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SUMMARY

Recent studies have revealed an essential role for em-
bryonic cortical development in the pathophysiology
of neurodevelopmental disorders, including autism
spectrum disorder (ASD). However, the genetic basis
and underlyingmechanisms remain unclear. Here, we
generate mutant human embryonic stem cell lines
(Mut hESCs) carrying an NR2F1-R112K mutation
that has been identified in a patient with ASD features
and investigate their neurodevelopmental alterations.
Mut hESCs overproduce ventral telencephalic neuron
progenitors (ventral NPCs) and underproduce dorsal
NPCs, causing the imbalance of excitatory/inhibitory
neurons. These alterations can be mainly attributed
to the aberrantly activated Hedgehog signaling
pathway. Moreover, the corresponding Nr2f1 point-
mutant mice display a similar excitatory/inhibitory
neuron imbalance and abnormal behaviors. Antago-
nizing the increased inhibitory synaptic transmission
partially alleviates their behavioral deficits. Together,
our results suggest that the NR2F1-dependent imbal-
ance of excitatory/inhibitory neuron differentiation
caused by the activated Hedgehog pathway is one
precursor of neurodevelopmental disorders and may
enlighten the therapeutic approaches.
This is an open access article under the CC BY-N
INTRODUCTION

Genetic mutations contribute significant risk to neurodevelop-

mental disorders, such as autism spectrum disorder (ASD).

More than 1,000 ASD candidate genes have been identified

according to the Simons Foundation Autism Research Initiative

(SFARI) database (Abrahams et al., 2013). Previous studies

have illustrated that many genetic mutations disrupt excitatory/

inhibitory synaptic assembly or transmission, which leads to an

imbalance between excitatory and inhibitory neurons (E/I imbal-

ance) (Casanova et al., 2003; Rubenstein, 2010; S€udhof, 2008;

Zoghbi and Bear, 2012). However, these mutations are hetero-

geneous, each accounting for fewer than 2% of cases, and

about 80% of ASD patients have no clear etiology (Betancur,

2011; Geschwind, 2009). Exploration of additional genetic muta-

tions, as well as the underlying mechanisms, could contribute to

improved understanding of neurodevelopmental disorders,

including ASD.

Recent data suggest that the common pathophysiology of a

large proportion of ASD patients originates from abnormal em-

bryonic cortical development (Adhya et al., 2019; Mariani et al.,

2015; Parikshak et al., 2013; Willsey et al., 2013); however, the

underlying mechanisms are still unclear. The specification of

dorsal or ventral telencephalon, which determines excitatory or

inhibitory neuron differentiation, is an essential biological event

in embryonic cortical development (Marı́n and Rubenstein,

2001; Molyneaux et al., 2007; Wonders and Anderson, 2006). It

raises a hypothesis that the dysregulated specification of
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dorsal-ventral telencephalic neuron progenitor cells (NPCs)

leads to an imbalance of excitatory/inhibitory neuron differentia-

tion, which may underlie the E/I imbalance in neurodevelopmen-

tal disorders, especially ASD.

Nr2f1 is a critical transcription factor that determines mouse

telencephalic development (Naka et al., 2008). It regulates not

only cortical regionalization and excitatory projection neuron

differentiation in dorsal telencephalon (Alfano et al., 2011; Ar-

mentano et al., 2007; O’Leary and Nakagawa, 2002; Zhou

et al., 1999, 2001) but also inhibitory interneuron development

in ventral telencephalon (Hu et al., 2017; Kessaris et al.,

2014). However, little is known about the role of the NR2F1

gene in human brain development and neurodevelopmental

disorders. Human NR2F1 mutations were initially identified in

Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS), a

neurodevelopmental disorder (Bosch et al., 2014; Chen

et al., 2016). Moreover, recent genomic data have unveiled

many NR2F1 mutations in ASD patients (Chen et al., 2017;

De Rubeis et al., 2014; Lim et al., 2017; Sanders et al., 2012).

These results imply that NR2F1 variants confer high suscepti-

bility to neurodevelopmental disorders. Notably, one patient

with a point mutation in the NR2F1 gene (GRCh38.p12;

chr5:93585358G>A; c.335G>A; p.R112K) was the first reported

to manifest ASD features (Bosch et al., 2014). As no other dele-

terious mutations have been identified in this patient, the po-

tential role and underlying mechanism of the NR2F1-R112K

mutation in the pathogenesis of neurodevelopmental disorders

awaits further investigation.

Here, we derivemutant human embryonic stem cells lines (Mut

hESCs) containing the NR2F1-R112K mutation. Mut hESCs

display overproduction of ventral NPCs and underproduction

of dorsal NPCs, leading to an E/I imbalance. The above pheno-

types are mainly attributed to Hedgehog pathway activation.

Corresponding heterozygous Nr2f1-point mutant mice exhibit

a similar E/I imbalance in the primary somatosensory cortex

and display impaired social interactions, repetitive behaviors,

learning and memory deficits, and anxiety. Moreover, we
Figure 1. Mut hESCs Preferentially Differentiate into Ventral Telenceph

(A) Top: an illustration of the human NR2F1 protein structure. The wild-type (WT)

chr5:93585358G>A; c.335G>A; p.R112K) locates in the DNA-binding domain. P,

domain. Bottom: the sequence alignment showing the evolutionary conservation

(B) The schematic procedure of cortical neuron differentiation of hESCs. hESCM, h

neuron differentiation medium; EB, embryonic body; NSC, neural stem cell; NPC

(C) The relative RNA expression levels of dorsal (PAX6, NGN1, NGN2, EMX1, a

markers at D20. Expression is normalized to glyceraldehyde-3-phosphate dehyd

(D and E) Immunostaining (D) and quantification (E) of dorsal (PAX6) and ventral

(F) The relative RNA expression levels of excitatory (VGLUT1, VGLUT2, TBR1, and

markers at D45. The expression is normalized to GAPDH and WT or Mut levels.

(G–I) Immunostaining (G) and quantification (I) of excitatory (VGLUT1) or inhibitory (V

(J–L) Immunostaining (J) and quantification (L) of excitatory (Homer1) or inhibitory

ups of the outlined region displaying Homer1 or Gephyrin puncta. Scale bar, 1 m

(M) Representative recording traces depicting themembrane voltage deflection of

a 500-ms duration.

(N) The plot of evoked action potential rates versus the magnitude of injected cu

(O–Q) Representative recordings (O) and quantification (P) of mEPSCs and mIPS

Data are presented as means ± SEM; n represents the numbers of neuron differe

(E), (F), (I), and (L); n represents the numbers of recorded neurons in (N), (P), and (Q

30 mm (D) and 50 mm (G and H).

See also Figures S1 and S2 and Table S1.
demonstrate that antagonizing the increased inhibitory synaptic

transmission partially alleviates behavioral deficits in thesemice.

RESULTS

Generation of Mut hESCs with the NR2F1-R112K
Mutation
Mut hESCs harboring the point mutation (NR2F1-R112K) were

generated by using the CRISPR-Cas9 system (Ran et al., 2013)

(Figures 1A and S1A). Repeated efforts failed to generate hetero-

zygous mutant lines, so homozygous mutant hESC lines were

used to examine the effects of the NR2F1-R112Kmutation. In to-

tal, three homozygous mutant lines and three isogenic wild-type

H9 hESC lines (WT hESCs) were obtained. To examine off-target

effects, we analyzed top potential off-target sites and found them

intact (Table S1), suggesting faithful gene editing by theCRISPR-

Cas9 system in hESCs, as reported earlier (Smith et al., 2014;

Veres et al., 2014). We then subjected both wild-type (WT) and

Mut hESCs into cortical neuron differentiation to mimic embry-

onic telencephalic development by using a modified serum-free

embryonic body (SFEB) method (Figure 1B) (Elkabetz et al.,

2008; Li et al., 2017a; Zhang et al., 2001). The neuron differentia-

tion process was divided into consecutive stages: pluripotency

(day 0 [D0]), differentiation initiation (D2–D6), neural commitment

(D8–D10), neuron progenitor cell proliferation (D12–D20), and

neuron differentiation-maturation stage (D22–D45). The neuron

differentiation process was analyzed at four representative time

points (D0, D10, D20, and D45) (Figure 1B).

Mut hESCs Preferentially Differentiate into Ventral
Telencephalic NPCs and Inhibitory Neurons
At D0, the levels of transcripts and proteins of pluripotent

markers (OCT4, NANOG, REX1, and SOX2) (Rogers et al.,

1991; Shi et al., 2006; Takahashi et al., 2007) displayed high sim-

ilarity between WT and Mut cells (Figures S1B–S1D). We also

observed no significant changes in the expression of neural

stem cell (NSC) markers (PAX6, SOX2, OTX2, POU3F1/OCT6,
alic NPCs and Inhibitory Neurons

human NR2F1 protein has 423 amino acids, the point mutation (GRCh38.p12;

protein; R, arginine; K, lysine; DBD, DNA-binding domain; LBD, ligand-binding

of the amino acid residues.

uman embryonic stem cells growth medium; NI, neural induction medium; ND,

, neuron progenitor cell. The details are described in STAR Methods.

nd TBR2) and ventral (DLX1, DLX2, NKX2-1, ASCL1, ISL1, and FOXG1) NPC

rogenase (GAPDH) and WT or Mut levels.

(NKX2-1) NPC markers at D20.

Homer1) and inhibitory (VGAT,GAD1,GAD2, andGephyrin) neuron or synapse

GAT) (H and I) neuron or synapsemarkers at D45. TUJ1, a pan-neuronal marker.

(Gephyrin) (K and L) neuron or synapsemarkers at D45. Scale bar, 5 mm. Close-

m.

neurons at D65 in response to the step current injections of 0 pA and 25 pAwith

rrent (input-output curve) from neurons at D65.

