fasta sequences for the peak regions called fromMACS were collected and used as input for the motif finding algorithmMEME-

Chip (maximum motif width = 30, assuming any number of motifs per sequence) (Machanick and Bailey, 2011).
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Peak Distribution Analysis
Genomic Regions Enrichment of Annotations Tool (GREAT) was used to analyze the peak distribution (McLean et al., 2010). For each

peak, we calculated the smallest distance between the peak and the nearby Transcription Start Site (TSS) of genes (negative distance

for peaks upstream of TSS). The distributions of distance for the peaks from different samples were compared. Bedtools was used to

intersect the peaks from Sox2 and Klf4 to identify the colocalized (Sox_Klf) peaks, Sox_solo, and Klf_solo peaks.

Comparison of Binding Profiles
Sox2, Klf4, and H3K27 acetylation ChIP-seq signals of the Sox_Klf, Sox_solo and Klf_solo peaks were analyzed and quantitatively

measured, sorted by the intensity of Sox2 in Sox_Klf and Sox_solo and by the intensity of Klf4 in Klf_solo. Ngsplots was used to create

the heatmap and average profile plot in Figures 6E and 6F around the center of three groups of peaks (Shen et al., 2014).

Sox2 Target Genes Analysis
Genes with the TSS within ± 5kb of the Sox_Klf, Sox_solo and Klf_solo peaks were identified. A Mann-Whitney U test was performed

to measure the statistical significance of the difference between the normalized reads of each group of genes.

Binding Profile Analysis
The enrichment of binding peaks of Sox2, Klf4 and H3K27 acetylation in pluripotency-associated regions was visualized in IGV

(2.4.10). ChIP-qPCR was further conducted for detection of Sox2 and Klf4 binding property from the first exon to the distal enhancer

of Oct4. Primers used for qPCR are listed in Table S2.

DATA AND CODE AVAILABILITY

The accession number for the RNA-seq data and ChIP-seq data reported in this paper is NCBI GEO: GSE98280
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