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SUMMARY

Region-specific neural progenitor cells (NPCs) can be generated from human em-
bryonic stem cells (hESCs) by modulating signaling pathways. However, how
intrinsic transcriptional factors contribute to the neural regionalization is not
well characterized. Here, we generate region-specific NPCs from hESCs and
find that SOX1 is highly expressed in NPCs with the rostral hindbrain identity.
Moreover, we find that OTX2 inhibits SOX1 expression, displaying exclusive
expression between the two factors. Furthermore, SOX1 knockout (KO) leads
to the upregulation of midbrain genes and downregulation of rostral hindbrain
genes, indicating that SOX1 is required for specification of rostral hindbrain
NPCs. Our SOX1 chromatin immunoprecipitation sequencing analysis reveals
that SOX1 binds to the distal region of GBX2 to activate its expression. Overex-
pression of GBX2largely abrogates SOX1-KO-induced aberrant gene expression.
Taken together, this study uncovers previously unappreciated role of SOX1 in
early neural regionalization and provides new information for the precise control
of the OTX2/GBX2 interface.

INTRODUCTION

During embryonic development, the neuroectoderm develops into the forebrain, midbrain, hindbrain, and
spinal cord along a rostral-caudal (R-C) axis. How neural regionalization is precisely controlled remains a
critical unsolved issue. Insights from model animals show that the R-C identity of neural progenitor cells
(NPCs) can be controlled by modulating WNT and retinoic acid (RA) signaling, and that the dorsal-ventral
(D-V) identity can be controlled by modulating sonic hedgehog (Shh) signaling (Kiecker and Niehrs, 20014,
2001b; Maden, 2007). These neural patterning principles have been applied to derive region-specific NPCs
from human embryonic stem cells (hESCs). Recent advances permit highly efficient generation of NPCs
from hESCs via dual inhibition of SMAD signaling (ASMAD;i) (Chambers et al., 2009; Fasano et al., 2010).
Based on the dSMADi and aggregate formation strategy, several protocols were subsequently developed
to generate regionally specified NPCs and neurons from hESCs (Imaizumi et al., 2015; Kirkeby et al., 2012;
Kriks et al., 2011). The treatment with patterning factors, including the porcupine inhibitor IWP-2 (a WNT
antagonist, hereafter referred to as IWP2), the glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021 (a
WNT agonist, hereafter referred to as CT), and RA, enables the generation of NPCs with distinct R-C iden-
tities from hESCs efficiently. A ventral identity can also be induced by the combined treatment with Shh
proteins and purmorphamine (an SHH agonist).

It is obvious that extrinsic signals play important roles in the process of neural regionalization. Meanwhile,
intrinsic transcriptional factors also serve as key determinants during this process. Otx2 and Gbx2 were
shown to be required for specification of the forebrain-midbrain and anterior hindbrain, respectively (Joy-
ner et al., 2000). Otx2 and Gbx2 are among the earliest genes expressed in the nervous system. Otx2 is ex-
pressed within the forebrain and midbrain with a caudal limit at the midbrain-hindbrain boundary (MHB),
whereas Gbx2 is expressed in the hindbrain (Bally-Cuif et al., 1995a, 1995b; Bouillet et al., 1995; Shamim
and Mason, 1998; Simeone et al., 1992). Some genetic analyses of Otx2 and Gbx2 in mice demonstrated
that the generation of the Otx2-Gbx2border in the right place is important to position the MHB and favors
the normal development of the midbrain and hindbrain (Acampora et al., 1995; Ang et al., 1996; Broccoli
etal., 1999; Katahira et al., 2000; Matsuo et al., 1995; Millet et al., 1996, 1999; Simeone, 1998). However, how
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Figure 1. SOX1 Was Highly Expressed in Rostral Hindbrain NPCs

(A) The illustration of our differentiation protocol. dSMADI, dual inhibition of SMAD signaling; NB, neurobasal; RA,
retinoid acid. The following patterning factors were used to derive NPCs with R-C identities from hESCs: 2 uM -IWP2, 0—
4.0 uM CHIR99021 (CT0.0-CT4.0), and 1 pM RA with 4.0 uM CT (CT4.0RA).

(B) A diagram showing representative R-C markers in the neural tube.

(C) gRT-PCR analysis of mRNA levels of R-C markers as well as SOX1, SOX2, and NESTIN in NPCs at days 4 and 8, relative
to undifferentiated WT hESCs (day 0). n = 3 independent experiments. Data are shown as mean + SEM.

(D) Representative results of immunofluorescence staining of NPCs derived from SOX1-EGFP reporter hESCs (clone #6)
using antibodies against FOXG1, OTX2, EN1, GBX2, SOX2, and NESTIN, respectively, at day 8. The nucleus was stained
by DAPI. Scale bars, 50 pm.

See also Figures ST and S2.

OTX2 and GBX2 function and what upstream factors regulate their expression during human neural region-
alization are poorly understood.

SOX1 is a member of the B1 group of SOX family transcription factors, harboring a high-mobility group
DNA-binding domain (Malas et al., 1997). The embryonic expression pattern of Sox1 in the mouse has
been well characterized (Aubert et al., 2003; Pevny et al., 1998; Uchikawa et al., 2011). The study by Pevny
et al. reported that Sox1 is detected throughout the neural plate and early neural tube, marking the
dividing neural epithelial cells within the embryonic neural tube (Pevny et al., 1998). Moreover, using
Sox1-gfp knockin mice, Aubert et al. showed that, at E9.5, Sox1* is expressed along the entire neural
tube but in no other tissue, suggesting a potential role of Sox1 for early neural development (Aubert
et al., 2003). Moreover, it was reported that, when somitogenesis begins after E8, strong Sox1 expression
initiates in the closed posterior neural tube first, and then the anterior neural plate in mouse embryos (Uchi-
kawa et al., 2011; Wood and Episkopou, 1999). This expression feature raises a question of whether Sox1 is
involved with early neural regionalization. Homozygous mutant mice (Sox1~/~) are viable but exhibit de-
fects such as spontaneous seizures and microphthalmia (Malas et al., 2003; Nishiguchi et al., 1998).
Compared with Sox1 studies in the mouse, little is known about the expression pattern of SOX1 during
early human development and the function of SOX1 in the process of human neural regionalization. hESCs
provide an attractive in vitro tool to address these issues. In the current study, with a goal to explore the
function of SOX1 in the neural regionalization process of hESCs, we established SOX1-EGFP hESC reporter
cell lines and generated NPCs with different regional identities from both wild-type (WT) and SOX1
knockout (KO) hESCs. Our study uncovers that SOX1 is required for the specification of NPCs with the
rostral hindbrain identity from hESCs primarily by directly promoting GBX2 expression.

RESULTS

SOX1 Is Highly Expressed in Rostral Hindbrain NPCs

To investigate the molecular regulation during specification of region-specific NPCs from hESCs, we first gener-
ated NPCs with different regional identities from hESCs of the H9 line (Thomson et al., 1998) based on published
protocols with minor modifications (Imaizumi et al., 2015; Kirkeby et al., 2012). According to the dSMAD: strategy
(Chambers et al., 2009), WNT and RA signaling pathways were modulated to generate the R-C identities of
hESC-derived NPCs (Figures 1A and 1B). We then examined the expression of R-C markers in these NPCs at
days 4 and 8 of differentiation by quantitative real-time PCR (gqRT-PCR) (Figure 1C). On day 8, the telencephalic
marker FOXG1 (Xuan et al., 1995) was highly expressed in NPCs treated with IWP2 or 0.0 uM CT, whereas the
expression of OTX2 was high in NPCs treated with CT concentrations below 1.0 uM. EN1, which was reported
to be detected in the midbrain and rostral hindbrain (Hanks et al., 1995), was detected in NPCs treated with 0.4—
1.0 uM CT. In contrast, GBX2, known to be broadly expressed in the hindbrain and spinal cord (Bouillet et al.,
1995; Luu et al., 2011), was detected in NPCs of CT1.0-CT4.0RA groups, and its level was especially high in
NPCs treated with 3.0-4.0 uM CT. Moreover, KROX20, known to be expressed in the rhombomeres (r) 3 and
5 of the developing hindbrain (Schneider-Maunoury et al., 1993; Wilkinson et al., 1989), was only detected in
NPCs treated with 2.0 uM CT. The expression of rostral hindbrain marker HOXAZ (Prince and Lumsden, 1994)
peaked in NPCs treated with 1.0-2.0 uM CT, whereas the caudal hindbrain marker HOXB4 (Hunt et al., 1991)
was highly expressed in NPCs treated with 3.0-4.0 uM CT. The combination of RA and 4.0 puM CT further elevated
the expression level of HOXB4. Thus, we successfully established the in vitro model of hESC-derived NPCs with
different R-C regional identities.