Cs (O and Q) from neurons at D65.

ntiation with three lines, one experiment of neuron differentiation per line in (C),

); Student’s t test analysis is used in (C), (E), (F), (I), (L), (N), (P), and (Q). Scale bar,
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and ZNF521) (Ellis et al., 2004; Qiao et al., 2015; Zhang et al.,

2010; Zhu et al., 2014) at D10 (Figures S1E–S1G). Moreover,

the expression levels of pan-NPC markers (MUSASHI-1,

FABP7, SOX1, GFAP, and VIMENTIN) (Farkas et al., 2003; Gar-

cia et al., 2004; Kaneko et al., 2000; Pankratz et al., 2007) were

comparable between WT and Mut cells at D20 (Figures S1H–

S1J). These results suggest that both WT and Mut hESCs have

an equivalent potential to differentiate into NPCs.

It has been demonstrated that the specification of dorsal-

ventral telencephalic NPCs is essential to brain development

(Campbell, 2003; Wilson and Rubenstein, 2000) and that the

mouse Nr2f1 gene is involved in both dorsal and ventral telence-

phalic development (Alfano et al., 2011; Armentano et al., 2007;

Hu et al., 2017; Naka et al., 2008; Zhou et al., 1999; Zhou et al.,

2001). To investigatewhether theNR2F1-R112Kmutation affects

thedorsal-ventral specification in humanNPCs,weexamined the

expression of dorsal and ventral NPCmarkers at D20. Consistent

with previous studies (Li et al., 2009; Li et al., 2017a), dorsal NPC

markers (PAX6, NGN1, NGN2, EMX1, and TBR2) (Bulfone et al.,

1999; Fode et al., 2000; Hevner et al., 2006) were highly ex-

pressed in WT NPCs at D20 (Figure 1C), implying their dorsal

telencephalic NPC identities. Strikingly, Mut NPCs displayed

much higher levels of RNA expression of ventral NPC markers

(DLX1, DLX2, NKX2-1, ASCL1, ISL1, and FOXG1) (Fode et al.,

2000; Mariani et al., 2015; Martynoga et al., 2005) and reduced

expression of dorsal markers (Figure 1C), indicating their ventral

NPC fates. Immunostaining of Mut NPCs at D20 illustrated a

marked increase in ventral NKX2-1+ and DLX1/2+ NPCs, accom-

panied by a dramatic reduction in dorsal PAX6+ and NGN1+

NPCs (Figures 1D, 1E, S1K, and S1L). It was noteworthy that

dorsal NPC makers did not colocalize with ventral NPC markers

in eitherWT orMut NPCs at D20 (Figures 1D and S1K). These dif-

ferential gene expression patterns were reproducible among

different cell lines (Figure S1M). These data indicate that the

NR2F1-R112K mutation promotes the production of ventral

NPCs and inhibits dorsal NPC differentiation fate, leading to the

dysregulated specification of dorsal-ventral NPCs.

Because ventral NPCs give rise to themajority of cortical inhib-

itory neurons (Wonders and Anderson, 2006), we investigated

whether Mut hESCs preferentially differentiate into inhibitory

neurons at D45. qPCR analyses showed that the transcript levels

of inhibitory neuron or synapse markers (VGAT, GAD1, GAD2,

and Gephyrin) (Choii and Ko, 2015; Mariani et al., 2015; Tama-

maki et al., 2003) were increased inMut neurons at D45, whereas

the RNA expression of excitatory neuron or synapse markers

(VGLUT1, VGLUT2, TBR1, and Homer1) (Brakeman et al.,

1997; Fremeau et al., 2001; Mariani et al., 2015) showed a signif-

icant decrease, comparedwith theirWTcounterparts (Figure 1F).

These changes were confirmed by quantification of excitatory

VGLUT1+ or inhibitory VGAT+ neurons at D45 (Figures 1G–1I).

Thus, the overproduction of inhibitory neurons and the underpro-

duction of excitatory neurons lead to an imbalance between the

numbers of excitatory and inhibitory neurons. Furthermore,

quantification of synaptic puncta revealed a decrease in excit-

atory Homer1+ puncta and a significant increase in inhibitory

Gephyrin+ puncta in Mut neurons (Figures 1J–1L), suggesting

an increase in the number of inhibitory synapses and a decrease

in the number of excitatory synapses.
4 Cell Reports 31, 1–18, April 21, 2020
To rule out off-target possibilities, we generated mutation-

reversed hESCs (Rev hESCs), in which the NR2F1-R112K muta-

tion was corrected and a synonymous mutation of NR2F1 gene

(GRCh38.p12; chr5:93585371G>A; c.348G>A; p.R116R) was

introduced simultaneously to distinguish Rev hESCs from WT

hESCs (Figure S2A). We found that the altered neuron differenti-

ation was restored in Rev hESCs at both D20 and D45 (Figures

S2B–S2H), supporting the notion that the NR2F1-R112K muta-

tion is entirely responsible for the altered neuron differentiation.

To examine the electrophysiological activities of WT and Mut

neurons, we performed a patch-clamp recording on neurons at

day 65 after neuron differentiation (D65), when neurons gener-

ated from hESCs in vitro show a steadily electrophysiological

maturation (Johnson et al., 2007). WT andMut neurons exhibited

equivalent electrical excitability (Figures 1M and 1N). We also

investigated the miniature synaptic currents in some neurons

(Figure 1O). The amplitudes and frequencies of miniature excit-

atory postsynaptic currents (mEPSCs) of Mut neurons were

lower than those of WT neurons (Figure 1P). However, the fre-

quencies of miniature inhibitory postsynaptic currents (mIPSCs)

of Mut neurons were higher, whereas the amplitudes of mIPSCs

displayed no significant changes (Figure 1Q). Taken together,

these data indicate that the NR2F1-R112K mutation promotes

the production of inhibitory neurons and reduces the production

of excitatory neurons, leading to the E/I imbalance.

The Hedgehog Signaling Pathway Is Aberrantly
Activated in Mut NPCs
To investigate the molecular mechanisms underlying the dysre-

gulated specification of dorsal-ventral NPCs, we analyzed the

global transcriptome of WT and Mut NPCs at D20 with two bio-

logical replicates (Figure 2A). The limited line-to-line variability

revealed by correlation analysis indicates the high reproducibility

of our samples (Figure S3A). First, we compared the transcrip-

tome of either WT or Mut NPCs with BrainSpan’s atlas (Kang

et al., 2011) and found that bothWT andMut NPCs best reflected

early embryonic human brain development (8–9 weeks postcon-

ception [8–9_pcw]) (Figure 2B). This indicates that the NR2F1-

R112K mutation did not accelerate or delay the neuron-differen-

tiation process. With regard to regional specification, the

transcriptome of WT NPCs was similar to that of human dorsal

telencephalon (including cerebral cortex and hippocampus) (Fig-

ure 2B), which was close to that of previous studies (Eiraku et al.,

2008; Li et al., 2017a; Mariani et al., 2012). In contrast, the tran-

scriptome ofMut NPCswasmost similar to that of human ventral

telencephalon, especially to that of medial ganglionic eminence

(MGE), caudal ganglionic eminence (CGE), and lateral ganglionic

eminence (LGE) (Figure 2B). These results confirm that Mut

hESCs adopt the differentiation preference into ventral telence-

phalic NPCs. Next, both WT and Mut NPCs transcriptome

were analyzed by differential gene expression (DEG) analysis

(Figure 2C). Gene Ontology (GO) terms annotated by inhibitory

neuron differentiation (including DLX1, DLX2, ASCL1, LHX8,

ISL1, NKX2-1, and FOXG1) were enriched in Mut NPCs (Fig-

ure 2C). In contrast, many transcription factors (such as PAX6,

NGN1, NGN2, EMX1, EMX2, TBR2, and TBR1) ensuring excit-

atory neuron differentiation showed dramatic downregulation

in Mut NPCs (Figure 2C). Intriguingly, the genes related to
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inhibitory (g-aminobutyric acid [GABAergic]) synaptic transmis-

sion were highly expressed in Mut NPCs, whereas the excitatory

(glutamatergic) synaptic transmission-associated genes were

downregulated (Figures 2C and S3B). These results further illus-

trate that Mut hESCs have a preference toward differentiating

into ventral NPCs and imply their inhibitory neuron fate.

Surprisingly, signaling pathway enrichment analysis unveiled

an aberrant activation of the Hedgehog pathway in Mut NPCs

(Figure 2D), indicated by upregulation of Hedgehog target genes

or activators (GLI1, SHH, and PTCH1) (Katoh and Katoh, 2009;

Lee et al., 1997; Sheng et al., 2004) and downregulation of

Hedgehog pathway repressors (GLI3 and GPR161) (Motoyama

and Aoto, 2006;Mukhopadhyay et al., 2013) in the transcriptome

of Mut NPCs (Figures 2C and S3B). Hedgehog pathway activa-

tion in Mut NPCs was further confirmed by gene-set enrichment

analysis (GSEA) and the Gli-luciferase reporter assay (Figures

S3C–S3E). Comparison of our DEGs with an independent study

(DeRosa et al., 2018) indicates that both the Hedgehog pathway

activation and the dysregulated dorsal-ventral specification are

implicated in ASD patients’ induced pluripotent stem cell

(iPSC)-derived NPCs (Figure S3F).

