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SUMMARY
The generation of brain region-specific progenitors from human embryonic stem cells (hESCs) is critical for their application. However,

transcriptional regulation of neural regionalization in humans is poorly understood. Here, we applied a rostrocaudal patterning system

from hESCs to dissect global transcriptional networks controlling early neural regionalization. We found that SOX21 is required for

rostral forebrain fate specification. SOX21 knockout led to activation of Wnt signaling, resulting in caudalization of regional identity

of rostral forebrain neural progenitor cells. Moreover, we identified WNT8B as a SOX21 direct target. Deletion of WNT8B or inhibition

ofWnt signaling in SOX21 knockout neural progenitor cells restored rostral forebrain identity. Furthermore, SOX21 interactedwith b-cat-

enin, interfering with the binding of TCF4/b-catenin complex to the WNT8B enhancer. Collectively, these results unveil the unknown

role of SOX21 and shed light on how a transcriptional factor modulates early neural regionalization through crosstalk with a key compo-

nent of Wnt signaling.
INTRODUCTION

During early mammalian embryogenesis, the central ner-

vous system is patterned to acquire regional identities

and divides into dorsoventral and rostrocaudal compart-

ments (Rubenstein and Rakic, 2013). Along the rostral-

caudal (R-C) axis, the neural tube developes into the fore-

brain, midbrain, hindbrain, and the spinal cord at the

early phase of R-C specification (Itasaki, 2015). Each re-

gion will give rise to specific subtypes of neural progenitor

cells (NPCs) and neurons (Kiecker and Lumsden, 2012;

Wurst and Bally-Cuif, 2001). Among these regions, the

forebrain is the most complex, containing the telenceph-

alon and diencephalon. The precise patterning of the fore-

brain is critically important for the proper wiring of the

cerebrum.

Investigations of how neural regionalization is

controlled during the early stages of development have

been conducted primarily in model animals. Although

many signalingmolecules, including fibroblast growth fac-

tor, Wnt, and retinoic acid (RA), are involved in rostrocau-

dal patterning (Irioka et al., 2005; Tuazon and Mullins,

2015), Wnt is perhaps the most crucial (Andoniadou and

Martinez-Barbera, 2013; Twyman, 2009). A morphogen

gradient of Wnt signaling is important for rostrocaudal
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patterning, and low levels of Wnt/b-catenin activities are

required to specify the telencephalic fate (Fossat et al.,

2011, 2012; Kiecker and Niehrs, 2001; Nordstrom et al.,

2002). Furthermore, RA plays a central role in inducing

the posterior hindbrain and spinal cord (Glover et al.,

2006). Despite these advances, the question of how neural

cells acquire regional identities by the Wnt gradient is far

from completely understood. Several Wnt ligands are ex-

pressed in the neural tube, such as Wnt1, Wnt3a, and

Wnt8b (Ciani and Salinas, 2005). Among Wnt ligands,

Wnt8b has been found to localize in the dorsal midline

of the caudal forebrain at the eight-somite stage (Liu

et al., 2010). The wedge-shaped expression domain of

Wnt8b in the diencephalon has been suggested to indicate

the location of the zona limitans intrathalamica (Puelles

and Martinez, 2013). Moreover, Wnt8b has been reported

to regulate the diencephalic versus telencephalic fate in ze-

brafish (Houart et al., 2002). However, howWNT8B expres-

sion is spatiotemporally regulated in the forebrain remains

largely unknown.

Difficulties in obtaining and manipulating human em-

bryonic neural tissues have severely hindered the investiga-

tion of human neural development. Highly robust

methods for neural differentiation from human pluripo-

tent stem cells (hPSCs) have been developed (Chambers
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et al., 2009). However, the protocol to generate regionally

specified NPCs from human PSCs was not available until

recent years (Imaizumi et al., 2015; Kirkeby et al., 2012;

Kriks et al., 2011). Similar to neural development in vivo,

the rostrocaudal identity (ranging from the telencephalon

to the spinal cord) can be induced by the dose-dependent

control of Wnt and RA signaling, and the dorsoventral

identity can be modulated by Shh signaling. Rostrocau-

dally patterned NPCs have been obtained by application

of the porcupine inhibitor IWP-2 (IWP2, a Wnt signaling

inhibitor), different dosages of the glycogen synthetase ki-

nase 3 (GSK3) inhibitor CT99021 (CT, aWnt signaling acti-

vator), or CTcombined with RA (Imaizumi et al., 2015; Kir-

keby et al., 2012). The system provides a useful tool to

address the question of how Wnt signaling is precisely

modulated for the establishment and maintenance of the

rostrocaudal identity in early human neural development.