Interestingly, the expression of SOX1 peaked in NPCs treated with a narrow CT concentration range (1.0-
2.0 uM), a pattern similar to that of HOXA2. However, the expression of SOX2 and NESTIN showed no
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preference among NPCs of different groups (Figure 1C). The result could be reproduced in another inde-
pendently derived hESC line, SHhES2 (Li et al., 2010), under the same differentiation condition (Figure S1A).

To verify the expression pattern of SOX1 along the R-C axis, we generated a SOX1-EGFP reporter hESC line by
knocking in a P2A-EGFP-Neo cassette following the endogenous SOX1 coding sequence (removing the SOX1
stop codon) in H? hESCs (Figure S1B), using the CRISPR/Cas? nickase system with a pair of small guide RNAs
(sgRNAs) targeting the SOX1 sequence around its stop codon. The 2A self-cleaving sequences were used to
generate a multicistronic reporter cassette that enables expression of EGFP and neomycin resistance gene flanked
by the loxP sites (NeoR), allowing for the positive selection of correctly targeted clones. The excision of the NeoR
cassette was catalyzed by Cre-induced recombination afterward. The correct integration was identified by
genomic DNA PCR. Clone #6 hESCs were correctly targeted in one allele, whereas the non-targeted allele was
intact. Heterozygous insertion of the reporter cassette was confirmed by genomic DNA PCR and Sanger
sequencing (Figures S1C and S1D). The karyotype of clone #6 hESCs was normal (46, XX) (Figure S1E). We then
performed flow cytometric analysis for NPCs derived from the SOX1-EGFP reporter hESCs and found that about
97% NPCsinthe CT1.0 group exhibited high levels of both SOX1 and EGFP (Figure S1F), indicating the consistency
between the expression of SOX1 and EGFP. In contrast, most NPCs in the CT0.0 group had low SOX1 and EGFP
levels. As a control, SOX2 was highly expressed in both EGFP'® NPCs of the CT0.0 group and EGFP"9" NPCs of
the CT1.0 group (Figure S1F). These results support the notion that the SOX1-EGFP reporter hESCs could faithfully
indicate the endogenous SOX1 expression.

Moreover, immunofluorescence staining analysis of expression patterns of some neural markers in NPCs
derived from the SOX1-EGFP reporter hESCs (clone #6) further validated the SOX1 expression pattern
and the robustness of our in vitro differentiation model at a protein level (Figure 1D). Intriguingly, we
observed that SOX1-EGFP'" and SOX1-EGFP"9" NPCs were present in the same dish when the CT con-
centration was relatively low (0.4 and 0.8 uM) and that EGFP-expressing NPCs and OTX2-expressing NPCs
were mutually exclusive (Figure 1D). When the CT concentration increased to relatively high levels (1.0 and
2.0 uM), most NPCs became SOX1-EGFP"9. |n contrast, expression of SOX2 and NESTIN was similar in
NPCs of all groups, in line with their transcript levels (Figure 1C). As NPCs treated with 1.0 and 2.0 uM
CT highly expressed rostral hindbrain genes, we considered them as rostral hindbrain NPCs for simplicity.
NPCs treated with 0.4 uM CT were considered as midbrain NPCs due to their high expression of midbrain
genes. Therefore, SOX1 was highly expressed in the rostral hindbrain NPCs.

In addition to the R-C identity, we also examined the expression of SOX1 in the D-V axis by modulating SHH
signaling. When combined with SHH protein and purmorphamine (an SHH agonist) (termed the "+SHH"" group)
(Maroof et al., 2013), we could efficiently pattern NPCs toward a ventral fate (Figure S1G). In previous studies,
PAX6 and PAX7 were used as the dorsal NPC markers, whereas NKX2.1 and NKX2.2 served as ventral NPC
markers (Imaizumi et al., 2015; Kirkeby et al., 2012). Consistently, our gRT-PCR result indicated that the high
expression of PAXé and PAX7 was mainly found in NPCs of the “-SHH" group, although PAXé was also highly ex-
pressed in CT4.0RA NPCs of the “+SHH" group. NKX2.7 and NKX2.2 were detected in NPCs of the “+SHH"
group. Notably, SOX1was only detected in NPCs of the "-SHH"’ group (Figure STH). Thus, in the following exper-
iments, we only studied the role of SOX1 in the R-C patterning process of NPCs with the dorsal identity.

To avoid the cell line bias, we generated additional two SOX1-EGFP reporter hESC lines using the same strat-
egy. By genomic DNA PCR and Sanger sequencing, we identified hESCs of clones #4 and #8 having heterozy-
gous insertion of the reporter cassette (Figures S2A and S2B). The flow cytometric analysis for NPCs derived
from these two hESC clones showed that the NPCs in the CT1.0 group exhibited high levels of both SOX1
and EGFP, and the NPCs in the CT0.0 group had low levels of both SOX1 and EGFP. In contrast, SOX2 was
highly expressed in both EGFP'®" NPCs of the CT0.0 group and EGFP"S" NPCs of CT1.0 group (Figure 52C).
These results clearly show that these two hESC clones could faithfully reflect the expression of the endogenous
SOX1. We also repeated the immunofluorescence staining analysis of OTX2 and GBX2 for NPCs derived from
these two SOX1-EGFP reporter hESC clones, and results similar to those of NPCs derived from SOX1-EGFP
reporter hESCs of clone #6 were obtained (Figure S2D). Thus, we reveal the unique expression pattern of
SOX1 during early neural regionalization of hESCs and generate the SOX1-EGFP reporter hESC lines.

OTX2 Inhibits SOX1 Expression
As mentioned earlier, both SOX1-EGFP'*" and SOX1-EGFP"9" NPCs could be present in the same dish or
even in the same aggregate when the CT concentration was 0.8 uM (Figure 2A). To determine the
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(A) Representative images of aggregates at day 4 treated with 0.8 pM CT. Scale bars, 100 um.
(B) The design of sorting NPCs treated with 0.8 uM CT at day 8 into EGFP"'9" and EGFP'*" subpopulations by

fluorescence-activated cell sorting (FACS) for RNA-seq.

(C) The RNA-seq volcano plot is shown. The blue and red dots indicate the DEGs significantly enriched (FDR <0.05) in the
EGFP'®" subpopulation (Low) and in the EGFP"S" subpopulation (High), respectively. Black dots indicate the genes with

no significant changes between the two subpopulations.

(D) Representative results for OTX2 immunofluorescence staining of SOX1-EGFP reporter hESC (clone #6)-derived NPCs
treated with 0.8 uM CT at day 8. Scale bars: 50 um in the upper row; 20 um in the lower row from a different view using an

oil immersion lens.

(E) A diagram showing the targeting sites of 2 sgRNAs (OTX2i-g1 and OTX2i-g2) used for OTX2knockdown in SOX1-EGFP

reporter hESCs (clone #6).

(F) gRT-PCR analysis of the OTX2 knockdown efficiency as well as mRNA levels of SOX1 and other indicated neural
markers in NPCs (CT0.4, day 4) derived from OTX2 knockdown (OTX2i-g1 or OTX2i-g2) and control knockdown (Ctrli)

iScience 23, 101475, September 25, 2020
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Figure 2. Continued

SOX1-EGFP reporter hESCs, relative to Ctrli hESCs (day 0). n = 3 independent experiments. Data are shown as
mean + SEM. *p < 0.05, ***p < 0.001; n.s., not significant.

(G) Flow cytometric analysis for the percentage of EG FPhi9" cells in NPCs (CT0.4, day 4) derived from OTX2 knockdown
(OTX2i-g1 or OTX2i-g2) and control knockdown (Ctrli) SOX1-EGFP reporter hESCs, respectively. NegCtrl:
undifferentiated WT hESCs.

(H) Quantitative analysis of the percentage of EGFP"9" cells for results of the experiment shown in (G). n = 3independent
experiments, Data are shown as mean + SEM. ***p < 0.001.