To further investigate the underlying mechanism of the aber-

rantly activated Hedgehog signaling pathway, chromatic

immunoprecipitation sequencing (ChIP-seq) was performed in

H9 hESCs-derived NPCs overexpressing an equal amount of

pcDNA3.1+-WT/Mut NR2F1-Flag plasmids with two biological

replicates (Figures 2A and S3G). The DNA-protein complex was

precipitated by Flag beads. The replicates were merged because

of the narrow variations (Figure S3H). When compared with WT

NR2F1, Mut NR2F1 showed decreased enrichment in the regions

within the transcription start site (TSS) ± 3,000 bp (Figure S3I),

implying the reduced DNA-binding activity of Mut NR2F1. To

investigate whether NR2F1 binding affected the expression of

target genes, we integrated ChIP-seq data with DEGs (Figure 2E).

Among 576 differentially expressed genes bound by WT or Mut

NR2F1, several Hedgehog pathway regulators (GLI3, GAS1,
Figure 2. The Hedgehog Signaling Pathway Is Aberrantly Activated in

(A) Diagram of sample preparations for RNA-seq and ChIP-seq.

(B) Transcriptome correlation betweenWT or Mut NPCs at D20 and human brain s

correlated brain regions of WT or Mut NPCs, respectively. 8/9_pcw, 8/9 post-c

cortex; HIP, hippocampus; PCx, parietal cortex; MFC, medial frontal cortex; OFC,

eminence; CGE, caudal ganglionic eminence.

(C) The heatmap shows the differentially expressed genes (DEGs) between WT an

shown in the right column.

(D) Analysis of signaling pathways involved in embryonic brain development. B

respectively (I, inhibit; A, activate). The value in each cell represents log10 (fals

enrichment (FDR < 0.01).

(E) Venn diagrams summarizing the integrating WT and/or Mut NR2F1-bound

expression patterns of these overlapped genes and the corresponding ChIP-seq

(F) Genome browser snapshot of the NR2F1 enrichment in the GLI3 locus and t

regions of NR2F1.

(G and H) Verification of NR2F1 enrichment in the promoter region of the GLI3

normalized to negative control levels (G) and the empty vector (H).

(I) Verification of the GLI3 expression in WT and Mut NPCs at D20 by qPCR assa

(J) The GLI3 expression in H9 hESCs-derived NPCs by overexpressing an equ

normalized to GAPDH and to empty vector levels.

Data are presented asmeans ±SEM; n represents separate experiments.WT, n =

used in (G) and (I). One-way ANOVA analysis with Tukey’s test was used in (H) a

See also Figure S3 and Table S2.
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WNT9A, PTCH1, FGF9, SALL3, and WNT7B) were identified

(Table S2). GLI3 presented the highest peak score among these

regulators and was a major Hedgehog pathway repressor in

telencephalic development (Motoyamaand Aoto, 2006). Reduced

enrichment of Mut NR2F1 in the promoter region of GLI3

(compared with WT NR2F1) was identified in ChIP-seq analysis,

ChIP-qPCR and luciferase assays (Figures 2F–2H). Decreased

expression of GLI3 in Mut NPCs was observed in RNA-seq anal-

ysis and the qPCR assay (Figures 2F and 2I). Moreover, we found

that overexpression ofWT NR2F1 in the H9 hESCs-derived NPCs

increased the GLI3 transcript levels, whereas overexpression of

Mut NR2F1 led to the downregulation of GLI3 (Figure 2J). This

suggests that WT NR2F1 positively regulates GLI3, and that the

regulation is abolished by the NR2F1-R112K mutation. We

also found that Mut NR2F1 displayed decreased enrichment in

the promoter or enhancer regions ofGLI1, PTCH1, and SHH (Fig-

uresS3J–S3N)and that theseHedgehogtargetgenesoractivators

were upregulated in Mut NPCs at D20 (Figure S3O). These differ-

entially expressed genes indicate the activation of Hedgehog

pathway, and it raises the hypothesis that the aberrantly activated

Hedgehog signaling pathway accounts for the imbalance of excit-

atory/inhibitory neuron differentiation.

Hedgehog Pathway Activation Is Mainly Responsible for
the Altered Neuron Differentiation
To test this hypothesis, cyclopamine, an antagonist of the Hedge-

hog pathway (2 mM) (Chen et al., 2002), was administrated from

D10 to D20 during neuron differentiation, following previous

studies (Li et al., 2009; Srikanth et al., 2015) (Figure 3A). This treat-

ment led to decreasedHedgehog pathway activities inMut NPCs,

but not WT NPCs, determined by the Gli-luciferase reporter assay

(Figure 3B). Importantly, the expression levels of ventral NPC

markers (DLX1, DLX2,NKX2-1, and ASCL1) at D20 were downre-

gulated, whereas dorsal NPC markers (NGN1, NGN2, PAX6, and

TBR2) were upregulated in the cyclopamine-treated Mut cells

(Figures3C–3E). Furthermore,atD45, inhibitoryneuronorsynapse
Mut NPCs

amples from BrainSpan’s database. The left or right column shows the top five

onception weeks; M1C, primary motor cortex; S1C, primary somatosensory

orbitofrontal cortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic

d Mut NPCs at D20. Representative genes and Gene Ontology (GO) terms are

rown or blue indicates an activated enrichment or an inhibited enrichment,

e discovery rate [FDR]), and the brown or blue border indicates significant

genes (ChIP-seq data) with DEGs (RNA-seq data) (top). The heatmaps of

signals generated by WT/Mut NR2F1 (bottom).

he expression changes of GLI3. The blue rectangle indicates the enrichment

gene by ChIP-qPCR assay (G) and luciferase assay (H). The expression is

y. The expression is normalized to GAPDH and WT levels.

al amount of empty vector or pcDNA3.1+-WT/Mut NR2F1. The expression is

3 (G)–(J); Mut, n = 3 (G)–(J); vector, n = 3 (H) and (J); Student’s t test analysis was

nd (J).
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markers were downregulated, whereas excitatory neuron or syn-

apse markers were upregulated in Mut cells with cyclopamine

treatment (Figures 3F–3I). These data show that cyclopamine

treatment can mainly rescue the altered neuron differentiation at

both D20 and D45 and confirm the hypothesis that Hedgehog

pathway activation inMut cells mainly accounts for the imbalance

of excitatory/inhibitory neuron differentiation.

The Imbalance of Excitatory/Inhibitory Neurons Is
Observed in the Primary Somatosensory Cortex of
Nr2f1+/m Mice
Considering that the Nr2f1 gene is identified as a regulator of

cortical patterning in the sensory area during mouse brain devel-

opment (Armentano et al., 2007) and that the primary somato-

sensory cortex is frequently influenced in many ASD mouse

models (Collignon et al., 2013; Marco et al., 2012), we asked

whether the altered neuron differentiation could be recapitulated

in the primary somatosensory cortex using a mouse model.

To generate an in vivomodel, we introduced the corresponding

point mutation of Nr2f1 gene (GRCm38.p6; chr13:78198248G>A;

c.326G>A; p.R109K) into fertilized mouse eggs. After a series of

crossings, heterozygous point-mutation mice (Nr2f1+/m [+/m])

and WT mice (Nr2f1+/+ [+/+]) were obtained, but homozygous

point-mutationmice (Nr2f1m/m [m/m]) were not (Figure S4A; Table

S3). We first examined whether the point mutation of the mouse

Nr2f1 gene affected the dorsal-ventral telencephalic specification

and Hedgehog pathway activity at embryonic day 12.5 (E12.5).

Similar to observations in Mut NPCs, we found reduced expres-

sion of dorsal NPC markers (Pax6, Ngn1, and Emx1) and

increased expression of ventral NPC markers (Nkx2-1 and

Gsx1), as well as elevated Hedgehog pathway activity (revealed

by upregulation of Shh and Gli1 and downregulation of Gli3), in

the whole brain of Nr2f1+/m mice embryos, compared with

Nr2f1+/+ embryos (Figure S4B). Importantly, at 2 months old

(2M), Nr2f1+/m mice had decreased numbers of Cux1+ and

Ctip2+ excitatory projection neurons (Leone et al., 2008; Nieto

et al., 2004) and increased numbers of Gad1+, PV+, and SST+

inhibitory interneurons (Tamamaki et al., 2003; Wonders and An-

derson, 2006) in the primary somatosensory cortex, compared

with their Nr2f1+/+ littermates (Figures 4A–4F and 4H). Further-

more, Nr2f1+/m;Gad1-GFP mice were generated (Tamamaki

et al., 2003), and the number of Gad1-GFP+ neurons was also

increased, compared with Nr2f1+/+;Gad1-GFP mice (Figures 4G

and 4H). These data indicate that there is an overproduction of

inhibitory neurons and an underproduction of excitatory neurons

in the primary somatosensory cortex of Nr2f1+/m mice.

Additionally, the number of excitatory and inhibitory neurons in

the prefrontal cortex (PFC), which is also considered to be

affected in neurodevelopmental disorders (Courchesne et al.,
(C) Relative RNA expression levels of dorsal (PAX6,NGN1,NGN2, and TBR2) and v

is normalized to GAPDH and WT+DMSO or Mut+DMSO levels.

(D and E) Immunostaining (D) and quantification (E) of dorsal (PAX6) and ventral

(F) Relative RNA expression levels of excitatory (VGLUT1, VGLUT2, and TBR1) an

expression is normalized to GAPDH and WT+DMSO or Mut+DMSO levels.

(G–I) Immunostaining (G) and quantification (I) of excitatory (VGLUT1) or inhibitor

Data are presented asmeans ±SEM; n represents three separate experiments of n

(G and H). One-way ANOVA analysis with Tukey’s test was used in (B), (C), (E), (
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2011; Kemper and Bauman, 1998), was investigated. The num-

ber of inhibitory Gad1+ neurons was increased in Nr2f1+/m

mice (Figure S4C), whereas the number of excitatory Ctip2+ or

GluR2+ neurons was mainly unchanged (Figure S4D). The

discrepancy of excitatory projection neuron phenotypes

between primary somatosensory cortex and PFC may originate

from the fact that the expression of Nr2f1 gene was high in the

sensory cortex but low in the frontal cortex (Armentano et al.,

2007). Thus, we focused on analysis of the primary somatosen-

sory cortex in this study.