In this study, we adopted a robust protocol to control the

regional identities of human embryonic stem cell (hESC)-

derived NPCs and focused on the role of transcriptional

regulation for Wnt signaling and cell identity in positional

patterning. Through conducting genome-wide transcrip-

tional analyses for rostrocaudally specified NPCs ranging

from the telencephalic forebrain to the spinal cord, we re-

vealed that the transcriptional factor SOX21 plays an

important role in forebrain regionalization. SOX21 is a

member of the B2 group of SOX family proteins, harboring

a high-mobility group DNA binding domain (Kamachi and

Kondoh, 2013; Uchikawa et al., 1999). The expression of

SOX21 initiates in the anterior neural plate of mouse em-

bryos at the embryonic day 8.0 (E8.0) (Uchikawa et al.,

2011). Previous studies have suggested roles of Sox21 in

the progression of neurogenesis in the mouse, chicken,

and Xenopus (Matsuda et al., 2012; Sandberg et al., 2005;

Whittington et al., 2015). However, the role of SOX21 in

neural patterning, particularly in human neural develop-

ment, remains unclear. Here, we reveal that SOX21 re-

presses WNT8B expression, participating in the control of

forebrain regionalization. This study unveils a previously

unappreciated role of SOX21 and sheds light on the tran-

scriptional control of rostrocaudal patterning during early

neural differentiation of hESCs.
RESULTS

The Rostrocaudal Patterning of hESC-Derived NPCs

To dissect the transcriptional network controlling the ros-

trocaudal specification of early neural differentiation, we

generated NPCs from hESCs of the H9 line (Thomson

et al., 1998) with defined regional identities ranging from

the rostral forebrain to the spinal cord based on published

protocols (Imaizumi et al., 2015; Kirkeby et al., 2012; Kriks
et al., 2011). Initially, hESCs were suspended in N2B27me-

dium containing dual SMAD inhibitors (LSB: 50 nM

LDN193189 and 5 mM SB431542) and patterning factors,

including IWP2, CT, and RA, for 4 days. At day 4, aggregates

were attached to culture dishes and cultured for a further

4 days to yield NPCs with more specific regional identities

along the R-C axis (Figure 1A). Generally, rostrocaudal

patterning was established by the dose-dependent control

of WNT signaling. Inhibition of Wnt signaling by IWP2

(2 mM) induced the rostral forebrain fate, while activation

of Wnt signaling by CT induced the diencephalic, mesen-

cephalic, and rhombencephalic fate, depending onCTcon-

centrations ranging from 0.4 to 4.0 mM. RA (1.0 mM)

coupled with 4.0 mM CT (CT4.0RA) was used to induce

the spinal cord fate. The ventralization factor was not

added in the current differentiation system because we

mainly focused on the transcriptional regulation of rostro-

caudal patterning.

We first examined the morphology of aggregates at

days 4 and 8 (Figure 1B). Consistent with a report by

Imaizumi et al. (2015), the size of the aggregates increased

with higher CT concentrations. The proportion of

SOX2+NANOG� NPCs was very high (>97%) under all dif-

ferentiation conditions used (Figure 1C), suggesting the

successful neural induction. To validate the regional fea-

tures of these NPCs, we then carried out RNA sequencing

(RNA-seq) for cell samples collected from 19 groups (each

with 2 biological replicates), covering 3 time points (days

0, 4, 8) and 9 differentiation conditions (IWP2, CT0.0,

CT0.4, CT0.8, CT1.0, CT2.0, CT3.0, CT4.0, CT4.0RA) (Fig-

ures 1A and 1B). To analyze transcriptomes of the position-

ally patterned NPCs, we applied unsupervised hierarchical

clustering and found sixmajor regions along the R-C axis at

day 8, designated as region 1 (IWP2 and CT0.0), region 2

(CT0.4), region 3 (CT0.8), region 4 (CT1.0 and CT2.0), re-

gion 5 (CT3.0 and CT4.0), and region 6 (CT4.0RA) (Fig-

ure 1D). The six regions could already be classified at day

4 (Figure S1A). To better characterize gene expression

patterns along the R-C axis, we applied principal-compo-

nent analysis (Figures 1E and S1B). The second principal

component accounted for the trajectory of rostrocaudal

patterning, while the first principal component separated

region 5 (NPCs treated with CT 3.0–4.0 mM at day 8) from

the rest, indicating that these NPCs might have unique

characteristics (Figure 1E). In addition, we compared our

RNA-seq data with the CORTECON system (van de Leem-

put et al., 2014). Spearman correlation analysis revealed

that all of our positionally patterned NPCs highly corre-

lated with the neural differentiation stage (day 7), suggest-

ing the progenitor nature of our NPCs (Figure 1F).

To systematically investigate the coexpression relation-

ships among genes in positionally patterned NPCs, we per-

formed weighted gene coexpression network analysis
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Figure 1. Transcriptome Analysis of the Rostrocaudal Patterning System
(A) A schematic illustration of an aggregation-based rostrocaudal neural differentiation protocol. Differentiation was induced by LSB
(50 nM LDN193189 and 5 mM SB431542). The following patterning factors were used for the generation of region-specific neural progenitor
cells along the rostrocaudal axis: 2 mM IWP-2 (IWP2), 0–4.0 mM CT99021 (CT), and 1 mM RA with 4.0 mM CT (CT4.0RA) from days 0 to 8.
(B) Bright-field images of neural aggregates at day 4 and rosettes at day 8. The RNA samples for RNA-seq were collected at days 4 and 8 from
all groups. Scale bars, 100 mm.
(C) The percentage of SOX2+NANOG� cells quantified by flow cytometric analysis at day 8. 293FT cells and undifferentiated WT hESCs were
used as controls. Data are shown as means ± SEM; n = 3.
(D) Unsupervised hierarchical clustering of 18 samples at day 8.
(E) Principal-component analysis of 18 samples at day 8.
(F) Comparative analysis of our RNA-seq data with the CORTECON neural differentiation system. Spearman correlations with different days
of CORTECON samples are shown.
(G) A heatmap of RNA-seq results for region-specific marker genes at day 8. Suffixes A and B represent biological replicates.
See also Figure S1.
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Figure 2. SOX21 Participates in Forebrain Regionalization
(A) Expression levels of SOX21, WNT8B, and OTX1 at day 8 of rostrocaudal differentiation obtained from our RNA-seq data.
(B) Real-time qPCR validation of SOX21, WNT8B, and OTX1 expression levels at day 8. Data are represented as fold changes relative to
undifferentiated WT hESCs (day 0) and shown as means ± SEM; n = 3.

