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Comprehensive profiling reveals mechanisms of 
SOX2-mediated cell fate specification in human ESCs and 
NPCs
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SOX2 is a key regulator of multiple types of stem cells, especially embryonic stem cells (ESCs) and neural progen-
itor cells (NPCs). Understanding the mechanism underlying the function of SOX2 is of great importance for realizing 
the full potential of ESCs and NPCs. Here, through genome-wide comparative studies, we show that SOX2 executes 
its distinct functions in human ESCs (hESCs) and hESC-derived NPCs (hNPCs) through cell type- and stage-depen-
dent transcription programs. Importantly, SOX2 suppresses non-neural lineages in hESCs and regulates neurogene-
sis from hNPCs by inhibiting canonical Wnt signaling. In hESCs, SOX2 achieves such inhibition by direct transcrip-
tional regulation of important Wnt signaling modulators, WLS and SFRP2. Moreover, SOX2 ensures pluripotent 
epigenetic landscapes via interacting with histone variant H2A.Z and recruiting polycomb repressor complex 2 to 
poise developmental genes in hESCs. Together, our results advance our understanding of the mechanism by which 
cell type-specific transcription factors control lineage-specific gene expression programs and specify cell fate. 
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Introduction

Cell type-specific master transcription factors play 
central roles in establishing and maintaining cell identi-
ty through directing specific gene regulatory networks. 
The same transcription factor may exert distinct roles in 
different cell types and at different developmental stages. 
However, how they regulate lineage-specific develop-
mental programs is not fully elucidated. As a unique 
pioneer factor, SOX2 exerts critical roles in embryonic 

stem cells (ESCs) and progenitors of multiple lineages, 
especially neural progenitor cells (NPCs) [1, 2]. To date, 
most studies on SOX2 were conducted in mouse cells 
or animal models. The role of SOX2 in human ESCs 
(hESCs) and human NPCs (hNPCs) is poorly defined; 
controversies remain regarding differentiated lineages 
after silencing SOX2 in hESCs [3, 4]. Recently, Wang 
et al. [5] reported that SOX2 knockdown (KD) caused a 
compensational increase in SOX3 expression and that si-
multaneous depletion of SOX2 and SOX3 led to primitive 
streak induction in hESCs. Also, SOX2 KD was reported 
to affect hNPCs proliferation and neurogenesis rather 
than apoptosis through a SOX2-Lin28/let7 pathway [6]. 
Apart from these studies, how SOX2 exerts cell type-de-
pendent roles in these two distinct and developmentally 
related cell types is largely unknown. Comparative stud-
ies of Sox2-binding motifs in mouse ESCs (mESCs) and 
mouse NPCs (mNPCs) have led to the identification of 
Pou3f2 as an mNPC-specific Pou family member that is 
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extensively colocalized with Sox2 [7]. However, a recent 
study challenges the functional association between the 
two factors in mNPCs [8]. Moreover, these studies main-
ly focused on the relationship between Sox2 and POU 
family proteins in mouse cells. The entire SOX2 protein 
interactome as well as the authentic targets that constitute 
the transcription programs underlying SOX2’s versatile 
functions remain to be identified, especially in hESCs 
and hNPCs.

The crosstalk between core pluripotency factors and 
key signaling pathways is important for the maintenance 
of self-renewal and pluripotency in hESCs. Canonical 
Wnt signaling is needed for self-renewal of mESCs as 
well as proliferation and neurogenesis of mNPCs [9, 10]. 
In contrast, reports concerning the role of canonical Wnt 
signaling in hESCs were controversial. Earlier studies 
showed that Wnt signaling facilitates hESCs self-renew-
al [11, 12], while recent studies demonstrated that Wnt 
signaling induces hESCs to differentiate [13], and that it 
functions downstream of BMP4 or by switching Smad2/3 
signaling in the TGFβ pathway from maintaining self-re-
newal to promoting lineage specification [14, 15]. The 
role of canonical Wnt signaling in hNPCs is less studied. 
Recently, Wnt signaling was reported to be dispensable 
for hNPC generation and proliferation; instead, it con-
tributes to the specification of the anterior and posterior 
identity [16], and hinders neuronal differentiation from 
hNPCs [17]. These findings suggest a difference in the 
role of Wnt signaling between human and mouse cells. 
On the other hand, although the relationship between 
SOX2 and Wnt signaling has been studied in various 
contexts, including neural development in animal models 
[18], few targets have been identified in mediating either 
positive or negative regulation between SOX2 and Wnt 
signaling. Till now, the relationship between SOX2 and 
Wnt signaling in hESCs and hNPCs remains elusive.

In addition, a growing body of evidence points to 
the influence of unique chromatin state on transcription 
programs in cell fate specification [19, 20]. Interesting-
ly, PRC2, responsible for the generation of repressive 
histone mark H3K27me3, and core pluripotency factors 
(OCT4, SOX2 and NANOG) were shown to co-occupy a 
significant proportion of developmental genes in hESCs 
[21], suggesting a link between the binding of pluripo-
tency factors and the deposition of H3K27me3. More-
over, histone variant H2A.Z was also shown to enrich at 
PRC2 target genes in ESCs and to function in organizing 
the pluripotent chromatin state [22, 24-26]. However, 
how pluripotency factors participate in the preservation 
of genomic plasticity and coordinate with chromatin 
regulators to repress developmentally poised genes in 
hESCs has not been clearly answered.

In this study, we conducted a comprehensive study of 
SOX2 in hESCs and their progenies along neural differ-
entiation. We compared SOX2 global binding profiles, 
SOX2-regulated genes and SOX2 protein interactome 
between hESCs and hNPCs, and performed functional 
assays to test several important regulatory activities. Our 
results clarify SOX2’s roles in hESCs at various stages 
during neural differentiation and provide mechanistic in-
sights into SOX2’s action. SOX2 controls distinct signal-
ing pathways and interacts with proteins associated with 
chromatin regulation, thus exerting the role of a master 
transcription factor in the specification of cell fates in 
multiple contexts. 

Results

Genome-wide DNA-binding characteristics of SOX2 in 
hESCs and hNPCs

To answer the question of how SOX2 could function 
in a cell type-specific manner, we first generated hNPCs 
from hESCs and conducted full characterization as pre-
viously described [27-29]. We then examined the global 
binding profiles of SOX2 and Pol II in the genetically 
identical hESCs and hNPCs by ChIP-seq. Altogether, 
17 992 and 67 021 highly confident SOX2-binding sites 
were detected in hESCs and hNPCs, respectively. The 
quality of our ChIP-seq data was verified by ChIP-qP-
CR examination of selected loci (Supplementary infor-
mation, Figure S1A). About 50% of the peaks in hESCs 
(8 744) overlapped with those in hNPCs (Figure 1A). 
The promoter proximal sites only accounted for less than 
10% of total peaks, and the majority of SOX2 peaks lo-
cated in promoter distal sites in both cell types (Figure 
1B).