We also found electrophysiological evidence for the increased

inhibitory phenotypes in 1–2-month-old Nr2f1+/m mice. Although

the action potentials of primary somatosensory cortex neurons

in Nr2f1+/+ and Nr2f1+/m mice displayed no significant differ-

ences (Figures 4I and 4J), the amplitudes and frequencies of

mEPSCs in Nr2f1+/m mice were reduced (Figures 4K and 4M),

whereas the amplitudes and frequencies of mIPSCs were

increased (Figures 4L and 4N). Taken together, these data indi-

cate that there is an imbalance of excitatory/inhibitory neurons

in the primary somatosensory cortex of Nr2f1+/m mice.

Nr2f1+/m Mice Display Impaired Social Interactions,
Repetitive Behaviors, Learning and Memory Deficits,
and Anxiety
Because the imbalance of excitatory/inhibitory neurons may un-

derlie behavioral deficits in many models for neurodevelopmen-

tal disorders (Gogolla et al., 2009; Rubenstein, 2010; Yizhar et al.,

2011), Nr2f1+/+ and Nr2f1+/m male mice generated by in vitro

fertilization (IVF) at 2M were examined using a series of behav-

ioral tests. In the social affiliation and sociability test, Nr2f1+/+

mouse displayed a preference for an age-matched male mouse

(N) to an inanimate object (O), whereas the preferencewas unde-

tectable in Nr2f1+/m mouse (Figures 5A–5D). In the social mem-

ory and novelty test, the preference for a novel mouse (N) to

the familiar mouse (F) was not identified in Nr2f1+/m mouse (Fig-

ures 5E–5H). These abnormalities measured in the three-cham-

ber test indicate the impaired social interactions of Nr2f1+/m

mouse. Compared with the Nr2f1+/+ mouse, the Nr2f1+/m mouse

spent more time in self-grooming, implying more repetitive be-

haviors (Figures 5I and S5A; Videos S1). The Y-maze test has

been used to evaluate both repetitive behaviors and learning

and memory abilities (Bruto et al., 1984; Conrad et al., 1997;

Markram et al., 2008). Spontaneous alternations measured in

the Y-maze test were decreased in the Nr2f1+/m mouse (Fig-

ure 5J), suggesting abnormal repetitive behaviors and impaired

learning and memory abilities. Furthermore, anxious behaviors

were observed in the Nr2f1+/m mouse by using the dark-light

emergency test (Figure 5K), the elevated plus maze test (Fig-

ure 5L), and the open-field test (Figures 5M and 5N). Finally,
entral (DLX1,DLX2,NKX2-1, andASCL1) NPCmarkers at D20. The expression

(NKX2-1) NPC markers at D20.

d inhibitory (VGAT, GAD1, and GAD2) neuron or synapse markers at D45. The

y (VGAT) (H and I) neuron or synapse markers at D45.

euron differentiation within the same condition. Scale bar, 30 mm (D) and 50 mm

F), and (I).
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Figure 4. The Imbalance of Excitatory/Inhibitory Neurons Is Observed in the Primary Somatosensory Cortex of Nr2f1+/m Mice

(A–C) Immunostaining (A) and quantification (C) of excitatory Cux1 and Ctip2 (B and C) neuron markers at 2M. +/+, Nr2f1+/+; +/m, Nr2f1+/m. Scale bar, 200 mm.

(D–H) Immunostaining (D) and quantification (H) of inhibitory Gad1, SST (E and H), PV (F and H), and Gad1-GFP (G and H) neuron markers at 2M. +/+, Nr2f1+/+;

+/m, Nr2f1+/m. Scale bar, 200 mm.

(I–N) Electrophysiological recordings are conducted by using 1–2-month-old mice.

(legend continued on next page)
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the rotarod test data (Figure 5O) excluded motor impairment for

both Nr2f1+/m and Nr2f1+/+ mice. These behavioral tests clearly

show that the Nr2f1+/m mouse has impaired social interactions,

repetitive behaviors, learning and memory deficits, and anxiety.

Similarly, many of these behavioral deficits were identified in

Nr2f1+/m female mice (Figures S5B–S5G). In addition, naturally

conceived Nr2f1+/m mice were also generated, and they dis-

played similar behavioral deficits as IVF-generated Nr2f1+/m

mice (Figures S5H–S5S). Together, these behaviors phenocopy

the symptoms of neurodevelopmental disorders, including ASD,

intellectual disability, and obsessive-compulsive behaviors,

which are observed in the patient carrying the NR2F1-R112K

mutation (Bosch et al., 2014).

Ginkgolide A Treatment Partially Alleviates Behavioral
Deficits of Nr2f1+/m Mice
Given the possibility of the increased inhibitory synaptic trans-

mission in determining behavioral deficits, we asked whether

antagonizing the inhibitory synaptic transmission could alle-

viate behavioral deficits of Nr2f1+/m mice. Ginkgolide A, an

extract from Ginkgo biloba, is a known antagonist of inhibitory

synaptic transmission and has been used to alleviate anxiety

(Huang et al., 2004; Kuribara et al., 2003). Its homolog (biloba-

lide) can antagonize the inhibitory synaptic transmission in

mouse models for Down syndrome (Fernandez et al., 2007).

Oral gavage of ginkgolide A at 2 mg/kg (a non-epileptic

dose) (Kuribara et al., 2003) was conducted daily for 1 week

(from the age of 7 weeks) in both Nr2f1+/+ and Nr2f1+/m

mice, and behaviors were tested at 8 weeks of age (Figure 6A).

Impaired social interactions measured in the three-chamber

test were principally rescued in Nr2f1+/m mice with ginkgolide

A treatment (Figures 6B–6E). Ginkgolide A partially reduced

the repetitive behaviors of Nr2f1+/m mice (Figure 6F) in the

self-grooming test, but not in the Y-maze test (Figure 6G), indi-

cating that the impaired learning and memory ability could not

be rescued by ginkgolide A. Consistent with the previous study

(Kuribara et al., 2003), ginkgolide-A-treated Nr2f1+/m mice

spent more time in the open arms during the elevated plus

maze test (Figure 6H), indicating a reduction in anxious behav-

iors. These data suggest that ginkgolide A treatment partially

alleviates impaired social interactions, repetitive behaviors,

and anxiety in Nr2f1+/m mice.

To further investigate the mechanism underlying this allevia-

tion, electrophysiological tests of both Nr2f1+/+ and Nr2f1+/m

mice were performed at 8 weeks of age after 1 week of drug

administration (Figures 6I and 6K). The frequencies of mIPSCs

of Nr2f1+/m mice were lower after ginkgolide A treatment,

whereas the frequencies and amplitudes of mEPSCs and the

amplitudes of mIPSCs of Nr2f1+/m mice displayed no significant
(I) Example recording traces depicting the action potential firing of neurons in res

(J) The plot of evoked spike rates versus the current magnitudes (input-output c

(K–N) Representative recordings (K) and quantification (M) of miniature excitatory

(mIPSCs) (L and N).

Data are presented asmeans± SEM; n represents the numbers of brain slices (C an

N). Data are collected from several Nr2f1+/+ mice, five in (C) and (H); four in (J) and (M

Data are collected from five Nr2f1+/+;Gad1-GFP mice and from five Nr2f1+/m;Gad1

See also Figure S4 and Table S3.
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changes (Figures 6J and 6L). These data indicate that the

amelioration by ginkgolide A treatment was partially mediated

by reversing the frequencies of mIPSCs.

Ginkgolide A Treatment Has No Detectable Long-Term
Improvement on Behavioral Deficits of Nr2f1+/m Mice
To investigate whether ginkgolide A treatment causes long-

term improvement in behavioral deficits, we performed several

behavioral tests on those mice that were administered ginkgo-

lide A. At 12 weeks after the original ginkgolide A treatment,

impaired social interactions were detected in both vehicle-

and ginkgolide-A-treated Nr2f1+/m mice, implying that ginkgo-

lide A has no long-term improvement effect in the three-cham-

ber test (Figures S6A–S6D). Similarly, no improvement was

observed in the Y-maze or self-grooming test (Figures S6E

and S6F). To further evaluate the effect of ginkgolide A on

learning and memory deficits, an additional 2-object novel ob-

ject recognition test was performed (Bevins and Besheer,

2006). We found that learning and memory deficits existed in

both vehicle- and ginkgolide-A-treated Nr2f1+/m mice (Figures

S6G and S6H), implying that Nr2f1+/m mice had impaired

learning and memory ability and that ginkgolide A had minimal

long-term effects on learning and memory deficits. To test the

short-term effect of Ginkgolide A on the 2-object novel object

recognition test, we performed another 1-week ginkgolide A

administration on those mice. No improvement in the 2-object

novel object recognition test was detected in ginkgolide-A-

treated Nr2f1+/m mice (Figures S6I and S6J), suggesting that

ginkgolide A had no effect on learning and memory ability.

Thus, ginkgolide A treatment has no detectable long-term

improvement on the behavioral deficits of Nr2f1+/m mice.

DISCUSSION

Here, we present a framework for establishing a bridge between

embryonic neuron differentiation and human neurodevelopmen-

tal disorders, such as ASD. In our study, Mut hESCs exhibited

overproduction of ventral NPCs and underproduction of dorsal

NPCs, leading to an E/I imbalance that was restored in Rev

hESCs (Figures 1 and S2). We showed that Hedgehog pathway

activation in Mut cells was mainly responsible for the imbalance

of excitatory/inhibitory neuron differentiation (Figures 2 and 3).