(legend continued on next page)
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(WGCNA) and identified 26 distinct coexpressionmodules

corresponding to clusters of correlated genes (Figure S1C;

Table S1). Notably, seven modules showed region-specific

expression patterns and might represent core gene net-

works along the R-C axis (Figure S1D). Functional enrich-

ment analysis was conducted to characterize thesemodules

(Figure S1E). The Darkgrey module (region 1) was enriched

for terms such as anteroposterior axis specification and em-

bryonic axis specification, including genes such as SIX3,

LHX2, HESX1, and FEZF1, which started to be expressed

as early as day 4. Terms enriched in the Darkgreen module

(region 1) were extracellular organization and metabolic

process, including genes such as FOXG1 and DLX5, which

were induced at day 8. Although the Pink module (region

2) was enriched for terms highly correlated with midbrain

development, such as LMX1A, LMX1B, and WNT1, some

genes that are known to also be expressed in the caudal

forebrain were present, such as WNT8B, EMX2, OTX1,

and DLX2. Caudal region modules, including the Light-

green, Lightcyan, Black, and Grey60, were enriched for

terms such as nervous system development, regionaliza-

tion, and morphogenesis. In addition, the Turquoise mod-

ule (day 0, undifferentiated hESCs) was enriched for plurip-

otency-related terms (Figure S1E). Taken together, these

analyses provide rich information for unveiling gene coex-

pression networks controlling positional patterning.

With these RNA-seq data, we examined the relative gene

expression levels of known regional markers (Figure 1G).

The simultaneously high expression of HESX1, SIX3,

FOXG1, and LHX2 in NPCs from the IWP2 or 0.0 mM CT

group (region 1) indicated a rostral forebrain identity.

Some midbrain markers (LMX1A, LMX1B, and WNT1)

were detected with CT concentrations at 0.4 to 1.0 mM,

whereas other midbrain markers (EN1, EN2, PAX5) were

highly expressed inNPCs treatedwith 0.8 mMCT (region 3).

NPCs from groups treated with CT concentrations at and

above 2.0 mM highly expressed markers of the hindbrain,

including GBX2, HOXA2, HOXA4, HOXC4, and HOXB4.
(C) Representative western blot analysis of SOX21, WNT8B, OTX1/2, LM
and OTX2. A star indicates the specific band of WNT8B proteins.
(D) The strategy to establish SOX21 KO clones using the CRISPR/Cas9
the homology recombination site in SOX21 KO hESCs. The PGK-NEO ca
(E) Representative western blot analysis of SOX21 protein level in hES
clones.
(F) Hierarchical clustering between SOX21 KO samples (S13 and S23)
(G and H) GO terms enriched for downregulated (G) and upregulated (
and combined score >15 are listed.
(I) Real-time qPCR validation of DEGs at days 0, 3, 5, and 7 (CT = 0.0 mM
WT hESCs (day 0) and shown as means ± SEM. *p < 0.05, **p < 0.01,
(J and K) Typical immunofluorescence images of FOXG1, OTX1/OTX2,
OTX1 and OTX2. Scale bars, 20 mm.
See also Figure S2.
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Notably, NPCs from the CT4.0RA group (region 6) highly

expressed PAX6,HOXB4, andHOXC4, representing the spi-

nal cord identity. Altogether, these results verified that

patterning factors (IWP2/CT/RA) efficiently induced the

rostrocaudal identities of NPCs, recapitulating gene expres-

sion patterns in vivo to some extent.

SOX21 Is Required for Rostral Forebrain Specification

from hESCs

The aforementioned WGCNA analysis revealed that

WNT8B was specifically expressed in NPCs of the 0.4 mM

CT group (region 2) (Figure S1D). Interestingly, our RNA-

seq results showed that the mRNA of SOX21 was very low

in NPCs of the 0.4 mMCT group (Figure 2A). The expression

patterns of SOX21, WNT8B, and OTX1 at both the mRNA

and protein levels were verified by real-time qPCR andwest-

ern blot analysis (Figures 2B and 2C). A reverse relationship

appeared between the expression levels of SOX21 and

WNT8B in NPCs of the 0.4 mMCT group. Previously, Sox21

expression has been reported to be very low in the dorsal

diencephalon at the 11- to 12-somite stage of mouse em-

bryos (Uchikawa et al., 2011), whereas Wnt8b has been de-

tected at the diencephalic-telencephalic boundary ofmouse

embryos at E10.5 (Fotaki et al., 2010) and at that of human

embryos at Carnegie stages 15 and 16 (Lako et al., 1998).