We next compiled our SOX2 ChIP-seq data and Pol 
II ChIP-seq data as well as published ChIP-seq data 
of histone modifications in hESCs and hNPCs [30], 
and classified SOX2-bound sites into promoter peaks 
and enhancer peaks, which were further categorized 
into active, poised and repressed peaks. The number 
of repressed promoter peaks marked by H3K4me3–/
H3K27me+ was very small; therefore, the promoter 
and enhancer peaks were divided into 4 categories: 
A, poised promoter by H3K4me3+/H3K27me3+; B, 
active promoter by H3K4me3+/H3K27me3–; C, active 
enhancer by H3K4me1+/H3K27ac+; D, poised enhancer 
by H3K4me1+/H3K27ac– and H3K4me1+/H3K27me3+ 
(Figure 1C).

Promoter-bound genes (PBGs) are presumably di-
rectly activated or repressed by transcription factors and 
over 85% of SOX2 PBGs were marked by active histone 
modifications in both hESCs and hNPCs, indicating a 
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positive role for promoter binding by SOX2. Amongst 
the active hESC-PBGs, 84% of them overlapped with 
those in hNPCs (Supplementary information, Figure 

S1B). Gene Ontology (GO) analyses revealed that these 
common PBGs, including MED12, MCM4 and HDAC2 
(Supplementary information, Figure S1C), participate in 

Figure 1 SOX2-binding sites in hESCs and hNPCs characterized by ChIP-seq data of SOX2, Pol II and major histone modifi-
cations. (A) Heatmap of SOX2 and Pol II enrichments in hESCs and hNPCs centered on peaks of enrichment and extended 
5 kb in each direction. Numbers of common and specific peaks are indicated. (B) The genomic distribution of SOX2 peaks 
in hESCs and hNPCs. (C) Heatmaps depicting Pol II, H3K4me3, H3K4me1, H3K27me3 and H3K27ac at regions spanning 
all SOX2-binding sites (± 5 kb) in hESCs and hNPCs. SOX2 peaks are divided into 4 categories (A, poised promoter by 
H3K4me3+/H3K27me3+; B, active promoter by H3K4me3+/H3K27me3–; C, active enhancer by H3K4me1+/H3K27ac+; D, 
poised enhancer by H3K4me1+/H3K27ac– and H3K4me1+/H3K27me3+). Numbers of peaks in each category are indicated. 
(D, E) GO analyses of active promoter-bound genes (D) and poised enhancer-bound genes (E) in hESCs and hNPCs. Benja-
mini-Hochberg method is applied to adjust the P-values in order to account for multiple testing. Enrichment levels of selected 
GO terms are marked by −log2(q-value). Missing values are shown as black. (F) Integrative Genomics Viewer screenshots 
showing the hESC-specific SOX2 peak on CDX2 enhancer and the SOX2 peak on FOXA2 enhancer in both hESCs and hN-
PCs.
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fundamental biological processes such as cell prolifera-
tion, cell cycle, regulation of transcription and translation 
that safeguard self-renewal and stem cell maintenance 
(Figure 1D). Moreover, SOX2 PBGs common in hESCs 
and hNPCs are also involved in mRNA metabolic pro-
cesses, RNA splicing and chromatin organization (Figure 
1D). The remaining hESC-specific PBGs (16%) included 
genes in the Activin/Nodal pathway known to be import-
ant for hESCs self-renewal, while cell projection and 
cytoskeleton organization were significantly overrepre-
sented in the remaining hNPC-specific PBGs, reflecting 
the cell type-specific functions of SOX2 (Figure 1D).

In contrast to the high percentage of active promoters, 
different portions of enhancer-bound peaks were poised 
in hESCs (74%) and hNPCs (33%) (Figure 1C). Since 
tissue-specific transcription factors usually bind to en-
hancers to poise developmental genes [31], we focused 
on SOX2-bound poised enhancers. Only 5.5% of poised 
enhancer peaks and 38% of poised enhancer-bound 
genes (EBGs) in hESCs overlapped with those in hNPCs 
(Supplementary information, Figure S1B), suggesting the 
cell type-specific utilization of enhancers and different 
developmental programs controlled by SOX2 through 
enhancer binding. Both common and cell type-specific 
EBGs showed significant enrichment of terms such as 
neuron differentiation and central nervous system (CNS) 
development (Figure 1E), probably reflecting SOX2’s 
role as a master regulator in priming neural lineage dif-
ferentiation from hESCs and CNS development from 
hNPCs onward. However, common EBGs were also as-
sociated with non-neural lineage differentiation, especial-
ly mesoderm- and endoderm-derived organogenesis such 
as cardiovascular system development, skeletal system 
development and the Wnt signaling pathway (Figure 1E). 
In addition, SOX2 might reinforce the control of these 
developmental processes through the remaining 62% 
hESC-specific EBGs, while hNPC-specific EBGs were 
largely confined to the development of CNS (Figure 1E), 
indicating a restriction in the scope of regulation from 
pluripotency to multipotency. Examples of specific and 
common EBGs included CDX2 and FOXA2 (Figure 1F), 
master regulators of the trophectoderm and endoderm, 
respectively.

Collectively, comparative analysis of SOX2-binding 
profiles combined with epigenetic landscapes reveals that 
SOX2 controls self-renewal and developmental potential 
through promoter binding and enhancer binding, respec-
tively. Fundamental self-renewal-related processes are 
positively regulated through a large group of common 
PBGs, while developmental potential is poised by SOX2 
through common and cell type-specific EBGs, emphasiz-
ing the role of enhancers in cell fate determination.

SOX2 occupies a poised proneural transcription pro-
gram in hESCs 

Despite the well-established role of SOX2 as a master 
regulator of neural development, so far, few genes have 
been identified as SOX2’s authentic targets in promot-
ing neural differentiation. Since CNS development was 
among the most significantly enriched terms in SOX2 
EBGs for hESCs, we hypothesized that SOX2 may oc-
cupy a group of proneural genes, which are inactive in 
hESCs and can be switched on in response to neural in-
duction cues through changes in chromatin landscapes. 
In search for these proneural genes, we compared his-
tone modification turnover between hESCs and hNPCs 
and found 640 genes that switched from being poised 
to being active, including both PBGs and EBGs (Fig-
ure 2A and 2B). GO enrichment analysis indicated that 
the function of these genes was closely associated with 
CNS development (Figure 2C). Notch signaling ligand 
DLL1 and downstream bHLH factor HES5 were among 
these genes (Figure 2D). Time course ChIP-qPCR results 
showed that SOX2 bound promoters of DLL1 and HES5 
in hESCs with increasing intensity along neural differ-
entiation (Figure 2E). In addition, SOX2 began to bind 
promoters of Notch ligand JAG1 and downstream bHLH 
factor HES3, but not HES1, as soon as neural differen-
tiation initiated on day 6 (Figure 2E). Notably, the peak 
expression of these Notch pathway components coincid-
ed with SOX2 binding on day 6 of neural differentiation 
(Figure 2F). In hNPCs, SOX2 continued to bind to these 
promoters (Figure 2E) and SOX2 KD led to a decrease in 
the expression of these Notch pathway components (Fig-
ure 2G). These findings place SOX2 upstream of Notch 
signaling during neural differentiation and the mainte-
nance of hNPCs, revealing a previously underappreciat-
ed regulation of the Notch pathway by SOX2 at various 
stages of neural development. Together, our analyses 
identify a group of potential proneural targets of SOX2, 
which may allow SOX2 to function as a master regulator 
of neural development.