Furthermore, Nr2f1+/m mouse displayed a similar E/I imbalance

in the primary somatosensory cortex (Figure 4) and exhibited

behavioral deficits of neurodevelopmental disorders, including

ASD (Figure 5). These behavioral deficits were partially alleviated

by antagonizing the increased inhibitory synaptic transmission

(Figure 6). These data confirm the causal relationship between

the NR2F1-R112K mutation and ASD features and imply that
ponse to the step depolarizing currents (500-ms duration).

urve) neurons.

postsynaptic currents (mEPSCs) andminiature inhibitory postsynaptic currents

d H), 2–5 slices/mouse; n represents the numbers of recorded neurons (J, M, and

); and three in (N); and in Nr2f1+/mmice, four in (C), (H), (J), and (M); and five in (N).

-GFP mice (C); Student’s t test analysis is used in (C), (H), (J), (M), and (N).



0

100

200

300

400

Ti
m

e 
to

 fa
ll o

ff 
(s

)

+/+ (n=17)
+/m (n=17)

Day 1 Day 2 Day 3

ns ns ns

Rotarod test

+/+
  (n

=1
9)

+/m
 (n

=1
7)

0

50

100

150

200

250

Ti
m

e 
sp

en
t i

n 
ce

nt
er

 (s
)

*

Open field

+/+
  (n

=1
9)

+/m
 (n

=1
7)

0

2000

4000

6000

D
is

ta
nc

e 
tra

ve
lle

d 
(m

m
)

Open field

ns

+/+
  (n

=2
1)

+/m
 (n

=1
7)

0

20

40

60

80

100

Pr
ef

er
en

ce
 in

de
x 

(%
) **

Sociability

O N O N
0

100

200

300

400

500

D
ur

at
io

n 
tim

e 
(s

)

Sociability

+/+
 (n

=2
1)

+/m
 (n

=1
7)

*** ns

+/+
 (n

=1
8)

+/m
 (n

=1
4)

20

40

60

80

100

Al
te

rn
at

io
ns

 %

**

Y-maze test

F

I

CA

N

N

O N

O

+/+

+/m

N

F N

F

+/+

+/m

B

E G

+/+

+/m

O

F N F N
0

100

200

300

400

500

D
ur

at
io

n 
tim

e 
(s

)

Social novelty

+/+
 (n

=2
1)

+/m
 (n

=1
7)

*** ns

+/+
 (n

=1
7)

+/m
 (n

=1
8)

+/+
 (n

=1
7)

+/m
 (n

=1
8)

0

200

400

600

800

D
ur

at
io

n 
tim

e 
(s

)

Dark-light emergence

**

**

Dark chamber Light chamber

M

Clos
ed

 ar
m (+

/+,
 n=

22
)

Clos
ed

 ar
m (+

/m
, n

=1
9)

Ope
n a

rm
 (+

/+,
 n=

22
)

Ope
n a

rm
 (+

/m
, n

=1
9)

0

100

200

300

D
ur

at
io

n 
tim

e 
(s

)

Elevated-plus maze

**

**

+/+
 (n

=2
1)

+/m
 (n

=2
2)

0

10

20

30

40

Ti
m

e 
sp

en
t i

n 
se

lf-
gr

oo
m

in
g 

(s
)

***

Self-grooming test

+/+
 (n

=1
8)

+/m
 (n

=1
4)

0

20

40

60

80

To
ta

l e
nt

ry
 (c

ou
nt

s) ns

Y-maze test

+/+
  (n

=2
1)

+/m
 (n

=1
7)

0

20

40

60

80

100

Pr
ef

er
en

ce
 in

de
x 

(%
)

***

Social novelty

H

D

J LK

Figure 5. Nr2f1+/m Mice Display Impaired Social Interactions, Repetitive Behaviors, Learning and Memory Deficits, and Anxiety

(A) Schematic diagram of the social affiliation and sociability test in the three-chamber test.

(B and C) Comparison of time spent in interaction (B) and preference index (C) for novel mouse in the social affiliation and sociability test. O, object; N, novel

mouse.

(D) Representative trajectories of Nr2f1+/+ and Nr2f1+/m mice in the social affiliation and sociability test.

(E) Schematic diagram of the social memory and novelty test in the three-chamber test.

(F and G) Comparison of time spent in interaction (F) and preference index (G) for novel mouse in the social memory and novelty test. N, novel mouse; F, familiar

mouse.

(H) The representative trajectories of Nr2f1+/+ and Nr2f1+/m mice in the social memory and novelty test.

(legend continued on next page)
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the point mutation in the NR2F1 gene is a molecule signature of

neurodevelopmental disorders, especially ASD.

The imbalance between excitatory and inhibitory neurons was

identified in our model. Specifically, the NR2F1-R112K mutation

led to increased expression of inhibitory neuron or synapse

markersanddecreasedexcitatorymarkers inbothhESCs-derived

neurons and mouse brains (Figures 1 and 4). Furthermore, the

electrophysiological imbalance of excitatory/inhibitory neurons

was confirmed by differential changes in mEPSCs and mIPSCs

(Figures 1 and 4). Interestingly, upregulation of inhibitory neuron

or synapse markers (GAD1, GAD2, VGAT, Gephyrin, SCN1A,

GABRA1, GABRB3, GABBR1, and GLRA2) and downregulation

of excitatory markers (VGLUT1, VGLUT2, GRID1, GRIK1, GRM3,

RELN, and HOMER1) were identified in the transcriptome of Mut

NPCs (Figure S3), implying that differential expression of synaptic

molecules was detectable in NPCs. Importantly, many of these

synaptic markers were candidate genes for neurodevelopmental

disorders, includingASD,and their dysregulatedexpression levels

have been proven to cause the E/I imbalance and behavioral def-

icits (Banerjee et al., 2016; Buxbaum et al., 2002; Chang et al.,

2011; Cossette et al., 2002; Fatemi et al., 2009; Han et al., 2012;

Livide et al., 2015; Persico et al., 2001; Sandhu et al., 2014; Zhang

et al., 2017). Thus, these data imply that the imbalance of excit-

atory/inhibitory neurons identified in our study closely correlates

with neurodevelopmental disorders, especially ASD.

The increased inhibitory phenotypes described in our work

have been observed in some ASD models (Adhya et al., 2019;

Etherton et al., 2011; Lawrence et al., 2010; Mariani et al.,

2015; Smith et al., 2011; Tabuchi et al., 2007). Our data suggest

that the NR2F1-dependent imbalance of excitatory/inhibitory

neurons leads to behavioral deficits (Figure 5), confirmed by

the fact that antagonizing the increased inhibitory synaptic trans-

mission partially alleviates the behavioral deficits of Nr2f1+/m

mice (Figure 6). Meanwhile, the decreased inhibitory transmis-

sion has been identified in other ASD models (Rubenstein and

Merzenich, 2003), and some agonists of GABAergic receptors

have been shown to improve behavioral deficits (Han et al.,

2012, 2014). These divergent results indicate that restoration of

the balance between excitatory and inhibitory neurons, which

should be considered on a case-by-case basis, is important in

the treatment of neurodevelopmental disorders, including ASD.

Our study may enlighten personalized medicine.

Ginkgolide A is extracted from Ginkgo biloba and has previ-

ously been shown to antagonize inhibitory transmitter receptors

(Huang et al., 2004). It has been revealed that ginkgolide A has an

anxiolytic-like effect but does not have a pronounced tendency

to produce benzodiazepine-like side effects (Kuribara et al.,

2003). However, the effects of ginkgolide A treatment on behav-
(I) Comparison of time spent in self-grooming.

(J) Comparison of spontaneous alternation percentage (left) and total entry (right

(K) Comparison of duration time in the dark or light chamber in the dark-light em

(L) Comparison of duration time in the open arms or closed arms in the elevated

(M) Comparison of duration time (left) in the central region and the total moving d

(N) The representative trajectories in the open field test.

(O) Comparison of duration time in the rotarod apparatus.

Data are presented as means ± SEM; n represents the numbers of tested mice.

See also Figure S5 and Video S1.
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ioral deficits of neurodevelopmental disorders, such as ASD,

are mainly unknown. We showed that ginkgolide A treatment

ameliorated impaired social interactions, repetitive behaviors,

and anxious behaviors in Nr2f1+/m mice, mainly by reversing

the frequencies of mIPSCs (Figure 6). However, impaired

learning and memory ability, which was detected in both the

Y-maze test and the 2-object novel object recognition test, could

not be alleviated by ginkgolide A treatment (Figures 6 and S6).

Lasting improvement of symptoms after ginkgolide A treatment

was not observed (Figure S6), suggesting that the treatment

should be applied at regular intervals. In addition, it has been

reported that ginkgolide A may reduce inflammatory responses

(Li et al., 2017b; Zhao et al., 2015). Further investigations are

warranted to explore whether the anti-inflammatory effects of

ginkgolide A contribute to alleviating behavioral deficits of neuro-

developmental disorders.