Given the unique expression pattern of Sox21 and Wnt8b

as well as the implications ofWnt8b in forebrain patterning

(Houart et al., 2002), we anticipated that SOX21might have

a role in the control of WNT8B expression and forebrain

patterning . To test this hypothesis, we knocked out SOX21

in hESCs of the H9 line (Thomson et al., 1998) using the

CRISPR/Cas9 nickase system via homology-directed repair

(Figure 2D). Two clones (S13 and S23) harboring homozy-

gous SOX21 deletions were established, and the absence of

SOX21 in NPCs was verified by western blot and Sanger

sequencing analyses (Figures 2D and 2E).

To obtain evidence for a role of SOX21 in early forebrain

patterning,we generated rostral forebrainNPCs fromhESCs
X1A, and GBX2 at day 8. Antibodies of OTX1/2 recognize both OTX1

nickase with four gRNAs. A map of Sanger sequencing results shows
ssette is highlighted with light blue. CDS, coding sequence.
C-derived NPCs. WT, wild-type cells; S13 and S23 are two SOX21 KO

and WT rostrocaudal differentiation samples at day 8.
H) genes in SOX21 KO cells. Only the top 6 GO terms with FDR <0.05

). Data are represented as fold changes relative to undifferentiated
***p < 0.001 (n = 3).
and SOX21 at day 7. Antibodies against OTX1/OTX2 recognize both
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based on the protocol described in Figure 1A (CT = 0.0 mM)

(Kirkeby et al., 2012). This protocol was used hereafter in all

neural differentiation experiments of this study. Between

wild-type (WT) and SOX21 knockout (KO) NPCs, the per-

centage of SOX2+NANOG� cells was similar (Figure S2A),

and there was no detectable difference in the NPC prolifer-

ation rate as quantified by EdU+ cells (Figure S2B). Next, to

uncover genes regulated by SOX21 at a genome-wide scale,

RNA was collected from NPCs at differentiation days 0, 4,

and 8, with two biological replicates for RNA-seq. The Pear-

son’s correlation coefficient was greater than 0.98 between

the S13 and S23 clones, providing evidence for the specific

effect of SOX21 KO generated by the CRSPR/Cas9 approach

(Figure S2C). Analysis of differentially expressed genes

(DEGs) identified 363 upregulated and 367 downregulated

genes (fold changes >2 and false discovery rate [FDR]

<0.05) in SOX21 KO NPCs at day 8 (Figure S2D). Notably,

clustering analysis of DEGs revealed that the regional iden-

tity of SOX21 KO NPCs was closer to that of NPCs treated

with 0.4 mM CT at day 8 (Figure 2F), indicating that the

regional identity of rostral forebrain NPCs was caudalized

in the absence of SOX21. Furthermore, gene ontology

(GO) analysis of DEGs showed that downregulated genes

were enriched for the term of nervous system development,

including rostral forebrain markers, such as FOXG1 and

SIX3, whereas upregulated genes were enriched for the

term of positive regulation of Wnt signaling pathway,

including WNT8B (Figures 2G, 2H, and S2D). Real-time

qPCR analysis verified significant downregulation of

FOXG1 and SIX3 as well as upregulation of OTX1,

LMX1A, and WNT8B in SOX21 KO cells compared with

WT cells (Figure 2I). Immunofluorescence staining results

also revealed a substantial reduction in FOXG1 and SIX3

expression (Figures 2J and S2E) but an increase in OTX1/

OTX2 expression in SOX21 KO NPCs (Figure 2K). Western

blot analysis also showed higher protein levels of WNT8B

and OTX1/OTX2 in SOX21 KO NPCs than in WT NPCs

(see results in Figure 5B). To confirm the function of

SOX21 in early neural differentiation and avoid the cell
Figure 3. Generation of Additional SOX21 Knockout hESC Clones
(A) Schematic representation of the paired-KO strategy for SOX21 K
designed (g19 is paired with g14, and g69 is paired with gb). Primers
coding sequence.
(B) Representative genomic DNA PCR results show the biallelic deleti
(C) Representative western blot analysis of SOX21 protein level in hES
KO clones.
(D) Sanger sequencing results show ligation sites (dashed line) in tw
(E) Results from real-time qPCR analysis of regional marker expression i
fold changes relative to undifferentiated WT hESCs (day 0) and show
(F) Results from real-time qPCR analysis of regional marker expressio
knockdown of SOX21, cells were treated with doxycycline (100 ng/mL
undifferentiated WT ESCs (day 0) and shown as means ± SEM. *p < 0
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line bias, we generated SOX21 KO hESCs (clone ES8-S11)

in another hESC line, SHhES8 (Zhu et al., 2017) using the

same gene editing strategy described above. Alterations in

gene expression similar to those in NPCs derived from

SOX21 KO H9 hESCs were observed (Figure S2F).