See also Figure S3.

differences between these two populations, we sorted NPCs (CT0.8, day 8) into EG FP'°" and EGFP"9" sub-
populations with three biological replications for RNA sequencing (RNA-seq) (Figure 2B). Analysis of differ-
entially expressed genes (DEGs) identified 170 genes enriched in EGFPM9" cells and 336 genes enriched in
EGFP'" cells (fold changes >1.5 and false discovery rate [FDR] < 0.05). Based on our previously published
dataset obtained from positionally patterned NPCs derived from WT hESCs (Fang et al., 2019), clustering
analysis of DEGs revealed that the EGFP"9" cells were grouped with NPCs treated with 0.8-2.0 pM CT,
whereas EGFP'®Y cells were grouped with NPCs treated with 0.4 uM CT (Figure S3A). Moreover, as indi-
cated by the volcano plot, OTX1, OTX2, LMX1A, LMX1B, EN1, WNT1, and WNT3A were enriched in the
EGFP'" cells, whereas GBX2, HOXA1, HOXAZ2, and SOX1 were enriched in the EGFP"'S" cells (Figure 2C).
These analyses indicate the association of SOX1 with rostral hindbrain NPCs.

As OTX2 was highly expressed in EGFP'®" cells and our immunofluorescence staining analysis showed the
mutually exclusive expression of OTX2 and SOX1 (Figure 2D), we suspected that OTX2 may repress the
expression of SOXT in the EGFP'°” NPCs. By analyzing published chromatin immunoprecipitation
sequencing (ChIP-seq) data of OTX2 in hESCs, endoderm cells, and ectoderm cells (Tsankov et al., 2015),
we found an OTX2-binding site located downstream of the SOX1 locus (Figure S3B), suggesting that
OTX2 may bind to the regulatory region of SOXT to inhibit its expression. In addition, we found an OTX2-
binding site downstream of the GBX2 locus (Figure S3B). Our ChIP-gPCR analysis validated binding of
OTX2 to these two sites (Figure S3C) in NPCs of the CT0.4 group. To test whether OTX2 could regulate
SOX1 expression, we knocked down OTX2 in SOX1-EGFP reporter hESCs using the CRISPRi system (Man-
degar et al., 2016) with two different sgRNAs (OTX2i-g1 and OTX2i-g2) targeting the 5" UTR sequence of
OTX2 gene and differentiated them into NPCs with 0.4 uM CT (Figure 2E). Results of gRT-PCR analysis indi-
cated that SOXTmRNA levels in NPCs were substantially increased by OTX2knockdown. Expression of GBX2
and HOXA2 was also upregulated, whereas SOX2 levels were not significantly altered by OTX2 knockdown (Fig-
ure 2F). Furthermore, flow cytometric analysis showed that OTX2 knockdown resulted in a significant increase in
the proportion of EGFPMS" NPCs (Figures 2G and 2H). Thus, we uncover a new role of OTX2 for inhibiting SOX1
expression and provide experimental evidence for the repressive effect of OTX2 on GBX2 expression in NPCs
derived from hESCs.

SOX1 Is Required for Specification of Rostral Hindbrain NPCs from hESCs

To understand the role of SOX1 in specifying rostral hindbrain NPCs from hESCs, we generated SOX1 knockout
(SOX1-KO) H9 hESC lines by the CRISPR/Cas? nickase system. The PGK-PuroR cassette was used to replace the
whole coding sequence (CDS) of SOX1 gene (Figure 3A). Our western blot result identified five hESC colonies
lacking SOX1 expression (Figure 3B). Two colonies, #26 (S1KO-#26) and #48 (S1KO-#48), were selected for Sanger
sequencing, which verified the precise insertion of the PGK-PuroR cassette (Figure S4A). hESCs with SOXThomo-
zygous deletion from these two clones were differentiated into NPCs with different regional identities along the
R-C axis, including the rostral forebrain (IWP2), midbrain (CT0.4), and rostral hindbrain (CT1.0). RNA samples of
undifferentiated hESCs (day 0) and NPCs from these three groups at days 4 and 8 were collected for RNA-seq
(Figure 3C). Compared with our previously published RNA-seq data of WT samples (Fang et al., 2019), DEGs
were identified (Figure 3D). Among the three groups of NPCs, SOX1-KO gave rise to the most DEGs in the
CT1.0 group and the least DEGs in the IWP2 group (Figure 3D), suggesting that SOX1-KO affected NPCs of
the CT1.0 group most. Therefore, Gene Ontology analyses were performed for DEGs between SOX1-KO
(CT1.0)and WT NPCs (CT1.0) on day 8 (Figure 3E). Notably, upregulated DEGs in SOX1-KO NPCs enriched terms
of pattern specification process and midbrain development. Moreover, both up- and downregulated DEGs en-
riched the term of WNT signaling. In addition, based on our previously published dataset (Fang et al., 2019), clus-
tering analysis of DEGs revealed that the SOX1-KO NPCs (CT1.0) were grouped with WT NPCs of CT0.8 and
CT0.4 groups (Figure 3F), suggesting that the regional identity of SOX1- KO NPCs of the CT1.0 group was
closer to that of WT NPCs of CT0.8 and CT0.4 groups than to that of WT NPCs of the CT1.0 group. In contrast,
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Figure 3. SOX1 Knockout Impairs the Specification of Rostral Hindbrain NPCs from hESCs

(A) The design for the construction of SOX1-KO hESC lines with two pairs of sgRNAs. The cleavage sites are indicated by
red arrows. The sgRNA-Up pair: a pair of sgRNAs targeting the SOX1 genomic sequence around the 5'-end of its CDS
region; the sgRNA-Down pair: a pair of sgRNAs targeting the SOXT genomic sequence around the 3'-end of its CDS
region.

(B) Representative results of western blot analysis for the identification of five hESC clones lacking SOX1 expression.
(C) A diagram of sample collection for RNA-seq analysis.

(D) The summary of the number of upregulated, downregulated, and total DEGs in SOX1-KO NPCs of each group. Fold
change > 2.0, FDR < 0.05.

(E) Gene Ontology (GO) analyses for DEGs between WT and SOX1-KO NPCs (CT1.0). Only the top six GO terms with
FDR < 0.05 and combined score > 15 are shown.
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Figure 3. Continued

(F) Unsupervised hierarchical clustering and Pearson correlation between WT and SOX1-KO NPCs at day 8.

(G) gRT-PCR analysis of mMRNA levels of neural markers in WT and SOX1-KO NPCs (CT1.0) at the indicated time points,
relative to undifferentiated WT hESCs (day 0). n = 3 independent experiments. Data are shown as mean + SEM.

(H) Representative results for western blot analysis of neural markers in WT and SOX1-KO cells at days 0, 4, 6, and 8 of
neural differentiation (CT1.0). A red arrow indicates the specific band of GBX2 proteins.

See also Figure S4.

the SOX1-KO NPCs treated with IWP2 or 0.4 uM CT were grouped with WT NPCs under the same treatment.
These results indicate that SOX7-KO impairs the specification of rostral hindbrain NPCs.

In addition, the aberrant expression of neural markers (Figure 3G) and WNT signaling-related genes (Fig-
ure S4B) were verified by qRT-PCR analysis. OTX1, OTX2, ENT, EN2, LMX1A, and LMX1Bwere upregulated,
whereas HOXA2 was downregulated, in NPCs of both SOX1-KO clones, when compared with WT NPCs. Of
note, SOX1-KO caused most evident downregulation of GBX2 at day 4 of differentiation in NPCs (CT1.0).
However, SOX1-KO did not alter the expression of SOX2 (Figure 3G). Western blot analyses also showed
the elevation of OTX2 and LMX1A protein levels, and the reduction in GBX2 and HOXA2 protein levels in
SOX1-KO NPCs (Figure 3H). Consistent with our gRT-PCR result (Figure S4B), luciferase assay results
showed that SOX1-KO significantly enhanced the B-catenin/TCF reporter (TOP/FOPFlash) activity (Fig-
ure S4C), suggesting a repressive role of SOX1 for WNT signaling in rostral hindbrain NPCs.

As Sox1 has been reported to mark proliferating cells within the neural tube of mouse embryos (Pevny et al.,
1998), we determined whether SOX1-KO would affect the cell cycle and proliferation of NPCs treated with
1.0 uM CT. Flow cytometric analyses indicated that there were not obvious differences in the distribution of
cell cycle phases (Figures S4D and S4E) and the percentage of EAU™ cells between WT and SOX1-KO NPCs
(Figures S4F and S4G).