SOX2 safeguards stemness and directs specific develop-
mental paths in hESCs and hNPCs through controlling 
distinct transcription programs

To uncover the functional targets of SOX2, we exam-
ined the global transcriptome in SOX2-depleted hESCs 
and hNPCs using RNA-seq. First, we verified the com-
pensation effect of SOX3 on SOX2 depletion reported 
by Wang et al. [5] in two lines of hESCs, H9 [32] and 
SHhES2 [33] (Supplementary information, Figure S2A 
and S2B). Such compensation effect was not seen in hN-
PCs (Supplementary information, Figure S2C and S2D). 
Two sets of siRNA oligos targeting both SOX2 and SOX3 
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Figure 2 SOX2 promotes differentiation toward neural lineage through occupying proneural targets in hESCs. (A) A heatmap 
showing epigenetic activation of a group of promoters and enhancers. Loss of H3K27me3 and gain of H3K27ac indicate a 
switch from poised to active promoters (left panel) and enhancers (right panel). A cluster of important neural development 
genes nearest to these peaks is listed. (B) A chart showing histone modification turnover of SOX2’s promoter-bound genes 
and enhance-bound genes in hESCs to hNPCs. Repressed and unmarked histone modifications are defined as inactive 
ones. (C) GO analysis of genes from A whose promoter or enhancer switches from the poised state to active state. Ben-
jamini-Hochberg method is applied to adjust the P-values in order to account for multiple testing. Enrichment levels of se-
lected GO terms are marked by −log2(q-value). (D) Integrative Genomics Viewer screenshots showing the density of SOX2, 
H3K4me3 and H3K27me3 on promoters of HES5 and DLL1 in hESCs and hNPCs. (E) ChIP-qPCR results of SOX2 enrich-
ments at regulatory elements of Notch pathway components during neural differentiation at day 0 (hESCs), day 6 and day 25 
(hNPCs). (F) Expression patterns of Notch pathway components during neural differentiation from day 0 (hESCs) to day 10. 
PAX6, SOX1 and OCT4 are used as controls. Scale bar represents log2 of expression levels. (G) RT-qPCR results for Notch 
pathway components and proneuronal genes upon SOX2 KD in hNPCs. NT, non-targeting control; si2-1 and si2-2 are two 
siRNA oligos targeting SOX2.
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(si2/3-1 and si2/3-2) were used to KD SOX2 in hESCs 
and two sets of siRNA oligos targeting SOX2 (si2-1 and 

si2-2) were used in hNPCs. Analyses of RNA-seq data 
identified around 4 000 altered genes for each oligo set in 

Figure 3 SOX2 ensures self-renewal and differentiation potential of hESCs and hNPCs through dynamic control of distinct 
transcriptional programs. (A) GO analyses of common and specific features of downregulated genes in hESCs and hN-
PCs. si2/3-1 and si2/3-2 are two sets of oligos used for SOX2/3 KD in hESCs; si2-1 and si2-2 are for SOX2 KD in hNPCs. 
Cells were collected on day 3 of KD for RNA-seq. Analysis was done using genes altered by both sets of oligos in each cell 
type. Benjamini-Hochberg method is used to adjust the P-values in order to account for multiple testing. Enrichment levels 
of selected GO terms are marked by −log2(q-value). Missing values are marked in black. (B) Integrative Genomics Viewer 
screenshots showing SOX2 peaks on the active promoters of SEPHS1 and AMD1. (C) GO analyses of common and spe-
cific features of upregulated genes in hESCs and hNPCs. Benjamini-Hochberg method is applied to adjust the P-values in 
order to account for multiple testing. Enrichment levels of selected GO terms are marked by −log2(q-value). Missing values 
are marked in black. (D) An illustrative diagram showing SOX2-regulated cell type- and stage-dependent transcriptional pro-
grams: a, common in both cell types to safeguard the stem cell identity; b, proneural differentiation in hESCs; c, inhibition of 
non-neural lineages in hESCs; d, regulation of neurogenesis in hNPCs. 
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hESCs and 900 in hNPCs. Altogether 1 323 direct func-
tional targets of SOX2 in hESCs and 295 in hNPCs were 
detected by combining results of ChIP-seq and RNA-seq.

Downregulated genes in both cell types were enriched 
in cell proliferation, an important aspect of self-renewal 
(Figure 3A). Indeed, SOX2/3 KD in hESCs and SOX2 
KD in hNPCs both led to a decrease in the expression of 
stemness markers (Supplementary information, Figure 
S2B and S2D) and a drastic decrease in the cell num-
ber as a result of increased apoptosis and proliferation 
defects (Supplementary information, Figure S2E-S2K), 
indicating impaired self-renewal abilities in both cell 
types. In addition, two critical pathways for self-renewal 
in NPCs, Notch and FGF/MAPK, were specifically over-
represented in hNPC downregulated genes (Figure 3A). 
The finding was further verified by decreased expression 
of core Notch components and phosphorylated ERK1/2 
(Figure 2G and Supplementary information, Figure S2E). 
Moreover, analysis of hNPC downregulated genes also 
indicated impaired differentiation potential toward neu-
rons and glia (Figure 3A). Interestingly, hESC-specific 
downregulated genes were highly enriched in ion/cation 
transport and metabolism (Figure 3A). Metabolism was 
recently proved to be a critical aspect of the unique en-
ergetic and biosynthetic programs associated with ESCs’ 
self-renewal [34, 35]. Indeed, many actively expressed 
metabolic genes with reported or unknown roles in ESC 
maintenance were targeted by SOX2. For example, 
AMD1 encodes a critical enzyme for polyamine biosyn-
thesis and was reported to be required for mESC self-re-
newal, while SEPHS1 is a shared signature gene of hu-
man mature oocytes and ESCs, although its role in hESC 
maintenance is unknown [36, 37] (Figure 3B). These 
results indicate a potential role of SOX2 in positively 
regulating hESC-specific metabolic pathways essential 
for the maintenance of hESC self-renewal.

On the other hand, analyses of upregulated genes in 
hESCs and hNPCs revealed that SOX2 might control 
differentiation potential in a cell type- and differentiation 
stage-dependent manner. Although common and cell 
type-specific EBGs were involved in the development 
of all three germ layers in both cell types (Figure 1E), 
only upregulation of genes associated with mesoderm- 
and endoderm-derived organogenesis such as the skeletal 
system, heart and kidney was seen upon SOX2 depletion 
(Figure 3C). Such induction was significantly more in-
tense in hESCs than in hNPCs (Figure 3C), consistent 
with our RT-qPCR examination of lineage markers in 
hESCs (Supplementary information, Figure S2B). These 
results reinforce the notion that SOX2 directly represses 
a specific non-neural differentiation program in hESCs, 
while its function becomes restricted to CNS develop-

ment from NPCs onward. Intriguingly, genes in the Wnt 
signaling pathway are upregulated in both hESCs and 
hNPCs (Figure 3C), demonstrating a repressive role of 
SOX2 in regulating Wnt signaling.