In addition, to further rule out potential off-target effects

in the CRISPR/Cas9 nickase-mediated SOX21 KO cells, we

generated three additional SOX21 KO clones (S1, S2, S17)

using a donor-free paired gRNA-guided CRISPR/Cas9 KO

strategy (paired-KO) (Liu et al., 2016) and two new sets of

paired gRNAs (g19 + g14 and g69 + gb) (Figure 3A). PCR

analysis suggested that the three SOX21KO clones had bial-

lelic deletion of SOX21 genomic DNA (Figure 3B). Western

blot analysis and Sanger sequencing results validated the

lack of SOX21 (Figures 3C and 3D). Consistently, FOXG1,

SIX3, and LHX2 were all repressed, while WNT8B, OTX1,

LMX1A, and IRX3 were significantly upregulated in

SOX21 KO NPCs (Figure 3E). Furthermore, we knocked

down SOX21 using two shRNAs, and similar alterations in

gene expression were found in SOX21 knockdown NPCs

(Figure 3F). These results clearly show that the alterations

observed in SOX21 KO NPCs were specifically caused by

the absence of SOX21 and that SOX21 is required for the

specification of the rostral forebrain NPCs from hESCs.

Identification of SOX21 Putative Target Genes

To understand how SOX21 participates in the control of

forebrain regional identity, we carried out chromatin

immunoprecipitation assays coupled to high-throughput

DNA sequencing (ChIP-seq) inNPCs at day 5 and identified

3,765 confident (FDR q <0.01) binding peaks of SOX21

with a high signal-to-noise ratio (Figure S3A). Associations

of SOX21 with some of these genes were verified by ChIP-

qPCR (Figure S3B). Approximately 22% of SOX21 peaks

were in promoters, and 40% were in distal intergenic re-

gions (Figure 4A). De novo DNA motif analysis revealed

that 66.16% of the peaks contained a C[AT]TTGT enriched

sequence (p < 1 3 10�1032), consistent with the common

consensus motif of SOX proteins (Figure 4B) (Harley
O in H9 hESCs. Four different gRNAs targeting different loci were
for amplification of genomic DNA are indicated by blue arrows. CDS,

on of SOX21 in hESCs.
C-derived NPCs. WT, wild-type cells; S1, S2 and S17 are three SOX21

o gRNA pairs (g19 + g14 and g69 + gb).
n WT and SOX21�/� NPCs at days 0, 4, and 8. Data are represented as
n as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3).
n in NT NPCs and SOX21 knockdown NPCs at day 8. For inducible
) from days 0 to 8. Data are represented as fold changes relative to
.05, **p < 0.01, ***p < 0.001 (n = 3). NT, nontarget control.
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See also Figure S3.
et al., 1994). To identify putative target genes (PTG) of

SOX21, we overlaid our transcriptomic dataset with that

of SOX21 ChIP-seq and found that 358 and 490 PTGs

were significantly downregulated (p < 4.39 3 10�4, Table
S2) and upregulated (p < 7.12 3 10�14, Table S3), respec-

tively (Figure 4C), in SOX21KO cells. GO analysis of biolog-

ical processes showed that terms of forebrain regionaliza-

tion and telencephalon development were enriched by
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SOX21-positively regulated PTGs (Figure 4D), whereas

PTGs negatively regulated by SOX21 were enriched for

terms of pattern specification and midbrain development

(Figure 4E). Moreover, disease ontology of mouse pheno-

type analysis showed that the positively regulated PTGs

were associated with abnormal telencephalon develop-

ment (Figure S3C), while the negatively regulated PTGs

were associated with severe disease, including abnormal

white matter morphology, abnormal neural tube, and ex-

encephaly (Figure S3D). Moreover, our SOX21 function

prediction results suggested that upregulated PTGs had

much higher regulatory scores than the downregulated

and unchanged ones in SOX21 KO NPCs (Figure 4C), sug-

gesting that SOX21 tends to have more repressive than

activating activities. Therefore, we examined the signaling

pathways related to upregulated PTGs and found that the

Wnt signaling pathway was enriched (Figure 4F), implying

that SOX21 might have a repressive role in Wnt signaling.

Taken together, these results further confirm that SOX21

contributes to rostral forebrain regional specification dur-

ing early neural differentiation of hESCs.

SOX21 Represses Wnt Signaling to Ensure Rostral

Forebrain Identity

To validate the role of SOX21 in repressing Wnt signaling,

we compared Wnt signaling activities between WT and

SOX21 KO NPCs using the b-catenin/TCF reporter (TOP/

FOPFlash) luciferase assay. Consistent with our RNA-seq

data, SOX21 KO significantly elevated the reporter activity

by approximately 30- to 50-fold (Figure 5A), supporting a

repressive effect of SOX21 on the transcriptional activity

of b-catenin. Moreover, SOX21 KO increased the protein

levels of OTX1/OTX2 and WNT8B as well as active b-cate-

nin, phosphorylated LRP6, DVL2, and DVL3 (Figure 5B).

Importantly, overexpression of DKK1 (an antagonist of

Wnt signaling) abrogated the increase in those protein

levels caused by SOX21 KO (Figure 5B). Similar results

were obtained when cells were treated with IWP-2 (2 mM)

(Figure 5C). Furthermore, real-time qPCR results showed

that DKK1 overexpression restored the expression of

FOXG1 and SIX3 and suppressed the expression of OTX1,

LMX1A, and Wnt signaling genes (AXIN2, WNT8B, WLS),

while SOX21 expression was not altered by DKK1 overex-

pression (Figure S4A). In addition, three Wnt signaling in-

hibitors, IWP-2 (2 mM), IWR1-e (10 mM), and DKK1

(100 ng/mL), all efficiently corrected alterations in the

expression of FOXG1 and SIX3 as well as OTX1, OTX2,

and WNT8B (Figure 5D). As positive controls, Wnt

signaling genes, such as AXIN2, WLS, and SP5, were all

downregulated by the inhibitors (Figure 5D). These results

clearly show that aberrant activation of Wnt signaling

could account for most, if not all, SOX21 KO-caused

changes in gene expression. Therefore, we propose that
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SOX21 represses Wnt signaling to ensure the rostral fore-

brain identity of hESC-derived NPCs.