SOX1 Activates GBX2 Expression Contributing to Rostral Hindbrain NPC Specification

To understand how SOX1 contributed to the specification of rostral hindbrain NPCs from hESCs, we carried
out ChIP-seq of SOX1 in rostral forebrain NPCs at day 8 (IWP2 D8), rostral hindbrain NPCs at day 4 (CT1.0
D4), and rostral hindbrain NPCs at day 8 (CT1.0 D8) (Figure 4A). A total of 4,223 highly reliable SOX1-bind-
ing regions were identified using the MACS2 (FDR g-value < 0.01), with the most binding regions in the
NPCs of CT1.0 D8 group (Figure S5A). Most SOX1-binding regions located in distal intergenic regions (Fig-
ure S5B). The DNA motif analysis revealed that 73.48% of SOX1-binding regions contained a [CT][AT]TTGT-
enriched sequence (p value < 1 x 1071234, consistent with the common consensus motif of SOX proteins
(Figure 4B). To identify downstream target genes of SOX1, we overlaid the DEGs (between SOX1-KO and
WT NPCs) and SOX1-binding genes obtained from our SOX1 ChIP-seq data of NPCs (CT 1.0) on day 4.
Ninety-two putative downstream targets of SOX1 in rostral hindbrain NPCs were identified (Figure 4C).
Among these 92 genes, we focused on GBX2 and HOXAZ2 due to their close relationships with hindbrain
development. SOX1-binding regions were found about 80 kb downstream of the GBX2 locus (Figure 4D)
and in the second exon of the HOXAZ locus (Figure S5C).

To test the role of GBX2 and HOXA2 in the SOX1-mediated function, we established doxycycline (Dox)-
inducible hESC lines overexpressing EGFP, GBX2, and HOXA2, respectively, in WT and SOX1-KO hESCs
(clones #26 and #48). During neural differentiation under the CT 1.0 uM condition, Dox was added from
day Oto day 8, and NPCs were collected at days 4 and 8 for analyses. Our result of gRT-PCR analysis showed
that GBX2 overexpression in SOX1-KO NPCs could largely abolish SOX1-KO-induced upregulation of
midbrain markers and downregulation of HOXAZ2 (Figure 4E). Of note, overexpression of GBX2 dramati-
cally reduced OTX2 expression levels in both WT and SOX1-KO NPCs, in agreement with the previous re-
ports that Gbx2 represses Otx2 expression in embryos (Katahira et al., 2000; Millet et al., 1999). Further-
more, overexpression of GBX2 evidently blocked SOX1-KO-caused upregulation of WNT1, AXIN2, and
WLS as well as downregulation of SFRP2 and SFRP4, to various degrees (Figure 4E). Western blot analysis
further revealed that overexpression of GBX2 abrogated alterations in protein levels of OTX2 and HOXA2
induced by SOX1-KO (Figure 4F). In contrast, HOXA2 overexpression in SOX1-KO NPCs could not effi-
ciently abolish SOX1-KO-caused alterations in the expression of the most tested genes (Figure S5D).
Collectively, SOX1 may contribute to the specification of rostral hindbrain NPCs from hESCs primarily by
controlling GBX2 expression.
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Figure 4. SOX1 Regulates GBX2 Expression Contributing to Rostral Hindbrain NPC Specification

(A) A diagram of sample collection for SOX1 ChIP-seq analysis.

(B) The DNA motif analysis of SOX1-binding regions.

(C) The Venn diagram showing the overlap between DEGs (WT versus SOX1-KO NPCs treated with 1.0 uM CT at day 4)
and SOX1-binding genes identified by SOX1 ChIP-seq analysis (CT1.0, Day 4).

(D) The SOX1-binding region downstream of the GBX2 locus in NPCs of the three groups indicated in (A).

(E) gRT-PCR analysis of mRNA levels of neural markers and WNT signaling-related genes at the indicated time points in
WT and SOX1-KO NPCs (CT1.0) overexpressing EGFP or GBX2, relative to undifferentiated WT hESCs (day 0). n = 3
independent experiments. Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.
Relative expression levels of SOXT were not analyzed statistically.

(F) Representative results for western blot analysis of neural marker protein levels at day 4 in WT and SOX1-KO NPCs
(CT1.0) overexpressing EGFP or GBX2.

See also Figure S5.

Identification of the Regulatory Region for GBX2 Expression

As mentioned earlier, there was a SOX1-binding region downstream of the GBX2locus in rostral hindbrain NPCs
(Figure 4D), and analysis of published datasets (Rada-Iglesias et al., 2011) revealed that p300 and mono-methyl-
ation of histone H3 at lysine 4 (H3K4me 1) were highly enriched around this region in hESCs (Figure 5A). However,
whether this region would be functionally important for GBX2 expression has remained unclear. To address this
question, we deleted the core SOX1-binding region (named S1B region) using the CRISPR/Cas? system with a
pair of sgRNAs (S1B-sgRNA1 and S1B-sgRNA2) (Figures 5A and 5B). Two clones (S1BKO-#5 and S1BKO-#27)
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Figure 5. Identification of Two Regulatory Regions for GBX2 Expression

(A) Genomic binding sites of SOX1 downstream of the GBX2 locus in NPCs of the CT1.0 group at day 4. ChIP-seq signal
profiles of OTX2 in ectoderm cells (OTX2_ectoderm) and p300 and H3K4me1 in hESCs (p300_hESCs and
H3K4me1_hESCs) were obtained from published datasets.

(B) The strategy to delete the core SOX1-binding region (S1B region) and OTX2-binding region (O2B region) in hESCs.
(C) Representative Sanger sequencing peak maps verified a deletion of 1.4 kb in hESCs of S1BKO-#5 and S1BKO-#27
clones.

(D) gRT-PCR analysis of mRNA levels of GBX2 and SOX2in WT and S1BKO NPCs under the indicated CT concentrations at
day 4, relative to undifferentiated WT hESCs (day 0). n = 3 independent experiments. Data are shown as mean + SEM.
***p < 0.001.

(E) Representative Sanger sequencing peak maps verified a deletion of 0.6 kb in hESCs of O2BKO-#13 and O2BKO-#32
clones.

(F) gRT-PCR analysis of mRNA levels of GBX2 and SOX2in WT and O2BKO NPCs under the indicated CT concentrations
at day 4, relative to undifferentiated WT hESCs (day 0). n = 3 independent experiments. Data are shown as mean + SEM.
***p < 0.001.

possessing biallelic deletion of the S1B region were identified and confirmed by Sanger sequencing (Figure 5C)
and genomic DNA PCR analysis (data not shown). We then differentiated hESCs of WT and S1B KO clones into
NPCs with different CT concentrations ranging from 0.0 to 3.0 uM. We found that deletion of the S1B region
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downregulated GBX2 dramatically in the NPCs of CT1.0, CT2.0, and CT3.0 groups, validating an important acti-
vating role of the S1B region for GBX2 expression (Figure 5D).

It has been shown that Otx2 could repress Gbx2 expression in animal models (Acampora et al., 1995, 1997;
Ang et al., 1996, Matsuo et al., 1995; Simeone, 1998). However, the underlying mechanisms have not been
fully elucidated, particularly in hESC-derived NPCs. Based on published OTX2 ChlIP-seq data (Tsankov
et al., 2015), we found an OTX2-binding region about 20 kb downstream of the GBX2 locus (Figure S3B).
We deleted the core OTX2-binding region (named O2B region) using the CRISPR/Cas? system with a
pair of sgRNAs (O2B-sgRNA1 and O2B-sgRNA2) to determine the role of the O2B region for GBX2 expres-
sion (Figures 5A and 5B). Two clones (O2BKO-#13 and O2BKO-#32) with a homozygous deletion of the O2B
region were established and verified by Sanger sequencing (Figure 5E) and genomic DNA PCR analysis
(data not shown). Deletion of the O2B region led to obvious upregulation of GBX2 in the NPCs of
CT0.8, CT1.0, CT2.0, and CT3.0 groups (Figure 5F), indicating a repressive role of this O2B region for
GBX2 expression in NPCs. In contrast, deletion of either S1B region or O2B region had no clear effects
on the expression of SOX2 in NPCs, favoring the notion that these two regulatory regions are specifically
responsible for the expression of GBX2. The question of how these regions participate in the control of
GBX2 expression remains unclear.