Collectively, we have identified SOX2-regulated 
direct targets in hESCs and hNPCs for safeguarding 
self-renewal characteristics and differentiation potentials. 
Our integrative analyses for ChIP-seq and RNA-seq data 
reveal that SOX2 may control at least the following four 
cell type- and differentiation stage-dependent transcrip-
tion programs: (a) a common program safeguarding the 
self-renewal of hESCs and hNPCs; (b) a proneural pro-
gram in hESCs; (c) a hESC-specific non-neural differen-
tiation program, and (d) a CNS differentiation program 
in hNPCs (Figure 3D). The direct and functional targets 
associated with these programs most likely contribute to 
the function of SOX2 in hESCs and hNPCs.

SOX2 represses non-neural lineage differentiation 
through inhibition of canonical Wnt signaling in hESCs

To examine how regulation of Wnt signaling by SOX2 
contributes to its dynamic functions in both hESCs and 
hNPCs, we determined the role of Wnt signaling in the 
repression of non-neural lineages by SOX2 in hESCs. 
First, significantly increased levels of β-catenin and 
p-LRP6 proteins indicated an increase in the canonical 
Wnt pathway activity as soon as 48 h post SOX2/3 KD 
(Figure 4A and 4B). The marked increase in the nuclear 
β-catenin level, TOP/FOP luciferase reporter activity 
and mRNA levels of various Wnt ligands, receptors and 
downstream targets further support the notion (Figure 
4C-4E). Second, forced activation of Wnt signaling by 
either GSK3β inhibitor ChIR99021 or increasing dos-
ages of Wnt3A for 48 h mimicked SOX2/3 KD pheno-
types in differentiation toward non-neural lineages and 
down-regulation of the pluripotency markers (Figure 4F 
and 4G, Supplementary information, Figure S3A). It is 
worth noting that BMP signaling was also elevated after 
SOX2/3 KD as shown by increased p-SMAD1/5 levels 
(Supplementary information, Figure S3B). However, a 
time course analysis showed that the BMP4 treatment 
failed to induce significant increases of endoderm mark-
ers FOXA2 and GATA4. The treatment only induced a 
transient and weak increase in the expression of mesen-
doderm markers WNT3, MIXL1 and a strong increase in 
the level of EOMEs, which quickly dropped after 24 h. 
In contrast, trophectoderm markers continued to increase 
after BMP4 treatment for 24 h (Supplementary informa-
tion, Figure S3A). These results indicate that the devel-
opmental path induced by BMP4 signaling is different 
from that induced by Wnt signaling or SOX2/3 KD in 
hESCs. Third, canonical Wnt pathway inhibitor IWR1-e 
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but not BMP inhibitor Noggin significantly abrogated the 
increase in the expression of almost all lineage markers 
caused by SOX2/3 KD and restored the morphology of 

hESCs (Figure 4H-4J, Supplementary information, Fig-
ure S3C), indicating that the activation of Wnt signaling 
was primarily responsible for these changes and is not 

Figure 4 SOX2 KD leads to enhanced non-neural lineage differentiation in hESCs due to activation of canonical Wnt signal-
ing. (A) Western blot results of p-LRP6, LRP6, total β-catenin in H9 hESCs after SOX2/3 KD for 2 and 3 days with or without 
IWR1-e (10 μM). (B) Quantification of total β-catenin proteins on day 2 of SOX2/3 KD in hESCs shown in A by densitometry. 
(C) Western blot results of β-catenin, p-LRP6 and LRP6 in cytoplasm and nuclear extracts of hESCs on day 2 of SOX2/3 
KD. OCT4 and GAPDH are loading controls for nuclear and cytoplasmic proteins, respectively. (D) Results of the 8× TOP/
FOP luciferase reporter assay in hESCs on day 2 of SOX2/3 KD with or without IWR1-e (10 μM). (E) RT-qPCR results of 
Wnt pathway components in hESCs on day 3 of SOX2/3 KD. (F, G) RT-qPCR results of germ layer markers and Wnt targets 
(F) as well as pluripotency markers (G) on day 3 of ChIR99021 treatment (3 μM). (H-K) RT-qPCR results of mesoderm and 
trophectoderm markers (H), endoderm markers (I), EMT markers (J) and pluripotency markers (K) on day 3 of SOX2/3 KD in 
hESCs in the presence of vehicle, or noggin (200 ng/ml) or IWR1-e (10 μM).
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downstream of BMP signaling. These results were re-
producible with two additional Wnt pathway inhibitors 
(IWP2 and DKK1) and in two lines of hESCs (H9 and 
SHhES2) (Supplementary information, Figure S3D and 
S3E).

Interestingly, defects in proliferation and the increased 
apoptosis following SOX2/3 KD were not rescued by 
IWR1-e (Supplementary information, Figure S2H), 
neither was the expression of SOX2, SOX3, OCT4 and 
NANOG (Figure 4A and 4K), suggesting that SOX2 
might protect self-renewal of hESCs through both Wnt 

signaling-dependent and Wnt signaling-independent 
mechanisms. Since studies in mESCs have suggested 
that Sox2 governs pluripotency mainly through transcrip-
tional regulation of Oct4 [38] and that OCT4 was report-
ed to repress Wnt signaling in hESCs [13], we examined 
whether SOX2 inhibited Wnt signaling through OCT4. 
Our results showed that activation of the Wnt pathway 
took place on day 2 post SOX2/3 KD (Figure 4A), while 
the decrease in OCT4 levels and the most distinct differ-
entiation phenotype occurred on day 3 (Supplementary 
information, Figure S3C, S3F and S3G). Therefore, it is 

Figure 5 SOX2 KD leads to impaired neuronal differentiation due to the increased activity of canonical Wnt signaling and 
reduced expression of pro-neuronal genes. (A) Western blot for p-LRP6, LRP6 and active caspase3 on day 3 of neuronal dif-
ferentiation from hNPCs. SOX2 KD was conducted on day 1. ChIR99021 (3 μM) was used as a positive control. (B) RT-qPCR 
results of WNT pathway genes (left panel), and neuronal markers (right panel) on day 3 of SOX2 KD under neuronal differen-
tiation conditions in the presence of DMSO, or IWR-1e (10 μM), or ChIR99021 (3 μM). The values in the control (siNT+DMSO) 
are set as 1. Statistical analyses are made by comparing control and experiment groups. (C) Immunostaining of MAP2, TUJ1 
and DCX upon ChIR99021 treatment or SOX2 KD under neuronal differentiation conditions. SOX2 KD was carried out in the 
beginning of neuronal differentiation (day 1). IWR1-e and ChIR99021 were added from day 2 to day 7. Immunostaining was 
performed on day 7. (D) RT-qPCR results of pro-neuronal genes (NEUROD1 and NEUROG1) under the conditions in B. (E) 
ChIP-qPCR results of SOX2 enrichments at promoters of NEUROD1 and NEUROG1 in hESCs and hNPCs.
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unlikely that SOX2 inhibits the Wnt signaling pathway 
through regulating OCT4 levels.