WNT8B Is a Major Downstream Target of SOX21

To dissect how SOX21 represses canonical Wnt signaling,

we focused on WNT8B, which ranked first among signifi-

cantly upregulated SOX21 PTGs in SOX21 KO cells (Fig-

ure S5A). To functionally test the hypothesis that WNT8B

is a major target of SOX21 in the control of rostral fore-

brain identity, we knocked out WNT8B by targeting the

second exon of WNT8B using the CRISPR/Cas9 system in

WT and SOX21 KO cells (Figure S5B). Notably, double

KO of WNT8B and SOX21 (named S13W5, S13W13, and

S23W1) largely blocked the aberrant upregulation of

WNT8B and OTX1/OTX2, as well as pLRP6 and active

b-catenin, at the protein level (Figure 6A). Real-time qPCR

results revealed that alterations in the expression of

regional markers and Wnt signaling genes in SOX21 KO

NPCs were corrected in WNT8B�/�SOX21�/� NPCs to

different extents (Figure S5C). Moreover, TOP/FOPFlash

luciferase reporter assays showed that the activation of

Wnt signaling caused by SOX21 KO was abolished when

SOX21 and WNT8B were both absent in NPCs (Figure 6B).

Taken together, these results suggest that SOX21 ensures

the rostral forebrain identity primarily by repressing

WNT8B expression.

To understand how SOX21 repressed WNT8B expres-

sion, we first examined whether SOX21 could be re-

cruited to the WNT8B enhancer. ChIP-qPCR results

validated the association of SOX21 with the enhancer

of WNT8B in NPCs (Figure 6C), suggesting a potentially

direct control of WNT8B expression by SOX21. Next,

we searched for SOX21 protein partners by coimmuno-

precipitation coupled with a mass spectrometric analysis

using specific antibodies against SOX21 in both WT and

SOX21 KO NPCs. Among the protein partners identified

(Table S4), we were most interested in b-catenin, as it usu-

ally forms complexes with TCF transcription factors to

activate Wnt target genes (Nusse and Clevers, 2017).

The specific interaction between SOX21 and b-catenin

was verified by reciprocal coimmunoprecipitation assays

(Figure 6D). Moreover, we analyzed published genome-

wide DNA binding profiles of TCF4 in hESCs and anterior

neural ectoderm cells (ANECs) (Tsankov et al., 2015) and

found that TCF4 was associated with the enhancer of

WNT8B in hESCs, but not in the ANECs (Figure 6E), sug-

gesting that TCF4 might be excluded from the enhancer

of WNT8B in NPCs. Furthermore, our ChIP-qPCR results

showed that the recruitment of b-catenin and TCF4 to

the WNT8B enhancer was greater in SOX21 KO NPCs

than in WT NPCs (Figure 6F), further supporting

the notion that SOX21 has an inhibitory effect on

TCF4/b-catenin recruitment to the WNT8B locus. In
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Figure 5. SOX21 Represses Wnt Signaling to Ensure Rostral Forebrain Specification
(A) Examination of Wnt signaling activities by TOP/FOPFlash reporter assays in WT and SOX21 KO NPCs at day 5. Data are shown as means ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3).
(B) Representative western blot analysis of Wnt signaling components and regional markers in WT and SOX21 KO NPCs when DKK1-Flag
expression was induced by doxycycline (100 ng/mL) from days 0 to 6. The Flag-tagged vector was used as a control. Antibodies against
OTX1/OTX2 recognize both OTX1 and OTX2. A star indicates the specific band of WNT8B proteins.
(C) Representative western blot analysis of levels of various proteins in WT and SOX21 KO NPCs in the absence or presence of the Wnt
signaling inhibitor IWP-2 (2 mM) for 6 days.
(D) Real-time qPCR analysis of relative expression levels for regional markers as well as Wnt signaling-associated genes in WT and SOX21 KO
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See also Figure S4.
addition, SOX21 KO enhanced the interaction intensity

between TCF4 and b-catenin (Figure 6G). These results

suggest that SOX21 may inhibit WNT8B expression via

interference with the formation of TCF4/b-catenin com-

plexes and their recruitment to the WNT8B locus.

Finally, to specifically show the relationship between

TCF4/b-catenin and SOX21 in the regulation of WNT8B

expression, we conducted reporter assays using a reporter
vector containing either the WT WNT8B enhancer

sequence or the enhancer sequence with mutated TCF4

binding motifs (Figure 6H). An increase in WT WNT8B re-

porter activity by CT (0.4 mM) treatment verified the activa-

tion of WNT8B expression by Wnt signaling (Figure 6H).