It has been previously demonstrated that dorsal-ventral telen-

cephalic patterning is critical for brain development (Campbell,

2003; Wilson and Rubenstein, 2000). However, it remains uncer-

tain whether alterations in the specification of dorsal-ventral

telencephalon could lead to neurodevelopmental disorders,

including ASD. Our data showed that the E/I imbalance origi-

nated from the dysregulated specification of dorsal-ventral

NPCs: upregulation of ventral NPC markers (DLX1, DLX2,

ASCL1, NKX2-1, ISL-1, and FOXG1) and downregulation of dor-

sal markers (PAX6, NGN1, NGN2, EMX1, TBR2, and TBR1) in

mutant cells (Figures 1 and 2). Furthermore, some of these ex-

pressed changes were recapitulated in the embryonic mutant

mouse brain (Figure S4). Recent studies have revealed that ab-

normalities in the development of dorsal-ventral telencephalon

are identified in other neurodevelopmental diseases, such as

Down syndrome and Williams syndrome (Chakrabarti et al.,

2010; Galaburda et al., 2001). In addition, some dorsal-ventral

specification determinants (including FOXG1, DLX1, DLX2,

PAX6, and TBR1) are identified as ASD candidates and show

altered expression in the neurodevelopment of ASDmodels (Da-

vis et al., 2008; De Rubeis et al., 2014; Kort€um et al., 2011; Liu

et al., 2009; Mariani et al., 2015; O’Roak et al., 2012). Together,

our results suggest a hypothesis that the common pathophysi-

ology of many patients with ASD features may originate from

abnormal development of dorsal-ventral telencephalon.

The Hedgehog pathway is essential for regulation of dorsal-

ventral telencephalic specification because Gli3 is required for

dorsal telencephalic development, and Shh promotes ventral

specification (Motoyama and Aoto, 2006; Rallu et al., 2002; Theil

et al., 1999). However, little is known about the contribution of

the Hedgehog pathway to the pathophysiology of neurodevelop-

mental disorders, such as ASD. In our study, we found that the
) in the Y-maze test.

ergency test.

plus maze test.

istance (right) in the open field test.

Student’s t test analysis is used in (B), (C), (F), (G), (I)–(M), and (O).
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aberrantly activated Hedgehog signaling pathway in Mut NPCs

was mostly responsible for the disturbed specification of dorsal-

ventralNPCsand thatdysregulationwaspartially restoredwithcy-

clopamine treatment (Figures 2 and 3). Specifically, Hedgehog

pathway activation in Mut cells was revealed by upregulation of

Hedgehog target genes or activators, including SHH, GLI1, and

PTCH1, and decreased expression of GLI3, the major Hedgehog

pathway repressor. The deficiency of Gli3 in mouse has been

shown to cause ventralized telencephalon development (Rallu

et al., 2002), and somepatients withGreig cephalopolysyndactyly

syndrome (characterized by abnormal appearance andmacroce-

phaly) carrying GLI3 variants manifested ASD (Johnston et al.,

2010; Siracusano et al., 2019). Genetic mutations or altered

expression levels of Hedgehog pathway genes, such as PTCHD1

and BCL2, have been identified in many neurological diseases,

including intellectual disabilities and ASD (Fatemi and Halt, 2001;

Noor et al., 2010). Consistent with this, altered expression levels

ofPTCHD1andBCL2werealsoobserved inourRNA-seqanalysis

(Figure 2). Additionally, some ASD patients have higher serum

concentrations of SHH protein (Al-Ayadhi, 2012). These studies

suggest that the dysregulatedHedgehog signaling pathway could

account for the pathophysiology in these patients.

Is there a common mechanism underlying neurodevelopmen-

tal disorders, such as ASD? Interestingly, when we integrated

our RNA-seq data with that from another study (consisting of

six ASD patients and five controls) (DeRosa et al., 2018), the

GO terms annotated by dorsal-ventral neural tube patterning,

telencephalon regionalization, and Hedgehog pathway activity

were enriched in both our Mut NPCs and the ASD patients

iPSCs-derived NPCs (Figure S3), suggesting that a unified

mechanism may exist in these patients.

NR2F1 protein is not only a transcription factor but also a nu-

clear receptor. Similar to other nuclear receptors, NR2F1 acts as

hetero- or homodimers and is translocated into the nucleus to

regulate downstream targets (Cooney et al., 1992). The function

of Nr2f1 in mouse brain development has been extensively stud-

ied; however, the role of the NR2F1 gene in human neurodevel-

opment and related disorders remains uncertain. Recent studies

have identified several patients with NR2F1mutations displaying

ASD symptoms, and nearly half of those individuals carried het-

erozygous point mutations in theNR2F1 gene (Chen et al., 2016).

Moreover, those individuals with the heterozygous point mutant

NR2F1 gene have more severe symptoms compared with pa-

tients carrying heterozygous whole-gene deletions of NR2F1

gene (Chen et al., 2016). In addition, the point mutation of the
Figure 6. Ginkgolide A Treatment Partially Alleviates Behavioral Defici
(A) Schematic diagram of administration of ginkgolide A. 7/8 wks, 7–8 weeks old

(B and C) Comparison of time spent in interaction (B) and preference index (C) for n

(D and E) Comparison of time spent in interaction (D) and preference index (E) fo

mouse.

(F) Comparison of time spent in self-grooming.

(G) Comparison of spontaneous alternation percentage in the Y-maze test.

(H) Comparison of duration time in the open arms or closed arms in the elevated

(I–L) Representative recordings (I) and quantification (J) of the mEPSCs and rec

matosensory cortex of Nr2f1+/+ and Nr2f1+/m mice treated with vehicle or ginkgo

Data are presented as means ± SEM; n represents the numbers of tested mice in

t test analysis was used in (B) and (D). One-way ANOVA analysis with Tukey’s te

See also Figure S6.
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NR2F1 gene led to decreased luciferase activity relative to the

empty vector control in the GLI3 promoter (Figure 2), which

was similar to a previous publication (Chen et al., 2016). More-

over, our gain-of-function experiment showed that overexpres-

sion of Mut NR2F1 decreased the expression ofGLI3, compared

with the empty vector control (Figure 2). All the data above sup-

port the notion that the point mutation of NR2F1 gene may act in

a dominant-negative manner. However, we cannot exclude the

possibility that a dosage-dependent effect may also contribute

to some phenotypes observed in our study. The detailed mech-

anism awaits further investigations.

It has been demonstrated that BBSOAS is caused by NR2F1

variants and that about 35% of patients with BBSOAS display

ASD features. Additionally, recent studies have identified more

NR2F1-mutant ASD patients (Chen et al., 2017; De Rubeis

et al., 2014; Lim et al., 2017; Sanders et al., 2012), who did not

meet diagnostic criteria for BBSOAS, suggesting that NR2F1

mutations might have a role in several neurodevelopmental dis-

orders, including BBSOAS and ASD. Interestingly, the patient

with the NR2F1-R112K mutation also displayed obsessive-

compulsive disorder (an anxiety-related disorder), which was

not identified in other patients with BBSOAS (Bosch et al.,

2014; Chen et al., 2016). This implies that the R112K mutation

may work in a unique manner. In addition, many patients with

ASD also exhibit other symptoms, including intellectual disability

and anxiety. Taken together, more cases should be collected in

the future to clarify the role of NR2F1 mutations in the pathogen-

esis of neurodevelopmental disorders.

Although the NR2F1-R112K mutation is a rare mutation and,

therefore, represents a limited population of patients, the results

presented here suggest that a shared pathophysiological mech-

anism for neurodevelopmental disorders, especially ASD, may

exist. Elucidation of this mechanism may benefit diagnosis and

personalized treatment.
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Mouse anti-NR2F1 R&D systems Cat# PP-H8132-00, RRID:AB_2155494

Rabbit anti-Flag Sigma-Aldrich Cat# F7425, RRID:AB_439687

Rabbit anti-SST Peninsula Laboratories Cat# T-4103.0050, RRID:AB_518614

Bacterial and Virus Strains

E. coli. DH5a TIANGEN Biotech Cat# CB101

Chemicals, Peptides, and Recombinant Proteins

DMEM, High glucose GIBCO Cat# 11965092

DMEM/F-12, HEPES GIBCO Cat# 11330057

Neurobasal Medium GIBCO Cat# 21103049

KSOM Embryo Medium EMD Millipore Cat# MR-101-D

Knockout Serum Replacement (KSR) GIBCO Cat# 10828028

Fetal Bovine Serum GIBCO Cat# 16000044

N-2 Supplement (100X) GIBCO Cat# 17502048

B-27 Supplement (50X), minus vitamin A GIBCO Cat# 12587010

NEAA GIBCO Cat# 11140050

GlutaMAX GIBCO Cat# 35050061

b-Mercaptoethanol Sigma-Aldrich Cat# M3148

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin/streptomycin GIBCO Cat# 15140122