DISCUSSION

In this study, we report the expression pattern and function of transcriptional factor SOX1 in hESC-derived
NPCs. Our results show that SOX1 was highly expressed in NPCs with the rostral hindbrain identity at the
early stage of hESC neural differentiation. Using the SOX1-EGFP reporter hESC line established in the cur-
rent study, we found that SOX1-EG FP'°" and SOX1-EGFP"9h NPCs were present in the same culture dish
when the CT concentration was at 0.8 uM, and we were able to selectively purify these two subpopulations
for transcriptomic analysis. As expected, EGFP"9" cells highly expressed rostral hindbrain markers,
whereas EGFP'®" cells highly expressed midbrain markers, arguing for the association of SOX1 with rostral
hindbrain NPCs. Furthermore, our immunofluorescence staining results showed that SOX1-EGFP signal
and OTX2 expression were mutually exclusive when they were detected in the same culture dish. These ob-
servations point to the close relationship of SOX1 expression with rostral hindbrain NPCs. The following
lines of evidence indicate a role of SOX1 in the specification of rostral hindbrain NPCs: (1) analysis of
DEGs between WT and SOX71-KO NPCs showed that SOX1-KO affected gene expression in NPCs of the
CT1.0 group most, (2) SOX1-KO downregulated hindbrain markers and upregulated midbrain markers,
(3) SOX1-binding regions were mostly detected in NPCs of the CT1.0 group, and (4) SOX1 regulated
expression of GBX2 and HOXAZ2. Therefore, this study unraveled a new role of SOX1 for the specification
of rostral hindbrain NPCs from hESCs. These findings will help to elucidate how human neural regionaliza-
tion is regulated at a molecular level.

To dissect the molecular mechanism underlying the function of SOX1, we searched for its downstream tar-
gets and identified GBX2 as a key factor responsible for the function of SOX1 in the specification of rostral
hindbrain NPCs from hESCs, based on the following evidence: (1) our SOX1 ChlIP-seq analysis identified a
SOX1-binding region downstream of the GBX2 locus, (2) SOX1-KO in NPCs of the CT1.0 group resulted in
significant downregulation of GBX2, and (3) overexpression of GBX2 largely abrogates SOX1-KO-induced
alterations in gene expression. It is significant to uncover a new regulator of GBX2 expression, as Gbx2 is an
important factor for the normal development of the rostral hindbrain and the correct positioning of the
MHB (Nakayama et al., 2013; Wassarman et al., 1997; Waters and Lewandoski, 2006).

One of the important contributions of this study is to propose a model for the interaction between OTX2, GBX2,
and SOX1 in hESC-derived NPCs (Figure 6). It is known that a set of genes act in distinct domains around the
Otx/Gbx boundary to specify cells of different fates. It remains an open question how these genes interact to
pattern the cell fates around the boundary. We identified SOX1 as a downstream target of OTX2, a previously
unreported regulatory relationship. Thus, OTX2 functions by repressing SOX1 expression in addition to its sup-
pression of GBX2. Our discovery of mutual exclusion between SOX1-expressing NPCs and OTX2-expressing
NPCs led to the identification of SOX1-EGFPM9" rostral hindbrain NPCs and an important role of SOX1 in neural
regionalization. Moreover, this study not only uncovered an activating role of SOX1 for GBX2 expression but
also identified a SOX1-binding site-containing core regulatory region required for GBX2 expression. Further-
more, we provided experimental evidence for the role of an OTX2-binding site-containing core regulatory re-
gionin repressing GBX2 expression. These findings would greatly enhance our understanding of how the OTX2
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Figure 6. A Working Model

A proposed model illustrating the interaction between OTX2, SOX1, and GBX2 in hESC-derived NPCs. SOX1 and GBX2
are highly expressed in rostral hindbrain NPCs (CT1.0), whereas OTX2 is highly expressed in midbrain NPCs (CT0.4). OTX2
can bind to the regulatory region downstream of SOX1 and GBX2 to inhibit the expression of these two factors. SOX1 can
bind to the distal region downstream of GBX2 to activate its expression. S1B, the core SOX1-binding region; O2B, the
core OTX2-binding region; NPC, neural progenitor cells.

and GBX2 boundary is regulated at a transcriptional level. However, our finding also raises more questions, such
as how the SOX1-binding site-containing core regulatory region contributes to the spatiotemporal regulation of
GBX2 expression during neural regionalization? What is the role of the local chromatin state for SOX1-mediated
regulation of GBX2 expression? On the other hand, SOX proteins usually collaborate with their partner factors to
control gene expression (Kondoh and Kamachi, 2010). Thus, it will be helpful to find factors associated with
SOX1 in rostral hindbrain NPCs. In addition, comparison of the genome-wide chromatin accessibility and
configuration between WT and SOX1-KO NPCs would be useful for comprehensively elucidating the molecular
mechanisms by which SOX1 controls cell identity during early neural regionalization. The SOX1-EGFP reporter
hESC lines generated in this study, allowing reliable visualization and purification of NPCs with the rostral hind-
brain identity during hESC neural regionalization, will assist addressing the aforementioned issues.

Limitations of the Study

Ourfindings were obtained from an in vitro differentiation system, which may recapitulate the early stage of
human neural regionalization. It remains to be tested whether our findings are consistent with the early hu-
man neural development process in vivo.

Resource Availability
Lead Contact

Further information and requests for resources should be directed to and fulfilled by the Lead Contact, Ying
Jin (yjin@sibs.ac.cn).
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Materials Availability

All plasmids generated in this study and their information are available from the corresponding author
upon reasonable request.

Data and Code Availability
The accession number for the RNA-seq and ChlP-seq data reported in this paper is GEO: GSE138218.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental figures and legends
Figure S1
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Fig S1. Related to Fig 1.

(A) gRT-PCR analysis of mRNA levels of SOX1, SOX2 and NESTIN in NPCs derived from
another hESC line (SHhES2) at day 4, relative to undifferentiated WT hESCs (day 0). n=3
independent experiments. Data are shown as mean + SEM.
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(B) A diagram showing the design of the targeting vector and the screening strategy to identify
correctly targeted SOX1-EGFP reporter hESCs. The cleavage sites are indicated by a red
arrow.

(C) The representative genomic DNA PCR result showing the correct targeting and the
excision of the PGK-NeoR cassette after Cre-mediated recombination in hESCs of the clone
#6.

(D) Representative results for Sanger sequencing peak maps verified precise joining of &
homologous arm with the P2A-EGFP cassette, and a /oxP site remained with 3’ homologous
arm after Cre-mediated recombination in SOX1-EGFP reporter hESCs of clone #6.

(E) The representative result from karyotype analysis of hESCs of the clone #6: normal 46,
XX.

(F) Flow cytometric profiles of SOX1 and EGFP as well as SOX2 and EGFP in NPCs derived
from SOX1-EGFP reporter hESCs of clone #6 under indicated conditions. Similar results
were obtained in 3 independent experiments.

(G) The illustration of our differentiation protocol to generate NPCs with both D-V and R-C
identities from hESCs. SHH: Sonic Hedgehog C24ll; Pur: purmorphamine.

(H) gRT-PCR analysis of mRNA level of SOX7 and D-V markers in NPCs of “-SHH” and
“+SHH” groups at day 4, relative to undifferentiated WT hESCs (day 0). n=3 independent
experiments. Data are shown as mean £ SEM.
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Figure S2
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Fig S2. Related to Fig 1.

(A) The representative genomic DNA PCR result showing the correct targeting and the
excision of the PGK-NeoR cassette after Cre-mediated recombination in SOX1-EGFP
reporter hESCs of the clones #4 and #8.

(B) Representative Sanger sequencing peak maps verified precise joining of 5" homologous
arm with the P2A-EGFP cassette, and a /loxP site remained with 3’ homologous arm after
Cre-mediated recombination in SOX1-EGFP reporter hESCs of clones #4 and #8.

(C) Flow cytometric profiles of SOX1 and EGFP as well as SOX2 and EGFP in NPCs derived
from SOX1-EGFP reporter hESCs of clones #4 and #8 under indicated conditions. Similar
results were obtained in 3 independent experiments.