Taken together, these results illustrate how a core plu-
ripotency factor suppresses alternative lineages to prime 
differentiation toward its preferred direction. In this case, 
SOX2 suppresses non-neural lineages via the control of 
canonical Wnt signaling, thus acting as a neural master 
regulator. More importantly, such inhibition is not depen-
dent on the level of OCT4, suggesting a unique role of 
SOX2 in hESCs.

SOX2 inhibits canonical Wnt signaling and activates 
pro-neuronal genes for the initiation of neuronal differ-
entiation in hNPCs

We next examined the role of canonical Wnt signaling 
in SOX2 KD-caused impairment of differentiation po-
tential in hNPCs. An increase in canonical Wnt signaling 
activity was detected upon SOX2 KD under neuronal 
differentiation conditions. Protein levels of p-LRP6, to-
tal LRP6 and β-catenin as well as mRNA levels of Wnt 
downstream targets AXIN2, LEF1 and NKD1 quickly 
increased to the levels comparable to those under condi-
tions of Wnt signaling activation by ChIR99021 (Figure 
5A and 5B). In addition, ChIR99021 treatment mim-
icked SOX2 KD in reducing expression of pan-neuronal 
markers TUBB3, MAP2, DCX and ASCL1 (Figure 5B). 
Conversely, inhibition of Wnt signaling by IWR1-e not 
only attenuated the SOX2 KD-mediated increase in Wnt 
signaling activity, but also restored the expression of 
ASCL1 and TUBB3 significantly (Figure 5B). Moreover, 
in line with the gene expression patterns, SOX2 KD and 
ChIR99021 treatment both impaired neuronal differentia-
tion, especially cellular projection as shown by immunos-
taining of DCX, MAP2 and TUJ1 (encoded by TUBB3) 
(Figure 5C). These results indicate that enhanced ca-
nonical Wnt signaling may be partially responsible for 
neuronal differentiation defects induced by SOX2 KD 
and that canonical Wnt signaling needs to be silenced 
when neuronal differentiation begins in hNPCs. The 
inhibitory role of canonical Wnt signaling in neuronal 
differentiation in hNPCs is in agreement with the finding 
by Bengoa et al. [17], but is in contrast to the inductive 
role of Wnt signaling in mouse adult neurogenesis [10], 
possibly reflecting a species-specific function of the path-
way in neuronal differentiation. However, the reduced 
cell number due to massive cell death, as indicated by 
increased levels of active caspase3 (Figure 5A), was only 
seen after SOX2 KD but not after ChIR99021 treatment, 
suggesting the presence of additional mechanism under-
lying SOX2’s role in supporting cell survival during neu-
ronal differentiation. We found that ChIR99021 failed to 
mimic SOX2 KD in downregulating pro-neuronal genes 

NEUROD1 and NEUROG1 (Figure 5D). ChIP-qPCR re-
sults revealed that SOX2 directly bound NEUROD1 and 
NEUROG1 promoters in hNPCs (Figure 5E). Therefore, 
SOX2 may directly control neuronal differentiation of 
hNPCs through both Wnt signaling-dependent and Wnt 
signaling-independent mechanisms.

SOX2 inhibits the Wnt pathway by transcriptional con-
trol of Wnt modulators SFRP2 and WLS in hESCs

To pinpoint the molecular mechanism by which SOX2 
represses the Wnt pathway, we searched for SOX2’s 
direct targets that regulate the Wnt pathway. This led 
to the identification of two Wnt signaling modulators, 
SFRP2 and WLS, whose promoter regions are occupied 
by SOX2 in both hESCs and hNPCs (Figure 6A). SFRP2 
belongs to the SFRP family of Wnt antagonists [39], 
while WLS is a Wnt-trafficking protein responsible for 
transporting Wnt proteins to the cell membrane for sub-
sequent release [40]. The mRNA levels and protein levels 
of SFRP2 and WLS changed quickly upon SOX2/3 KD 
in hESCs, with SFRP2 decreasing on day 1 and WLS 
increasing on day 2 (Figure 6B and 6C). The increase in 
the WLS level was the most significant among all Wnt 
pathway components examined after SOX2/3 KD (Figure 
6B). In addition, IWR1-e abrogated the effect of SOX2/3 
KD on the expression of WLS but not SFRP2 (Figure 
6C), suggesting that WLS, but not SFRP2, was also 
subject to the regulation of Wnt signaling. On the other 
hand, SOX2 KD in hNPCs reduced the expression of 
SFRP2 but did not affect the expression of WLS (Supple-
mentary information, Figure S4A). These results suggest 
a direct transcriptional control of SFRP2 in both hESCs 
and hNPCs and a hESCs-specific functional control of 
WLS. ChIP-qPCR verified the existence of a SOX2 peak 
on the SFRP2 promoter and two SOX2 peaks on the WLS 
promoter (Supplementary information, Figure S4B and 
S4C), which are 1 kb apart and henceforth named WLS-
1 and WLS-2 (Figure 6A).

We next sought to compare the contribution of 
SFRP2 and WLS in SOX2/3 KD-caused differentiation 
of hESCs. First, we clarified the relationship between 
SFRP2 and the Wnt pathway in hESCs, since SFRP2 
was reported to be an agonist of the Wnt pathway under 
certain conditions [41, 42]. Inhibition of SFRP2 by either 
siRNA or a neutralizing antibody markedly enhanced 
WNT3A-caused upregulation of mesendoderm markers 
(Supplementary information, Figure S4D and S4E), in-
dicating an antagonistic role of SFRP2 in Wnt signaling 
in hESCs. Second, we investigated their rescue effect 
upon SOX2/3 KD in hESCs. WLS KD more effectively 
repressed the upregulation of markers caused by SOX2/3 
KD, including SNAI2, TWIST1, CDX2, EOMES, GATA4 
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Figure 6 WLS and SFRP2 are major transcriptional targets of SOX2, and mediate SOX2’s function in the control of Wnt sig-
naling in hESCs. (A) Integrative Genomics Viewer screenshots showing common SOX2 peaks on the promoters of SFRP2 
and WLS in hESCs and hNPCs. Two WLS peaks are named WLS-1 and WLS-2. (B) RT-qPCR results of SFRP2 and WLS 
along with other Wnt pathway components at day 1, 2 and 3 after SOX2/3 KD in hESCs. (C) Western blot results of SFRP2 
and WLS at day 1 and day 2 after SOX2/3 KD in hESCs with or without IWR1-e (10 μM). (D) Morphology of H9 hESCs infect-
ed with lentiviral shRNA (shNT or shWLS) in combination with NT οr SOX2/3 KD using siRNA (siNT or si2/3-1). Recombinant 
SFRP2 was supplemented at 200 ng/ml. (E) RT-qPCR results of germ layer markers and Wnt signaling components in cells 
from D. Statistical analysis is performed as follows: the 3 rescue approaches within the si2/3-1 group are compared with the 
rescue effect of the vehicle (shNT+vehicle); the shNT+vehicle in si2/3-1 group is compared with the shNT+vehivle in the siNT 
group, whose values are set as 1.
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and LEF1, while recombinant SFRP2 partially rescued 
the cell morphology and mitigated the increase of many 
mesoderm and endoderm markers such as T, FOXA2, 
Wnt10B and MSX1 (Figure 6D and 6E). Notably, the 
combination of SFRP2 supplementation and WLS KD 
significantly rescued SOX2/3 KD phenotypes in both cell 
morphology and marker gene expression. These findings 
were reproducible with two sets of siRNAs targeting 
SOX2/3 and two shRNAs targeting WLS (Supplementary 
information, Figure S4F). Thus, we conclude that SFRP2 
and WLS are two major downstream targets of SOX2 
and they mediate SOX2’s inhibitory function in non-neu-
ral lineage specification in hESCs.