Trypsin (2.5%) GIBCO Cat# 15090046

Basic FGF Pufei Bio. Cat# 1106-010

BDNF PeproTech Cat# 450-02

GDNF PeproTech Cat# 450-10

NT-3 PeproTech Cat# 450-03

Cyclopamine Selleck Cat# S1146

Trizol Pufei Bio Cat# 3101-400

Collagenase GIBCO Cat# 17104019

Matrigel Corning Cat# 354230

Accutase GIBCO Cat# A1110501

Protein Ladder Thermo Fisher Cat# 26616

Anti-FLAG Magnetic Beads Sigma-Aldrich Cat# M8823

Ginkgolide A Selleck Cat# S2026

Critical Commercial Assays

Lipofectamine Stem Transfection

Reagent

Invitrogen Cat# STEM00003

SuperScript III First-strand cDNA

synthesis kit

Invitrogen Cat# 18080044

Stormstar SYBR Green qPCR

MasterMix

DBI Bioscience Cat# DBI-2143

NEBNext Ultra DNA Library Prep

Kit for Illumina

NEB Cat# E7370S

Dual-Glo TM luciferase assay system Promega Cat# E2920

mMESSAGE mMACHINE T7 ULTRA kit Invitrogen Cat# AM1345

MEGAshortscript T7 kit Invitrogen Cat# AM1354

MEGAclear kit Invitrogen Cat# AM1908

SuperSignal West Pico Substrate Thermo Scientific Cat# 34080

Deposited Data

RNA- and ChIP-Seq data This paper GSE132965

Experimental Models: Cell Lines

human fetal kidney fibroblast cell

line 293T

Stem Cell Bank, Chines Academy of

Sciences in Shanghai

Cat# SCSP-502

CF-1 mouse embryonic fibroblast cells Stem Cell Bank, Chines Academy of

Sciences in Shanghai

Cat# SCSP-105

H9 human embryonic stem cells Stem Cell Bank, Chines Academy of

Sciences in Shanghai

Cat# SCSP-302

Experimental Models: Organisms/Strains

Mouse: C57BL/6 Shanghai SLAC laboratory animal

company

Cat# SKD111018

Mouse: Gad67-GFP Tamamaki et al., 2003 N/A

Oligonucleotides

qPCR Primers Table S4 N/A

Donor Template for Gene Editing Table S4 N/A

Recombinant DNA

pcDNA3.1+-WT(Mut) NR2F1-Flag This paper N/A

pGL3-GLI3 promoter This paper N/A

pGL3-GLI1 promoter This paper N/A

pGL3-SHH enhancer This paper N/A

pGL3-PTCH1 promoter This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

ImageJ ImageJ https://imagej.nih.gov/ij/download.html

Graphpad Prism 6 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

pClampfit (version 10.6) Molecular devices https://www.moleculardevices.com/

products/axon-patch-clamp-system/

acquisition-and-analysis-software/

pclamp-software-suite

HISAT2 (version 2.1.0) Sahraeian et al., 2017 http://daehwankimlab.github.io/hisat2/

main/

FeatureCounts (version 1.5.3) Sahraeian et al., 2017 http://subread.sourceforge.net

DESeq2 (version 1.16.1) Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

clusterProfiler (version 3.4.4) Yu et al., 2012 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

RankProd (version 3.2.0) Hong et al., 2006 http://bioconductor.org/packages/

release/bioc/html/RankProd.html

Bowtie2 (version 2.3.1) Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

MACS2 (version 2.1.1) Zhang et al., 2008 https://github.com/taoliu/MACS/

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

public/html/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagentsmay be directed to andwill be fulfilled by the LeadContact, Naihe Jing (njing@sibcb.ac.

cn). All materials and reagents will be made available upon installment of a material transfer agreement (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
Mice were housed in standard cages (No more than five mice in one cage) with a 12 h/12 h light-dark cycle. Every cage was provi-

sioned with the same bedding material (hardwood shavings), and mice were given ad libitum access to food and water. The

generation of corresponding Nr2f1 point mutant mice was performed as described previously (Wu et al., 2013). Briefly, 3-5 weeks

old C57BL/6 female mice were superovulated, and ICR females were used as foster mothers. One-cell-stage embryos were

collected and injected with Cas9 mRNAs (50 ng/ml), sgRNA (20 ng/ml), and donor oligo (20 ng/ml). The Cas9 mRNA and sgRNA

production was performed as described previously (Wu et al., 2013). Briefly, the pX330 plasmid (Addgene, Plasmid #42230) with

T7 promoter was linearized, purified, and transcribed with mMESSAGE mMACHINE T7 ULTRA kit. sgRNAs with T7 promoter

were amplified by PCR and transcribed using the MEGAshortscript T7 kit. Finally, the Cas9 mRNA and the sgRNA were purified

with the MEGAclear kit according to the manufacturer’s instructions. The injected embryos were cultured in KSOM culture medium

(Millipore) until the blastocyst stage and transferred into pseudopregnant female mice. The sequences of injected oligonucleotides

were listed in Table S4. The C57BL/6 age-matched male mice (over 2-months-age) were used in each behavioral test to avoid hor-

monal variations (otherwise specified), and were obtained by IVF methods (otherwise specified). Specifically, we obtained sperms

from one heterozygous mutant male mouse (C57BL/6 background), and eggs from 8-10 wild-type superovulated female mice

(C57BL/6 background). After the in vitro fertilization (IVF), the zygotes were transplanted into pseudo-pregnant mice (C57BL/6 back-

ground). In all behavior experiments, C57BL/6 background mice were randomized into different groups, and experimenters were

blinded to animal genotypes during behavioral tests and data analysis. To prevent odor traces during these tests, every apparatus

was carefully cleaned with 75% ethanol and wiped out with paper towels after each test within each experiment. Videos were re-

corded and analyzed by Noldus Ethovison software. For antagonizing inhibitory transmission, mice were orally administrated with

2 mg/kg Ginkgolide A or vehicle (0.5% methylcellulose +0.2% tween 80), as indicated. All animal studies were performed following

the guidelines and regulations of the Institutional Animal Care and Use Committee (IACUC) at the Shanghai Institute of Biochemistry

and Cell Biology, CAS, China.
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Cell culture
HumanESC lines (H9hESCs) (passage30–45)weremaintained in thehESCgrowthmedium (hESCM)andpassagedevery fivedayson

a feeder layer of irradiated embryonic mouse fibroblasts (derived from CF-1 mouse) as described previously (Thomson et al., 1998).

hESC growth medium consisted of DMEM/F12, 20%KSR, 1%GlutaMAX, 1%NEAA, 0.1% b-ME and basic FGF (4 ng/ml). HEK293T

cells were maintained in DMEM supplemented with 10% FBS. Human ESC lines (H9 hESCs) and HEK293T cells were obtained from

Cell Bank at SIBCB, CAS, China. The generation of mutant (Mut) or reverse mutant (Rev) hESCs were followed by the protocol pub-

lished before (Ran et al., 2013). Briefly, sgRNA sequence was designed according to the instruction from ‘‘http://zlab.bio/

guide-design-resources’’ and cloned to the linearized px330mCherry plasmid (Addgene, Plasmid #98750). PX330-mCherry-sgRNA

and corresponding donor templates were transfected into hESCs by Lipofectamine Stem Transfection Reagent followed by theman-

ufacturer’s instructions. After 48 hours,mCherry positive cellswere collectedbyBDFACSAria II andplated in dishes for culture. About

ten days later, single clones were picked up manually and sequenced. Primers or oligos were listed in Table S4.

METHOD DETAILS

Neuron differentiation
The protocol for hESC neuron differentiation was described previously (Eiraku et al., 2008; Li et al., 2017a; Zhang et al., 2001). Briefly,

hESC colonies were digested by collagenase IV (2mg/ml) and floated in the hESCMwithout basic FGF. Embryonic bodies (EBs) were

formed after four days’ suspension and subsequently floated for two days in the neural induction medium (NI medium) consisting of

DMEM/F12, 1%N2 supplement, GlutaMAX, NEAA, and b-ME. The EBs then were adhered to a dish coated by Matrigel and cultured

in the neuron differentiation medium (ND medium) consisting of 50% DMEM/F12 medium, 50% Neurobasal medium, 1% N2 sup-

plement, 2% B27 without vitamin A, GlutaMAX, NEAA and b-ME for additional 10 days. Then the attached EBs were dissociated

into small patches by collagenase IV (0.5mg/ml) and cultured in NDmedium as suspended neural spheres for four days. Finally, these

neural spheres were digested with Accutase into single cells and plated on Matrigel-coated dishes in the NDmedium supplemented

with BDNF (10 ng/ml), GDNF (10 ng/ml) and NT-3 (10 ng/ml) for neuron maturation. For antagonization of the Hedgehog pathway,

cells were treated with 2 mM cyclopamine or DMSO, as indicated, during D10–D20 of neuron differentiation.

RNA extraction and quantitative PCR (qPCR)
Total RNAwas extracted from cultured cells or tissues by using the TRIzol reagent, and cDNA was reverse-transcribed, starting from

1000 ng of total RNA with the SuperScript III First-strand cDNA synthesis kit (Invitrogen). qPCR was performed using Mastercycler�
RealPlex2 (Eppendorf) and Stormstar SYBRGreen qPCRMasterMix (DBI Bioscience). Data were normalized for GAPDH expression.

The primers sequences used for qPCR amplification were listed in Table S4.

Immunofluorescence
Immunofluorescence was performed as described previously (Li et al., 2017a). Samples were fixed with 4% paraformaldehyde in

PBS (pH 7.3) for two hours at room temperature and then permeabilized, blocked with 0.25% Triton X-100 /10% donkey serum in

PBS for one hour at room temperature. Primary antibodies were diluted in 0.25% Triton X-100 /10% donkey serum in PBS and incu-

bated overnight at 4�C. Samples were washed 0.25% Triton X-100 in PBS three times for 10 min and incubated with secondary an-

tibodies (1:200-1:1000) in 0.25% Triton X-100 /10% donkey serum in PBS for two hours. Primary antibody information was listed in

STAR Methods (DLX1/2 primary antibody is a kind gift from Morozov et al. [2009]). Images were taken with Leica TCS SP8 confocal

laser-scanning microscope.

Western blotting
The harvested cells were first washed with cold PBS (without Ca2+/Mg2+), lysed with 1 3 loading buffer, and heated for 10 mins at

100�C. Lysates were centrifuged at 12000rpm at 4�C for 10min. SDS gel electrophoresis was performed using 20 mg total protein per

line, and gels were transferred to nitrocellulosemembranes (GE). Nitrocellulosemembranes were processed using SuperSignalWest

Pico Substrate. PageRuler Prestained Protein Ladder was used as the marker.

Electrophysiology on hESCs-derived neurons in vitro

Whole-cell voltage- or current-clamp recording was performed with borosilicate glass micropipettes, which were filled with internal

solutions containing the following constituents (in mM): 130 K-gluconate, 20 KCl, 0.2 EGTA, 4 Mg2ATP, 0.3 Na2GTP, 10 HEPES, and

10 Na2-phosphocreatine, at pH 7.3 (290–310 mOsm). Pipette resistance was 3-6 MU, and series resistance was typically 20-50 MU.