(D) Representative results of immunofluorescence staining of NPCs derived from SOX1-
EGFP reporter hESCs of clones #4 and #8 using antibodies against OTX2 and GBX2,
respectively, at day 8. The nucleus was stained by DAPI. Scale bars, 50 uM.
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Figure S3
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Fig S3. Related to Fig 2.

(A) Unsupervised hierarchical clustering and pearson correlation between EGFPh"
EGFP"*" and WT hESC-derived NPCs with different regional identities at day 8.

(B) ChlP-seq signal profiles of OTX2 at the SOX7 and GBX2 loci in hESCs, endoderm and
ectoderm cells were obtained from published data.

(C) ChIP-gPCR results of OTX2 at the SOX7 and GBX2 loci as well as a negative control
region in NPCs of the CT0.4 group at day 4. n = 3 independent experiments. Data are shown
as mean + SEM. ** p < 0.01, ** p < 0.001. NC: negative control, a gene desert region
(chr21:25509072+25509220, GRCh37/hg19).
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Figure S4
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Fig S4. Related to Fig 3.

(A) Representative Sanger sequencing peak maps verified the replacement of the CDS
region of SOX1 by the PGK-Puro cassette in hESCs of S1KO-#26 and S1KO-#48 clones.
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(B) gRT-PCR analysis of mRNA levels of WNT signaling associated genes in WT and SOX7-
KO NPCs (CT1.0) at the indicated time points, relative to undifferentiated WT hESCs (day 0).
n = 3 independent experiments. Data are shown as mean + SEM.

(C) Examination of WNT signaling activity by TOP/FOPFlash reporter assays in WT and
SOX7-KO NPCs (CT1.0) at day 6 and day 8. n = 3 independent experiments. Data are shown
as mean = SEM. * p <0.05, ** p <0.01, *™* p < 0.001.

(D) A representative flow cytometric analysis of the cell cycle using propidium iodide (PI) DNA
staining assays in WT and SOX7-KO NPCs (CT1.0) at day 8.

(E) Quantitative analysis of results from the experiment shown in (D). n = 3 independent
experiments. Data are shown as mean + SEM.

(F) A representative flow cytometric analysis of the cell proliferation rate by EdU labeling
assays in WT and SOX7-KO NPCs (CT1.0) atday 8. NC: WT NPCs (CT1.0) at day 8 without
EdU treatment.

(G) Quantitative analysis of results shown in (F) n = 3 independent experiments. Data are

shown as mean =+ SEM.
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Figure S5
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Fig S5. Related to Fig 4.
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Relative mRNA level

Relative mRNA level
Relative mRNA level

(A) The Venn diagram showing the number of SOX1 binding regions in NPCs of IWP2 day
8, CT1.0 day 4 and CT1.0 day 8 groups.

(B) Genomic distribution of SOX1-binding regions relative to their nearest RefSeq genes
using the cis-regulatory element annotation system.

(C) The SOX1 binding region at the HOXAZ2 locus in NPCs of the three groups indicated in

Fig. 4A.

(D) gRT-PCR analysis of mRNA levels of neural markers and WNT signaling related genes
at indicated time points in WT and SOX7-KO NPCs (CT1.0) overexpressing EGFP or HOXA2,
relative to undifferentiated WT hESCs (day 0). n = 3 independent experiments. Data are
shown as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s.: not significant.
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Supplemental tables

Table S1. The list of qRT-PCR primers used in this study, related to Figs
1-5, S1, S3, S4 and S5.

qPCR Primers

Gene Forward 5’ to 3’ Reverse 5’ to 3’

GAPDH GCACCGTCAAGGCTGAGAAC AGGGATCTCGCTCCTGGAA
Sox1 GGAATGGGAGGACAGGATTT ACTTTTATTTCTCGGCCCGT
Sox2 TGCTGCCTCTTTAAGACTAGGAC | CCTGGGGCTCAAACTTCTCT
SOX3 TGGAGAACTGCAACGCCTACGC GATCACGGCAGAAATCACCAACTC

NESTIN TTCCCTCAGCTTTCAGGACCCCAA | AAGGCTGGCACAGGTGTCTCAA

FOXG1 GCAGCACTTTGAGTTACAACGGCA | AGTTCTGAGTCAACACGGAGCTGT
oTX2 ACAAGTGGCCAATTCACTCC GAGGTGGACAAGGGATCTGA
oTX1 CACTAACTGGCGTGTTTCTGC GGCGTGGAGCAAAATCG

LMX1A AGGCCATCGCTCCCAATGAG TGGTTCTCGGACGTTTGGGG

LMX1B TTCCTGATGCGAGTCAACGAG GCAGTACAGTTTCCGATCCCG

EN1 CCGCGCACCAGGAAGCTGAA CAGCGCCAGGCCGTTCTTGA
EN2 CATGGCACAGGGCTTGTA TACTCGCTGTCCGACTTGC
GBX2 AAAGAGGGCTCGCTGCTC ATCGCTCTCCAGCGAGAA

KROX20 | TTGACCAGATGAACGGAGTG TGGTTTCTAGGTGCAGAGACG

HOXA2 CGTCGCTCGCTGAGTGCCTG TGTCGAGTGTGAAAGCGTCGAGG
PAX6 TCTTTGCTTGGGAAATCCG CTGCCCGTTCAACATCCTTAG
PAX7 ACCCCTGCCTAACCACATC GCGGCAAAGAATCTTGGAGAC

NKX2.1 CGCATCCAATCTCAAGGAAT CAGAGTGTGCCCAGAGTGAA

NKX2.2 AAACCATGTCACGCGCTCA GGCGTTGTACTGCATGTGCT
WNT1 GCCATTGAACAGCTGTGAGC CGTGGCTCTGTATCCACGTT

WNT3A GTGTTCCACTGGTGCTGCTA CCCTGCCTTCAGGTAGGAGT

WNT8B TTGTCGATGCCCTGGAAACA TTGAGTGCTGCGTGGTACTT

WN10B TGAGCTCGGTGAGAGCAAAG TTAAACCGTGGGGAGACTGC
WLS CACAACGGCAGTGTCCTACA ACTCATCTCCATGTGGGGGA
AXIN2 ACTTCTGGTTTGCCTGCAATGGA | GTGGCAGGCTTCAGCTGCTT
LEF1 CAGATCACCCCACCTCTTGG GTGAGGATGGGTAGGGTTGC
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SP5 GCACGTCAAGACTCACCAGA CATTTTGGGAGGCAGGCAAC
SFRP1 ACCACCGTCTGTCTCAGAGT TCTGTGCCTACAGAGAGCCT
SFRP2 AAGGAAAAGCCCACCCGAAT ACAACAACCAACCAGACCCA
SFRP4 GCGGAGAACAGTTCAGGACA AGTCGGAAGTCTCCGCTTTG

OTX2 ChIP-qPCR primers
NC GGGGGATCAGATGACAGTAAA AATGCCAGCATGGGAAATA
SOX1-F1/R1 | GGGCCGAGGGTTTTGTGTAG AAGGGTTTGACTTGCGGCT
GBX2-F2/R2 | TATTTCACAGCCACTGGGTCC GGGCCCTTTAGGACGAAGG

Table S2. The list of genomic DNA PCR primers used in this study, related

to Figs 3, 5, S1 and S2.