SOX2 poises developmental genes together with H2A.Z 
and PRC2 in hESCs

To deepen our understanding of mechanisms underly-
ing SOX2’s function and particularly address the ques-
tion of how SOX2 poises the expression of developmen-
tal genes such as WLS, we performed immunoprecipita-
tion of endogenous SOX2-containing protein complexes 
in both hESCs and hNPCs, and mass spectrometric 
analyses. Altogether, we detected 68 and 191 potential 
SOX2-interacting partners in hESCs and hNPCs, respec-
tively (Figure 7A and Supplementary information, Tables 
S1 and S2). Twenty-eight proteins were shared between 
the two cell types, and many of them are important splic-
ing factors, including pre-mRNA splicing factor PRPF8 
and several heterogeneous nuclear ribonucleoproteins 
(HnRNPs) (Supplementary information, Table S1 and 
S2), which were also identified in another SOX2 interac-
tome study in human glioma [43]. Moreover, many RNA 
helicases were identified as SOX2 partners in hNPCs 
(Figure 7A). Furthermore, we detected important chro-
matin regulators such as BPTF, SIRT6 and HIRP3 (Sup-
plementary information, Tables S1 and S2). Strikingly, 
many histone variants were identified, including H2A.Z. 

Our SOX2 protein interactome reveals important as-
pects of SOX2’s participation in the regulation of gene 
expression programs, cell proliferation and survival. In 
this study we chose to focus on the interaction between 
SOX2 and H2A.Z in hESCs, since both were reported 
to co-localize extensively with PRC2 on developmental 
genes. Specific interaction between endogenous SOX2 
and H2A.Z was validated by reciprocal co-immuno-
precipitation assays (Figure 7B). In addition, we found 
that H2A.Z but not SOX2 interacted with PRC2 com-
ponents EZH2, JARID2 and SUZ12 in hESCs (Figure 
7B). To learn how the interaction between SOX2 and 
H2A.Z might affect the outcome of gene transcription, 
we examined whether H2A.Z would be enriched on the 
SOX2 targets and whether SOX2/3 KD would affect the 

occupancy of H2A.Z on these sites. ChIP-qPCR detected 
a selective enrichment of H2A.Z on WLS-2, but not on 
WLS-1, and the enrichment decreased upon SOX2/3 KD 
(Figure 7C). Moreover, H2A.Z and SOX2 co-localized 
on the promoter of another SOX2 target Wnt5B and the 
H2A.Z occupancy was dependent on the expression 
of SOX2 (Figure 7C and Supplementary information, 
Figure S5A). Thus, sequence-specific SOX2 binding to 
developmental genes probably occurs prior to H2A.Z in-
corporation into chromatin.

Given the interaction and co-occupancy between H2A.
Z and PRC2, we anticipated that SOX2/3 KD could also 
affect recruitment of PRC2 to the SOX2-H2A.Z-occupy-
ing developmental genes. Indeed, SOX2/3 KD reduced 
the recruitment of EZH2 to the SOX2-H2A.Z co-occu-
pied sites within the promoters of WLS and Wnt5B (Figure 
7D), with a concomitant drastic decrease in the enrich-
ment of the repressive histone marker H3K27me3 and a 
significantly elevated ratio of H3K4me3/H3K27me3 on 
their originally bivalently modified promoters (Figure 
7E and 7F, Supplementary information, Figure S5B and 
S5C). In contrast, histone acetylation levels were low and 
unaffected at these sites. Notably, such reconstruction of 
the epigenetic signature on the WLS promoter following 
SOX2/3 KD was not confined to the WLS-2 site, but ex-
tended to the adjacent WLS-1 site (Supplementary infor-
mation, Figure S5D and S5E). For a negative control, the 
SFRP2 promoter was solely occupied by H3K4me3 and 
unaffected by SOX2/3 KD (Supplementary information, 
Figure S5F).

To investigate the relationship between SOX2 and 
H2A.Z on a genome-wide scale, we integrated a pub-
lished H2A.Z ChIP-seq data in hESCs [26] with our 
SOX2 ChIP-seq data, and found that 12% of SOX2-
bound sites showed significant enrichment of H2A.Z 
(Figure 7G). Comparing with other SOX2-binding sites, 
these sites were preferentially localized in promoter 
regions (Figure 7H). Of all the co-occupied genes, 156 
genes were downregulated and 205 were upregulated 
upon SOX2/3 KD. The upregulated genes, including 
WLS, were involved in important developmental pro-
cesses such as brain, muscle and cardiovascular system 
development (Figure 7I), while the biological functions 
of the downregulated genes were not enriched in any 
specific biological processes. A close inspection of ChIP-
seq data revealed co-localization of SOX2 and H2A.Z on 
WLS-2 but not WLS-1 (Figure 7J) and the co-localized 
region was bivalently modified by both H3K4me3 and 
H3K27me3, supporting the finding in our ChIP-qPCR 
assays. Such co-localization was also seen on other im-
portant developmental genes such as PPP1R9B, GAS7, 
ATP6V1B1 and EYA1 (Supplementary information, Fig-
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Figure 7 SOX2 interacts with H2A.Z to recruit PRC2 and poise developmental genes in hESCs. (A) SOX2 protein partners in 
hESCs and hNPCs are classified into 10 categories. Protein partners common in the two cell types or specific to one of the 
cell types are shown. (B) Co-immunoprecipitation results of the interaction between H2A.Z, SOX2 and PRC2 components 
(EZH2, JARID2 and SUZ12) in hESCs. IB, immunoblotting; HC, immunoglobulin heavy chain. (C, D) ChIP-qPCR for H2A.Z (C) 
and EZH2 (D) binding at promoters of WLS and WNT5B in NT and SOX2/3 KD H9 hESCs. (E, F) ChIP-qPCR analysis of his-
tone modification enrichments (E) and the ratio of H3K4me3/H3K27me3 at the WLS-2 site (F) in NT and SOX2/3 KD hESCs. 
(G) A Venn diagram showing the overlap between target regions of SOX2 and H2A.Z in hESCs. Numbers of indicated peaks 
and altered genes upon SOX2/3 KD are shown. (H) The genomic distribution of SOX2 alone sites and SOX2-H2A.Z co-local-
ized sites. (I) GO analysis of common targets of SOX2 and H2A.Z that are upregulated upon SOX2/3 KD in hESCs. Benja-
mini-Hochberg method is applied to adjust the P-values in order to account for multiple testing. Enrichment levels of selected 
GO terms are marked by −log2(q-value). (J) Integrative Genomics Viewer screenshots showing enrichments of H3K4me3, 
H3K27me3, H2A.Z and SOX2 on the promoter of WLS.
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ure S5G). Based on these data we suggest that SOX2 
exerts its regulatory function by recruiting PRC2 through 
H2A.Z as an intermediary.