Mutation of the TCF4 binding sequence in the WNT8B

enhancer dramatically reduced reporter activity even un-

der CT treatment (Figure 6H), suggesting that TCF4
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(legend continued on next page)
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recruitment plays a key role in WNT8B expression.

Notably, WNT8B reporter activity was significantly higher

in SOX21 KO NPCs than in WT NPCs (Figure 6I), in line

with the increased WNT8B mRNA levels in SOX21 KO

NPCs (Figures 2I, 3E, and S2F). Collectively, these results

further support our conclusion that SOX21 interferes

with the formation of TCF4/b-catenin complexes and their

recruitment to the WNT8B enhancer to repress Wnt

signaling in NPCs during early neural differentiation.
DISCUSSION

In this study, we applied a rostrocaudal patterning system

from hPSCs to mimic early human neural regionalization.

The expression patterns of regional markers indicate that

the Wnt gradient could induce rostrocaudally specified

NPCs from hESCs in vitro. Transcriptomic analysis divided

regional identities along the R-C axis into six regions as fol-

lows: region 1 (IWP2 andCT0.0), region 2 (CT0.4), region 3

(CT0.8), region 4 (CT1.0 and CT2.0), region 5 (CT3.0 and

CT4.0), and region 6 (CT4.0RA). Gene coexpression

network analysis further revealed that seven region-specific

modules might represent the core regulatory network

along the R-C axis. The global gene regulatory networks

in regionally defined hESC-derived NPCs gained in this

study will help future efforts aimed at the efficient genera-

tion of region-specific NPCs.

We revealed that SOX21 is required for rostral forebrain

specification through repressing Wnt signaling in NPCs.

In SOX21 KO NPCs, rostral forebrain genes were signifi-

cantly downregulated, while caudal forebrain genes were

upregulated. Importantly, our clustering analysis revealed

that the SOX21 KO NPCs were most closely associated

with NPCs of region 2 (CT0.4 group) with diencephalic-

mesencephalic features. Therefore, the regional identity

of rostral forebrain NPCs was caudalized in the absence of

SOX21. Forebrain patterning requires the inhibition of

posteriorizing Wnt signaling. Consistently, SOX21 KO

substantially elevatedWnt signaling activity. Functionally,

inhibition of Wnt signaling in SOX21 KO NPCs restored

the rostral forebrain identity, providing direct evidence
(G) Representative coimmunoprecipitation results of interactions bet
day 7. IP: immunoprecipitation; WB: western blot.
(H) Results of luciferase reporter assays using an empty vector contai
the WT WNT8B enhancer sequence or the enhancer sequence with mu
Wnt signaling activation by CT99021 (0.4 mM) at day 6. Mutations at t
means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 4).
(I) Examination of WNT8B enhancer luciferase reporter activity in W
luciferase activity relative to that with an empty vector containing a
***p < 0.001 (n = 4).
See also Figure S5.
that SOX21 suppressesWnt signaling to ensure rostral fore-

brain identity and prevent the caudal fate. Nevertheless,

Sox proteins function dependently on developmental

stages and cellular contexts, and the question of how

SOX21 activates genes in the rostral forebrain needs further

investigation. In addition to the rostral forebrain, SOX21

proteins were also detected in NPCs treated with 1.0–

4.0 mM CT, suggesting that SOX21 has other functions in

neural differentiation of hESCs and might act through

different mechanisms. Sox21 KO mice are born normally,

although they display cyclic alopecia and postnatal growth

deficiency (Cheung et al., 2017; Kiso et al., 2009). This rela-

tively minor phenotype could be explained by the func-

tional redundancy among members of the Sox family, as

they display overlaps of expression domains in the devel-

oping neural tissue (Uchikawa et al., 2011).

A few transcription factors have been known to repress

Wnt signaling for forebrain specification in vertebrate

development. For example, Six3 has been reported to

inhibit the expression of Wnt1 and Wnt8b directly in the

mouse anterior neural ectoderm (Lagutin et al., 2003; Liu

et al., 2010), and Hesx1 has been shown to antagonize

Wnt/b-catenin signaling in the mouse and zebrafish fore-

brain (Andoniadou et al., 2011). However, how these fac-

tors inhibit the transcription of Wnt/b-catenin targets

and how canonical Wnt signaling is repressed in human

forebrain development remain unclear. Many Sox proteins

are known to suppress Wnt signaling via different mecha-

nisms (Kormish et al., 2010;Wegner, 2010). Here, we found

that SOX21 KO enhanced the recruitment of TCF4/b-cate-

nin to the WNT8B enhancer. Thus, we propose that

SOX21might interfere with the binding of TCF4/b-catenin

complexes to their target genes, repressing the activation of

Wnt target genes. In addition, SOX21 formed protein com-

plexeswith b-catenin, and SOX21KO increased the interac-

tion between TCF4 and b-catenin. Because SOX21 KO also

resulted in higher protein levels of TCF4, the increased

interaction between TCF4 and b-catenin in SOX21 KO

NPCs could be a result of elevated TCF4 protein level or

the absence of a competitor.