Primers for construction of pPBSK-SOX1-P2A-EGFP donor plasmid

LeftArm-F

AAGCTTCCTGAACGTTGAGCACTAGTGT

LeftArm-R

TCCGGATCCGATGTGCGTCAGGGGCACCG

RightArm-F

GTCGACGCCTTCGGGACGCCGGGGACTCT

RightArm-R

ATCGATTGAATTGGAGCGACACTGCT

Primers for construction of pPBSK-SOX1-Puro-Donor plasmid

PuroF

TGGGTACCGTCGACGGGTAGGGGAGGCGCTTTT

PuroR

CTGAATTCCCATAGAGCCCACCGCATCC

S1KO-LA-F

GTCGACGAAAAGCGTGCGCCATATCA

S1KO-LA-R

GGATCCGAATTCCTCGAGGCAGAAACACACGCACTCG

S1KO-RA-F

GAATTCGGATCCGAGAGGCGAAGCCCACTTTT

S1KO-RA-R

GCGGCCGCCATATGGGCTCACTTTTGGACGGACA

Primers for verification of S1B region and O2B region knockout

S1BS-F | TCCTCCCCATCTCCAGACAG
S1BS-R | GATTTCAGCCCCGTGTGTCT
02BS-F | GGGACGAGGTCAGGATTTGG
02BS-R | CCCTCATCCCCTCTCTGGAA
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Table S3. The list of guide sequences of individual sgRNAs, related to Figs
2, 3 and 5.

pX335-SOX1-StopA | GAAGGCGCTAGATGTGCGTC

pX335-SOX1-StopB | GGACGCCGGGGACTCTGCGG
pX462-SOX1-UpA ATGCTGTACATCGGGGCGGC
pX462-SOX1-UpB ACCGACCTGCACTCGCCCGG

Ctrli GGAGACGGACGTCTCC
0TX2i-g1 TGCTCCAAACCCACCCACCA
OTX2i-g2 GGGCTGGTTTACTGCTTCGG

S1B-sgRNA1 TACATTCGGACTGTCAGAGC

S1B-sgRNA2 ACTGCCCATGACGGGCTACT
02B-sgRNA1 GCATCGGGCAAGTCGGATGG
02B-sgRNA2 CACGTGCTAGGCTAGGGCGA

Table S4. The list of antibodies used in this study, related to Figs 1-4 and
S2.

Antibody Company
SOX1 R&D, AF3369
OTX2 R&D, AF1979
FOXG1 Abcam, ab18259
EN1 DSHB, 4G11
SOX2 Custom
NESTIN Millipore, MAB5326
GBX2 Sigma, HPA067809
GBX2 EPIGENTEK, A69507-050
HOXA2 Sigma, HPA029774
o-Tubulin Sigma, T9026
NESTIN-Alexa647 BD Biosciences, 51-9007230
SOX1-Cy5.5 BD Biosciences, 561549
SOX2-Alexa647 BD Biosciences, 51-9006407
Isotype-Alexa647 BD Biosciences, 557783
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Isotype-Cy5.5

BD Biosciences, 550795

Cy3-Donkey Anti-Mouse

Jackson ImmunoResearch 715-165-150

Cy3-Donkey Anti-Rat

Jackson ImmunoResearch 712-165-150

Cy3-Donkey Anti-Rabbit

Jackson ImmunoResearch 711-165-152

Cy3-Donkey Anti-Rabbit

Jackson ImmunoResearch 705-165-147

Alexa Fluor 555-Donkey Anti-Rabbit

Invitrogen, A-31572
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Transparent methods

Construction of donor plasmids and sgRNA plasmids

For the pBSK-SOX1-P2A-EGFP donor plasmid used to generate SOX1-EGFP reporter hESC
lines, the P2A-EGFP-loxP-NeoR-loxP cassette was synthesized and inserted into
pBlueScript-1I-SK (+). The left homologous arm fragment of about 3 kb in length was amplified
by PCR from the genomic DNA of H9 hESCs with 2 primers (LeftArm-F and LeftArm-R). The
right homologous arm fragment of about 2.75 kb in length was amplified by PCR from the
genomic DNA with 2 primers (RightArm-F and RightArm-R). The primer sequences are
provided in Table S2. For the pCAGGS-CRE-T2A-puro plasmid used to remove the NeoR
cassette, the T2A-Puro cassette was synthesized and inserted into the pCAGGS-CRE
plasmid (gift from Niwa’s lab). For the pBSK-SOX1-Puro-Donor plasmid used to generate
SOX1-KO hESC lines, the PGK-PuroR cassette was amplified by PCR from the pBigT (gift
from Frank Costantini’s lab) with 2 primers (PGK-Puro-F and PGK-Puro-R) and inserted into
pBlueScript-1I-SK (+). The left homologous arm fragment of about 2.9 kb in length was
amplified by PCR from the genomic DNA of H9 hESCs with 2 primers (S1KO-LA-F and
S1KO-LA-R). The right homologous arm fragment of about 2.4 kb in length was amplified by
PCR from the genomic DNA of H9 hESCs with 2 primers (S1KO-RA-F and S1KO-RA-R). For
sgRNA plasmids, Cas9 sgRNA vectors (pX335, or pX462 or pX459) were digested with Bbsl,
and gel extraction was performed to obtain the fragments of interest. A pair of oligos including
targeting sequences was annealed and cloned into the Bbsl-digested Cas9 sgRNA vector.
The guide sequences of individual sgRNAs are provided in Table S3. All plasmids
constructed in this study were sequenced to ensure their exactness.

Cell culture and differentiation of hESCs

The H9 (Karyotype, 46, XX) and SHhES2 (Karyotype, 46, XX) hESC lines were cultured on
hESC-qualified Matrigel (BD, 354277) supplemented with mTeSR1 (Stemcell, #85850), and
dissociated with Gentle Cell Dissociation Reagent (Stemcell, #07174) every 5 to 7 days for
routine passaging. For neural differentiation, hESC colonies were detached with 1 mg/mL
Dispase Il (Gibco, 17105041) and suspended in neural differentiation medium, which was
prepared as follows: DMEM/F12: Neurobasal (1:1, Gibco, 11320033), N2 (Gibco, 17502048),
B27 without vitamin A (Gibco, 12587010), GlutaMax-l (Gibco, 35050061), MEM Non-
Essential Amino Acids Solution (Gibco, 11140050), 5 uM SB431542 (Stemgent, 04-0010),
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and 50 nM LDN193189 (Stemgent, 04-0074). Rho Kinase (ROCK)-inhibitor (Y-27632, 10 uM,
Selleck, S1049) was present from day 0 to day 2. On day 4, aggregates were plated onto
Matrigel-coated 6-well plates. From day O to day 8, IWP-2 (2 uM, Millipore, 686770), or
CHIR99021 (0-4.0 uM, Stemgent,04-0004-10), or RA (1 uM, Sigma, R2625) was included in

the differentiation medium for region-specific neural differentiation.
Electroporation

hESCs were cultured in mTeSR1 (Stemcell, #85850) with the Rho Kinase (ROCK)-inhibitor
(Y-27632, 10 uM, Selleck, S1049) for 2 hrs prior to electroporation. Cells were dissociated
by Accutase (Stemcell, #07920) for 8 minutes at 37 °C. Cells were dispersed into single cells,
and 1x107 cells were electroporated with appropriate combinations of plasmids in 500 uL of
the electroporation buffer (5 mM KCI, 5 mM MgClz, 15 mM HEPES, 102.94 mM NazHPOs,
47.06 mM NaH2POas, pH 7.2) using the Gene Pulser Xcell System (Bio-Rad, 165-2661) at
250 V, 500 pF in 0.4 cm cuvettes (Bio-Rad, #1652088) (Chen et al., 2015).

Generation of the SOX1-EGFP reporter hESC line

H9 hESCs were electroporated with a pair of sgRNA plasmids (pX335-SOX1-StopA and
pX335-SOX1-StopB) as well as the donor plasmid pBSK-SOX1-P2A-EGFP, and screened
with G418 (125 ug/mL) for 5 days. The clones were characterized by genomic DNA PCR with
two primers: Primer-F (5-CTGCCGCAGCACTACCAG-3); Primer-R (5-
GTGCTTGGACCTGCCTTACT-3’). To excise NeoR cassette, the hESCs from #4, #6 and #8
clone were electroporated with the plasmid pCAGGS-CRE-T2A-puro, and screened with 0.5
ug/mL puromycin for 1 day. The colonies were individually picked and expanded, followed by
genomic DNA PCR and sequencing analyses for successful recombination using Primer-F

and Primer-R as mentioned above.
Generation of SOX1 knockout hESC lines

H9 hESCs were electroporated with two pairs of sgRNA plasmids (sgRNA-Up: pX462-SOX1-
UpA and pX462-SOX1-UpB; sgRNA-Down: pX335-SOX1-StopA and pX335-SOX1-StopB)

as well as donor plasmid pBSK-SOX1-Puro-Donor, and screened with 0.5 ug/mL puromycin
for 5 days. The colonies were individually picked and expanded, followed by genomic DNA

PCR with Primer-F and Primer-R as mentioned above. The guide sequences of individual
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sgRNAs are provided in Table S3. The passages of SOX7 knockout hESC lines used for
neural differentiation ranged from 5 to 23 after SOX7 deletion.