Conserved and divergent transcription programs gov-
erned by SOX2 in human and mouse

We next used published Sox2 ChIP-seq data from 
mESCs and mNPCs [7] and data generated from hESCs 
and hNPCs in this study to compare the regulatory net-
work of SOX2 between mouse and human and found 
some species-specific features. For example, common 
SOX2 PBGs for hESCs and hNPCs were most signifi-
cantly enriched in RNA metabolic processes, RNA splic-
ing as well as chromatin organization (Figure 1D). Ex-
amples of such common PBGs included many HNRNPs, 
known to affect various aspects of mRNA processing 
such as alternative splicing, metabolism and mRNA 
transport, and chromatin regulators such as HELLS (Fig-
ure 8A). Our SOX2 protein interactome in hESCs and 
hNPCs further supported the participation of SOX2 in 
RNA splicing and chromatin organization in both hESCs 
and hNPCs. In contrast, the study in mouse cells found 
RNA splicing to be a mNPC-specific feature of Sox2 
PBGs, but not for mESCs, and chromatin organization 
to be a mESC-specific feature, but not for mNPCs [7]. 
In addition, we also found differences in the regulation 
of signaling pathways. For example, Wnt signaling was 
highly enriched in poised SOX2 EBGs and upregulated 
genes after SOX2 KD in hESCs and hNPCs (Figures 1E 
and 3C). Examples include Wnt10B, an hESC-specific 
EBG and FZD10, a common EBG for hESCs and hNPCs 
(Figure 8B). Their expression increased upon SOX2/3 
KD in hESCs (Figure 4E). However, many SOX2 EBGs 
involved in Wnt signaling were found to be active in 
mESCs and mNPCs [7], revealing the dynamic relation-
ship between SOX2 and Wnt signaling between species.

To further compare the species-common and spe-
cies-specific transcription programs, we defined the spe-
cies-common peaks with 10% overlap as retained peaks, 
peaks shifted within the range of 10 kb as turnover peaks, 
and the rest as unique peaks (Figure 8C). Interestingly, 
hESCs and hNPCs had considerably more unique peaks 
whereas mESCs and mNPCs contained a higher per-
centage of retained peaks. Nevertheless, the majority of 
peaks were unique in both species (Figure 8C), reflecting 
the low conservation in SOX2-binding profiles between 
the two species. Moreover, genomic distribution analyses 
revealed that the percentage of promoter peaks was high-
est in the retained group especially for NPCs (Supple-
mentary information, Figure S6A). Also, DNA sequences 
of the retained peaks were the most conserved (Supple-
mentary information, Figure S6B), indicating a relatively 

conserved promoter-binding profile of SOX2 in the same 
cell type between species. In contrast, almost all unique 
peaks, preferentially located to the gene bodies and in-
tergenic regions. Such genomic distribution for retained 
and unique SOX2 peaks likely reflects the conservation 
of regulatory mechanism through promoter binding in 
maintaining stem cell identity and species-specific mech-
anisms utilizing distal regulatory elements to regulate 
developmental programs. This notion is consistent with 
our findings that promoter binding by SOX2 is associat-
ed with fundamental biological processes of protecting 
the stem cell identity and that promoter distal binding 
correlates with tissue-specific gene regulation.

In addition, downregulated retained genes upon 
SOX2/3 KD in hESCs were associated with negative reg-
ulation of gene expression and differentiation, while the 
downregulated unique genes in hESCs were enriched for 
terms of spindle assembly, membrane potential, transport 
system and energy metabolism (Figure 8D). On the other 
hand, while the upregulated retained genes contained 
conserved targets in regulating trophoblast differentiation 
and morphogenesis of mesoderm- and endoderm-derived 
organs, the upregulated unique genes contained consider-
ably more hESC-specific targets in controlling the mor-
phogenesis of the same organs (Figure 8E). These results 
are in agreement with SOX2-regulated hESC-specific 
transcription programs generated through our ChIP-seq 
and RNA-seq data analyses. Notably, upregulated genes 
in both retained and unique groups were enriched for 
Wnt signaling, indicating common and specific targets 
between species in regulating the same process. Similar 
species-specific transcriptional targets were also seen in 
the regulation of Notch signaling. In mouse retinal pro-
genitor cells, Sox2 was reported to positively regulate 
Notch pathway through Notch1 [44]. Such regulation 
of NOTCH1 was not observed in hESCs and hNPCs. 
Instead, SOX2 controls the Notch pathway through mul-
tiple other core components of the pathway (Figure 2G). 
Most of the overrepresented terms listed above were not 
enriched by the target genes of turnover peaks. Together, 
these results demonstrate the species-dependent func-
tions of SOX2, arguing for the importance of studying 
SOX2’s function and underlying mechanisms in human 
cells.

Discussion

In this study, we combined functional studies with 
analyses of genome-wide data produced through RNA-
seq, ChIP-seq and protein complex identification, to 
probe the mechanisms underlying SOX2’s distinct 
functions in stem cell maintenance and neural develop-
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Figure 8 Comparative analysis between mouse and human SOX2 ChIP-seq reveals conserved and divergent regulation. (A) 
Integrative Genomics Viewer screenshots of common SOX2 peaks on the active promoters of HELLS and HNRNPA1. (B) 
Integrative Genomics Viewer screenshots of common SOX2 peaks on the poised enhancer of FZD10 and the hESC-specific 
peak on the poised enhancer of Wnt10B. (C) A schematic illustration of the classification of retained, turned over and unique 
SOX2 peaks in ESCs and NPCs of the human and mouse origin. The percentages of corresponding peaks are indicated. (D, 
E) GO analyses of genes downregulated (D) and upregulated (E) upon SOX2/3 KD in the retained and unique groups. Benja-
mini-Hochberg method is applied to adjust the P-values in order to account for multiple testing. Enrichment levels of selected 
GO terms are marked by −log2(q-value). Missing values are marked in black. (F) A working model showing the cell type- and 
stage-dependent functions of SOX2.
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ment. Our findings provide experimental evidence for 
the notion that master transcription factors specify cell 
fates through controlling distinct signaling pathways and 
recruiting histone variants to modify the chromatin state.