Among SOX21 PTGs, we focused on WNT8B. WNT8B

KO largely abrogated the defect of rostral forebrain
ween endogenous TCF4 and b-catenin in WT and SOX21 KO NPCs at

ning only a minimal promoter (minP) and vectors containing either
tated TCF4 binding sites (WNT8B Mut), respectively, in response to
he TCF4 binding sites are indicated by red letters. Data are shown as

T and SOX21 KO NPCs at day 6. Data are represented as ratios of
minP only. Data are shown as means ± SEM. *p < 0.05, **p < 0.01,
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specification caused by SOX21 KO, supporting the hypoth-

esis that WNT8B is a key target of SOX21. Taken together,

these results suggest that SOX21 prevents TCF4/b-catenin

complexes from binding to the WNT8B enhancer in

hESC-derived rostral forebrain NPCs. In the absence of

SOX21, more TCF4/b-catenin complexes bind to and acti-

vateWNT8B, leading to the caudalization of regional iden-

tity of rostral forebrain NPCs. The transcriptional repres-

sion of WNT8B by SOX21 is required to generate rostral

forebrain NPCs. The discovery of the new function of

SOX21 will facilitate our understanding of the transcrip-

tional control of early human forebrain patterning.
EXPERIMENTAL PROCEDURES

Experimental methods are briefly summarized. See Supplemental

Information for details.

Culture and Differentiation of hESCs
hESCs of theH9 (karyotype, XX) and SHhES8 (karyotype, XX) lines

were maintained in mTeSR1 medium. For neural differentiation,

hESC colonies were detached with dispase (Gibco) and resus-

pended in neural differentiation medium. The differentiation me-

diumwas prepared as follows: DMEM/F12:Neurobasal (1:1, Gibco),

N2 (Gibco), B27 without vitamin A (Gibco), 2 mM glutamine,

0.1 mM nonessential amino acid, 5 mM SB431542 (Stemgent),

and 50 nM LDN193189 (Stemgent). Rock inhibitor (Y-27632,

10 mM, Selleck) was present from days 0 to 2. On day 4, aggregates

were plated onto Matrigel-coated six-well plates. From days 0 to 8,

IWP-2 (2 mM,Millipore), or CT99021 (0–4.0 mM, STEMCELL), or RA

(1 mM, Sigma) were included in the differentiation medium for re-

gion-specific neural differentiation.

Generation of KO hESC Lines
Homology arms were amplified from genomic DNA and inserted

into the PGK-NEO-DTA targeting vector. The CRISPR/Cas9

plasmidwas digestedwith Bbs I and ligated to the designed gRNAs.

hESCs were digested into single cells and electroporated with

appropriate combinations of CRISPR/Cas9 plasmids, with or

without a donor plasmid. After a week of drug selection, colonies

were collected for genotyping analyses.

RNA Extraction, cDNA Synthesis, and Real-Time qPCR
Total RNA was extracted using TRIzol reagent, and 2 mg total RNA

was reverse transcribed into cDNA. Real-time qPCR was performed

on the ABI ViiA7 Real-Time PCR system using SYBR Premix Ex Taq

II (Takara). A list of primers used is provided in Table S5.

Western Blotting
Cells were lysed in the coimmunoprecipitation buffer, and protein

concentrations were measured using the Pierce BCA Protein Assay

Kit (Thermo Scientific). Twenty micrograms of total protein was

separated by 10% SDS-PAGE, transferred to nitrocellulose blotting

membranes, and blotted using primary and secondary antibodies.

The antibodies used are listed in Table S6. All western blot analyses
1050 Stem Cell Reports j Vol. 13 j 1038–1052 j December 10, 2019
were conducted in at least three independent experiments, unless

otherwise indicated.

Luciferase Reporter Assays
TheWTormutatedWNT8B enhancer was cloned and inserted into

the pGL4.22 vector (Promega). Then, 500 ng of the enhancer re-

porter plasmid or an empty vector and 10 ng of a pRL-TK internal

control plasmid (Promega) were used for transfection. For Wnt

signaling reporter assays, 500 ng of the 8xTOPFlash (Addgene,

no. 12456) or 8xFOPFlash (Addgene, no. 12457) plasmid together

with 50 ng of the pRL-TK internal control plasmid (Promega) were

used for transfection. Luciferase activities were examined with the

Dual-Glo Luciferase Assay System (Promega).

Flow Cytometric Analysis and Cell Proliferation

Assays
Cells were fixed, permeabilized (Cytofix/Cytoperm Kit, BD Bio-

sciences) and stained using antibodies against SOX2 and

NANOG. For cell proliferation analysis, cells were incubated

with 10 mM EdU (BD Biosciences) for 1 h and labeled using a

Cell-Light EdU Apollo488 In Vitro Flow Cytometry Kit (RIBO).

The data for stained samples were acquired on an Accuri C6

flow cytometer.

ChIP Assays
ChIP assays were performed as described previously withmodifica-

tions (Zhu et al., 2017). See detailed methods in Supplemental

Information. All primers used in ChIP-qPCR assays are listed in

Table S7.

GO Analysis
GO analysis for DEGs and region-specific expressed genes was

conducted using Enrichr (Kuleshov et al., 2016). Combined

score (c) is the multiplication of the log of p value (p) with Z score

(z); c = log(p) 3 z.

Statistical Analysis
The unpaired Student’s t test was used for statistical tests unless

stated otherwise, and data are presented as the mean ± SEM.

Numbers of biological replicates relevant for individual experi-

ments are stated in figure legends.
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