Generation of S1B region or O2B region knockout hESC lines

For S1B region knockout, H9 hESCs were electroporated with 2 sgRNA plasmids (pX459-
S1B-sgRNA1 and pX459-S1B-sgRNA2). For O2B region knockout, H9 hESCs were
electroporated with 2 sgRNA plasmids (pX459-02B-sgRNA1 and pX459-02B-sgRNA2). The
cells were screened with 0.2 ug/mL puromycin for 2 days, and individual colonies were picked
and expanded, followed by genomic DNA PCR and sequencing analyses. The primers for
DNA PCR and sequencing analyses are provided in Table S2. The guide sequence of
individual sgRNAs are provided in Table S3.

Generation of the OTX2 knockdown hESC line

The pAAVS1-CRISPRI plasmid (gift from Mohammad A. Mandegar) was used to generate
the parental dCas9-KRAB SOX1-EGFP reporter hESCs (clone #6) with the dCas9-KRAB
cassette integrated at the AAVS1 locus. The plentiGuide-puro vector was used to generate
the sgRNA expressing plasmid (Addgene, #117986). The detailed method was described
previously (Mandegar et al., 2016). Two sgRNAs targeting the 5° UTR of OTX2 (OTX2i-g1
and OTX2i-g2) and control sgRNA (Ctrli) were synthesized and annealed into the BsmBI-
digested plentiGuide-puro vector, respectively. These plasmids were used to generate OTX2
knockdown and control knockdown SOX1-EGFP reporter hESCs using the parental dCas9-
KRAB SOX1-EGFP reporter hESCs (clone #6) mentioned above. The guide sequences of
individual sgRNAs are provided in Table S3. Details of lentiviral production and infection were
previously described (Rubin et al., 2019).

Karyotyping

The well-grown SOX1-EGFP hESCs were treated with 100 ng/mL colchicine for 16 hrs and
karyotyped as previously described (Ma et al., 2012).

Flow cytometric analysis and fluorescence-activated cell sorting

For flow cytometric analysis, cells were dissociated into single cells and counted. Then they

were fixed with 4% PFA for 15 min at room temperature, washed 3 times with 1xPBS, and
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incubated in the blocking buffer (10% Bovine Serum Albumin (BSA) and 0.2% Triton X-100
in PBS) for 30 min at room temperature, followed by incubation with antibodies for 1 hr at
room temperature. The data of stained samples were acquired on the Beckman Gallios
cytometer.

For fluorescence-activated cell sorting, cells were dissociated into single cells and
counted. Then the cell suspension was analyzed by the Beckman Moflo Astrios cytometer.
About 1x10° to 1x107 of EGFP'*" or EGFP"9" NPCs were collected. Subsequently, total RNA
was extracted by the TRIzol reagent (Life Technologies, #15596026).

Luciferase reporter assays

Cells were dissociated into single cells and transfected with 500 ng of the 8xTOPFlash
(Addgene, #12456) or 8xFOPFlash (Addgene, #12457) plasmid together with 50 ng of the
pRL-TK internal control plasmid (Promega). After 48 hrs, luciferase activity was examined
with the Dual Glow Luciferase Assay System (Promega, #E1960).

Cell cycle and cell proliferation analysis

For cell cycle analysis, cells were dissociated into single cells and counted. For each sample,
500 pL Cell Cycle Rapid Detection Solution (Dakewe, DKW41-DKK) was added into 1x108
cells and analyzed by the Beckman Gallios cytometer. For cell proliferation analysis, cells
were incubated with EdU (10 uM; BD Biosciences) for 1 hr and labeled using a Cell-Light
EdU Apollo488 In Vitro Flow Cytometry Kit (RIBO). Cells were then dissociated into single
cells, fixed with 4% paraformaldehyde (PFA) solution, and permeabilized with 0.2% Triton X-
100/3% BSA in PBS. Finally, the samples were analyzed by the Beckman Gallios cytometer.

ChiP-seq and ChIP-gPCR assays

ChIP-seq and ChIP-qPCR assays were performed as previously described (Zhu et al., 2017).
All primers used in ChIP-qgPCR assays are listed in Table S1.

For ChIP-seq, DNA libraries were constructed using the NEB Next Ultra DNA Library
Prep Kit for lllumina, and sequenced using lllumina HiSeq X-ten at a target sequencing depth
of 20 million reads. Published ChIP-Seq datasets (GEO:GSM1521760 for OTX2;
GEO:GSM602291 for p300; GEO: GSM537679 for H3K4me1) were downloaded from the
Gene Expression Omnibus for integrated analysis. For SOX1 ChlP-seq data, reads were
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aligned to the hg19 reference assembly using bowtie2 with default parameter settings.
Uniquely mapped reads were kept and extended by 200 bp for further analysis. We used
MACS2 with g < 0.01 to identify significant binding events for SOX1. Peaks were then
annotated according to their proximity to transcription start sites using Homer. ChlP-seq
signal profiles at the specific locus were visualized with the Integrative Genomics Viewer
(IGV).

RNA-seq

RNA was extracted from cell samples using the TRIzol reagent. Sequencing libraries for RNA
with Poly(A) tails were prepared and sequenced on the lllumina Hiseq X-ten platform
according to lllumina manufacturer instructions. Gene expression was quantified by the
Salmon (Patro et al., 2017), and DEGs were analyzed by DESeq2 (Love et al., 2014) with
following settings: fold changes > 2 and FDR < 0.05. GO analysis for DEGs was conducted
using the GSEApy (https://github.com/zqfang/GSEApy) (Fang, 2020).

RNA extraction, cDNA synthesis and quantitative real time PCR (qRT-PCR)

Total RNA was extracted using the TRIzol reagent (Life Technologies, #15596026). Total
RNA of 4 pug was reversely transcribed into cDNAs using a ReverTra Ace reverse
transcriptase (Toyobo, #FSK-101) according to the manual. QRT-PCR was performed on the
ABI ViiA7 Real-Time PCR system, using the SYBR Premix Ex Taq Il (Takara, #RR820L)
following manufacturer’s instructions. GAPDH was used as an internal control, and a list of
primers for qRT-PCR is provided in Table S1.

Genomic DNA extraction and PCR

Genomic DNA was extracted with the Pure Link™ Genomic DNA Mini Kit (Invitrogen, K1820-
01). Genomic DNA PCR was carried out using the Q5® High-Fidelity DNA Polymerase (New
England Biolabs, M0492L). A list of primers for genomic DNA PCR is provided in Table S2.

Western blot analysis

Cells were rinsed with PBS twice and lysed with the Co-IP buffer (50 mM Tris-HCI, 150 mM
NaCl, 5 mM MgClz, 0.2 mM EDTA, 20% Glycerol, 0.1% NP-40, 3 mM B-Mercaptoethanol; pH
7.5) supplemented with a protease inhibitor cocktail (Selleck, B14001). Total protein
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concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Scientific,
#23227), following the manufacturer’s instructions. Total proteins of 20 ug (per lane) were
separated by the SDS-PAGE and transferred to 0.45 uM nitrocellulose blotting membranes
(GE Healthcare, #10600002). Membranes were blocked with 5% BSA diluted in TBST (19
mM Tris, 2.7 mM KCI, 137 mM NaCl, 0.1% Tween-20; pH 7.4) for 1 hr and incubated with
specific primary antibodies overnight at 4 °C, followed by incubation with HRP-conjugated
secondary antibodies for 1 hr. The signals were detected from blotted membranes by
exposing to the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific,
#34580). All western blot analyses were conducted in at least three independent experiments.
Antibodies used are listed in Table S4.

Immunofluorescence staining

Aggregates formed during neural differentiation were attached to Matrigel-coated coverslips
(Fisherbrand, #12-545-82). They were fixed with 4% PFA for 15 min at room temperature,
rinsed 3 times with 1xPBS, and incubated in the blocking buffer (10% donkey serum and 0.2%
Triton X-100 in PBS) for 30 min at room temperature followed by incubation with primary
antibodies overnight at 4 °C. Next day, coverslip cultures were rinsed 3 times with PBS, and
incubated with secondary antibodies (Cy3, 1:200) for 1 hr at room temperature. The nuclei
were stained with DAPI (Sigma, #D9542). Images were captured using a Zeiss Cell Observer
microscope. Antibodies used are listed in Table S4.

Statistical analysis

The unpaired Student’s t test was used for statistical tests unless stated otherwise. Data are
shown as mean+SEM. Numbers of biological replicates relevant for individual experiments

are stated in figure legends.
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