SOX2 suppresses the non-neural lineage through in-
hibiting the Wnt pathway in hESCs. WLS and SFRP2, 
two important regulators of Wnt signaling, are novel 
direct targets of SOX2 and mediate SOX2’s function in 
hESCs. In fact, both Wls and Sfrp2 are needed for the 
axis formation in mouse, although functional redundan-
cy between SFRP family members exists [45, 46]. In 
human, both WLS and SFRP2 have been implicated in 
various cancers. In particular, concomitant epigenetic 
silencing of SOX1 and SFRPs was reported in hepato-
cellular carcinoma [47-50]. It would be interesting to 
test whether SOX2 contributes to tumor development 
through transcriptionally controlling WLS and SFRP2 
expression. The function of these two proteins in cell 
fate commitment of hESC was previously unknown. We 
show that the expression of SFRP2 is abundant in hESCs 
and decreases quickly upon differentiation, suggesting 
its important role in maintaining hESC self-renewal. 
Moreover, the reduction of SFRP2 levels or increase of 
WLS levels is able to induce differentiation of hESCs 
into non-neural lineages. Thus, WLS and SFRP2 are im-
portant developmental regulators that can specify the cell 
fate of hESCs, consistent with the in vivo evidence.

Apart from transcriptional control, the role of plurip-
otency factors in shaping pluripotent epigenetic land-
scapes and chromatin organization is particularly intrigu-
ing. In the search for protein partners of SOX2 in hESCs, 
we uncovered a specific interaction between SOX2 and 
H2A.Z. H2A.Z was initially reported to co-occupy pro-
moters of developmentally important genes with PRC2 
component Suz12 in mESCs and repress the expression 
of these genes [51]. Moreover, H2A.Z was reported to 
be required for efficient binding of Oct4 to its targets in 
mESCs [24] and to provide a binding platform for pio-
neer factor Foxa2 to bind the promoter of genes activated 
during endoderm differentiation [22, 52]. Another histone 
variant H2A.X was also showed to occupy Cdx2-binding 
sites on extraembryonic genes and to repress their induc-
tion in mESCs and mouse induced pluripotent stem cells 
[53]. These results suggest that histone variants could 
either facilitate or inhibit transcription factor binding to 
DNA. In contrast, our results lead to a different conclu-
sion that the occupancy of H2A.Z, the subsequent bind-
ing of PRC2 and generation of H3K27me3 on important 
developmental genes all depend on the binding of SOX2 
to its specific targets. This model could also be applied 
to other pioneer transcription factors. Our data raise the 
following two hypotheses: i) SOX2 may facilitate H2A.

Z incorporation into specific chromatin positions of de-
velopmental genes; ii) H2A.Z may serve as a bridge to 
link SOX2 and PRC2. However, we do not exclude the 
possibility of the interplay between H2A.Z and pioneer 
factors in generating an active epigenetic state and open 
chromatin structures in a context-dependent manner. Re-
cently, H2A.Z has been reported to interact with Nanog, 
another key pluripotency factor, and to stabilize Nanog 
protein levels in mESCs. Moreover, KD of H2A.Z induc-
es differentiation of mESCs [54]. Further studies of pio-
neer factors, histone variants and histone modifications 
will help illustrate the mechanistic interplay between 
them.

Our ChIP-seq analyses detected considerably more 
peaks in hNPCs than in mNPCs. Another group who 
conducted SOX2 ChIP-seq in hNPCs using the same 
antibody obtained a similar result of 55 771 peaks; in 
contrast, a small number of altered genes upon SOX2 
KD were detected in hNPCs [55]. This could be due to 
the functional redundancy of SoxB1 family members. 
On the other hand, our study detected vast differences 
between mouse and human in ESCs and NPCs, including 
the species-specific targets of SOX2 and the dynamic 
role of Wnt signaling in stem cell maintenance. Given 
that mouse and human ESCs are thought to represent the 
naive state and prime state respectively, it is interesting 
to speculate that these differences may also represent 
SOX2’s stage-dependent regulation and interplay with 
important signaling pathways.

Collectively, the comprehensive and systematic study 
of SOX2 in this study produces the following working 
model (Figure 8F): SOX2 binds and positively regulates 
genes required for the maintenance of the identity of 
hESCs. Simultaneously, it associates with histone variant 
H2A.Z and PRC2 on a set of important developmen-
tal genes including WLS to repress Wnt signaling and 
non-neural lineage genes through coordination of chro-
matin structures in hESCs. Moreover, SOX2 occupies 
proneural genes such as Notch signaling components in 
hESCs and turns them on in response to neural induc-
tion cues. In hNPCs, SOX2 promotes expression of FGF 
and Notch signaling components to sustain the status of 
NPCs. At last, SOX2 is also required to turn down the 
canonical Wnt pathway for appropriate initiation of neu-
ronal differentiation in the presence of neuronal induc-
tion cues.

Further analysis of our comprehensive dataset will 
likely reveal more underappreciated roles and molecular 
mechanisms of SOX2 in cell fate specification and ad-
dress how the multi-level coordination between SOX2 
and chromatin regulators shapes the pluripotent land-
scape and how SOX2 participates in the regulation of 
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cell type-specific RNA splicing. Considering the unique 
role of SOX2 in pluripotency and neural differentiation 
as well as its close relationship with many human diseas-
es, we expect that the rich information obtained from this 
study will greatly facilitate the understanding of SOX2’s 
molecular regulation in cell fate determination.

Materials and Methods

Cell culture
hESC lines (H9 and SHhES2) were maintained in mTeSR1 me-

dium (Stemcell Technologies) in Matrigel (BD Biosciences)-coat-
ed dishes. hNPCs were maintained in N2B27 medium (1:1 mixture 
of DMEM/F12 and neurobasal medium supplemented with N2 and 
B27 supplement, Gibco/Life Technologies) containing 10 ng/ml 
bFGF. The medium was changed daily. hESCs were routinely pas-
saged with dispase (1 mg/ml; Sigma-Aldrich) or accutase (Stemcell 
Technologies), and hNPCs were passaged with 0.05% trypsin. All 
KD and rescue experiments involving hESCs were conducted in 
the mTeSR1 medium.

Neural and neuronal induction
Differentiation toward hNPCs from hESCs was carried out as 

previously described [27-29]. Briefly, we used noggin (500 ng/ml, 
R&D Systems), SB431542 (10 µM, Tocris Bioscience) and com-
pound C (10 µM, Sigma-Aldrich) to induce neural differentiation. 
Neural rosettes were picked up and replated onto Matrigel-coated 
dishes, and then dissociated into single NPCs. Neuronal induction 
was carried out in the neurobasal medium (Gibco/Life Technolo-
gies) supplemented with B27 (Gibco/Life Technologies, 1:100), 10 
ng/ml BDNF, GDNF, and CTNF (all from R&D Systems), 50 µM 
β-mercaptoethanol.

Statistical analysis
Student’s t test was used to assess statistical significance. *P < 

0.05; **P < 0.01, ***P < 0.001. In all graphs, error bars represent 
standard derivation (SD) values. All statistically analyzed data 
were obtained from at least three independent experiments. 

For detailed Materials and Methods see Supplementary infor-
mation, Data S1. 

Accession numbers
RNA-seq and ChIP-seq data have been deposited at the Gene 

Expression Omnibus (GEO) database under accession numbers 
GSE69476 and GSE69479.
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