Cells were recorded in the artificial cerebral spinal fluid (aCSF) containing the following components (in mM): 125 NaCl, 2 CaCl2,

3 KCl, 2 MgSO4, 1.25 NaH2PO4, 1.3 Na+-ascorbate, 0.6 Na2
+-pyruvate, 26 NaHCO3, and 11 glucose, at pH 7.4. Step depolarizing

currents were injected into cells to record action potentials in the current-clampmode. Forminiature excitatory postsynaptic currents

(mEPSCs) recording, the membrane potential was held at�70 mV andmEPSCs were recorded in the presence of tetrodotoxin (TTX,

1 mM) and bicuculline (10 mM). Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in the presence of tetrodotoxin

(TTX, 1 mM), CNQX (10 mM) and D-APV (50 mM). For mIPSCs recording, the recording pipette was filled with a Cs-based internal so-

lution containing the following (in mM): 130 CsMeSO3, 1MgCl2, 1 CaCl2, 10 HEPES, 11 EGTA, 2Mg2ATP, 0.3 Na2GTP, and 2QX-314,
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at pH 7.3 (290–310 mOsm). And the membrane potential was held at 0 mV. Electrical signals were amplified and filtered at 2–10 kHz

(low pass) with Axon MultiClamp 700A (Molecular Devices), digitized at 20–100 kHz (Digidata 1322A; Molecular Devices), and ac-

quired by the pClamp 10 (Molecular Devices). The data were analyzed by the Clampfit 10 and GraphPad Prism 6. Miniature synaptic

events were analyzed using MiniAnalysis software (Synaptoosoft, Decator, GA). All experiments were conducted at room

temperature.

Electrophysiology on mouse brain slices in vivo

The primary somatosensory (S1) cortical slices from 1 to 2 months (P29-P50) age-matched male mice were prepared as described

previously, with some modifications (Lu et al., 2007). In accord with behavioral tests, we only used age-matched male mice to

perform electrophysiological experiments. Mice were anesthetized with sodium pentobarbital (50 mg/kg, ip.; Nembutal, Abbott)

and transcardially perfused with ice-cold oxygenated aCSF containing the following (in mM): 92 NaCl, 2.5 KCl, 2 CaCl2, 2 MgSO4,

1.2 NaH2PO4, 5 Na-ascorbate, 3 Na-pyruvate, 2 Thiourea, 20 HEPES, 12 N-acetyl-cysteine, 30 NaHCO3, and 25 glucose, at pH

7.4. After decapitation, brain tissues were dissected and placed in ice-cold oxygenated aCSF. A coronal section was obtained

with a vibratome (VT-1200S; Leica), and slices (300 mm thick) were maintained in the incubation chambers with oxygenated (95%

O2 / 5% CO2) aCSF at 34�C for thirty mins, and then transferred to room temperature (20-25�C) for at least thirty mins before being

transferred to the recording chamber. Whole-cell voltage- and current-clamp recordings were made from layer IV pyramidal cells

(PCs) in S1 with an Axon MultiClamp 700A amplifier (Molecular Devices), under an Olympus microscope (BX51WI) equipped with

an infrared video camera and differential interference contrast optics. For patch-clamp recording, the single slice was transferred

to the chamber perfused with standard aCSF bubbled with 95% O2 / 5% CO2. The recording pipette was filled with an internal so-

lution used the same as in vitro electrophysiological recording. To record standard membrane properties and elicit action potentials,

a series of step currents (25 pA step increase, up to 1.1 nA, 500ms duration) were injected into the recorded cell in the current-clamp

configuration. For postsynaptic currents recording, the samemethods were used except for some changes in the mIPSCs recording

process. The internal solution was replaced with a high Cl� internal solution containing the following (in mM): 10 NaCl, 126 KCl,

1 MgCl2, 10 HEPES, 11 EGTA, 2 Mg2ATP, 0.25 Na2GTP, and 3 QX-314, at pH 7.3 (290–310 mOsm), and mIPSCs were recorded

at a holding potential of �70 mV. Electrical signals were amplified and filtered at 2–10 kHz (low pass) with Axon MultiClamp 700A

(Molecular Devices), digitized at 20–100 kHz (Digidata 1322A; Molecular Devices), and acquired by the pClamp 10 (Molecular

Devices). The data were analyzed with the Clampfit 10 and GraphPad Prism 6. Miniature synaptic events were analyzed by using

MiniAnalysis software (Synaptoosoft, Decator, GA). All experiments were conducted at room temperature.

Library preparation, data processing, and data analysis for RNA-Seq
Total RNA was extracted and subjected to quality control and quantification. For each sample, poly-A containing mRNAwas purified

using poly-T magnetic beads and subsequently submitted to the first strand and second-strand synthesis (E7525L and E6111L,

NEB). cDNA libraries were generated using the NEBNext Ultra DNA Library Prep Kit for Illumina (E7370S, NEB). High-throughput

sequencing was performed on aHiSeq instrument at the Berry Genomics Co, Ltd. Gene expression levels were calculated byHISAT2

(version 2.1.0) and FeatureCounts (version 1.5.3) (Sahraeian et al., 2017) with the reference hg19. The differentially expressed genes

(DEGs) were identified byDESeq2 (version 1.16.1) (Love et al., 2014) (padj < 0.05, foldchange > 2). For BrainSpan correlation analysis,

correlation between our RNA-Seq samples and the BRAINSPAN database (n = 524 brain samples across all ages) was used to clas-

sify the samples as corresponding to a particular brain region and developmental age. The common genes were matched within our

set with the ones for which expression levels were available within the BrainSpan dataset. The Pearson correlation matrix between

the log-transformed (log2 (FPKM + 1)) expression levels of our samples and each of the BrainSpan samples was computed, and the

top 5 correlated samples were listed. For functional enrichment analysis, DEGs’ functional enrichment analysis, including GO (Gene

Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment, were performed using clusterProfiler

(version 3.4.4) (Yu et al., 2012). For target gene enrichment analysis for different signaling pathways, in addition to the signaling path-

ways (TGF-b, Hedgehog, BMP, FGF, Nodal, and WNT) analyzed previously (Li et al., 2017a; Peng et al., 2016), two other signaling

pathways (Notch and Hippo/Yap) were included in this analysis. Rank Prod (p < 0.001 for Notch and p < 0.01 for Hippo/Yap) results

were generated using data from public datasets GSE15268 and GSE69669, respectively. For gene set enrichment analysis (GSEA),

the published GEO dataset (GSE) for the Hedgehog signaling pathway perturbations was assessed by comparing control samples

with treatment samples using RankProd (version 3.2.0, p value % 0.001) (Hong et al., 2006) to identify the potential signaling target

genes of Hedgehog pathway. Conserved genes in humans were selected as the target genes of the Hedgehog signaling pathway (Li

et al., 2017a; Peng et al., 2016). To determine the enrichment of the pathway target genes in WT or Mut cells, GSEA (Mootha et al.,

2003; Subramanian et al., 2005) was used to evaluate whether a specific signaling pathway target gene set is significantly enriched in

WT or Mut cells. The target gene sets of the Hedgehog signaling pathway were used as the test gene sets to run GSEA (FDR < 25%).

Library preparation, data processing, and data analysis for ChIP-Seq
The protocol for chromatin immunoprecipitation (ChIP) was described previously (Yang et al., 2018). Briefly, cross-linked cells were

lysed in lysis buffer, and the samples were sheared for 14 cycles (30 s on/off) in a Bioruptor Pico (Diagenode, Belgium) to achieve an

average fragment size of 200-300 bp. Solubilized fragmented chromatin was immunoprecipitated with Anti-FLAG� M2 Magnetic

Beads (M8823, Sigma-Aldrich). Antibody-chromatin complexes were pulled down using amagnetic separation rack, washed several
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times, and then eluted from the magnetic beads. Reverse crosslink was performed subsequently under 65�C for at least 4 hours.

ChIP-DNAwas treatedwith RNase A and Proteinase K, precipitated with ethanol. ChIP-DNAwas finally solved in nuclease-free water

and quantified using Qubit (Thermo). Sequencing libraries were generated by using the NEBNext Ultra DNA library preparation kit

(E7370, NEB). Libraries were quality-controlled and quantified using a Qubit 2.0 Fluorometer (Life Technologies) and Agilent 2100

Bioanalyzer (Agilent Technologies). High-throughput sequencing was performed on the Illumina HiSeq instrument at the Berry Ge-

nomics Co, Ltd. Clean reads were mapped with Bowtie2 (version 2.3.1) (Langmead and Salzberg, 2012), then the peaks were called

using MACS2 (version 2.1.1) main program (q < 0.05) (Zhang et al., 2008). MACS2 bdgcmp was used to generate the log LR track,

then the bedGraph files for the log LR track were converted to bigWig files. Correlations between biological replicates were calcu-

lated with wigCorrelate, and then the biological replicates were merged with MACS2. All the above were run with default parameters.

Further analysis was performed with GREAT software (McLean et al., 2010).

Luciferase assay
H9 hESCs-derived NPCs cultured in 24-well plates were transfected with 500 ng pGL3-luciferase reporters, 100ng pcDNA3.1+-WT/

Mut NR2F1, 50 ng pRL-TK per well. 48 hr after transfection, the luciferase activity wasmeasured by Dual-GloTM luciferase assay sys-

tem in triplicates.

Tissue processing, immunohistology, and imaging
This section was conducted by the protocol published previously (Feng et al., 2017). Briefly, mice were anesthetized with chloral hy-

drate (400mg/kg) and perfusedwith 50mL of sodium phosphate-buffer and thenwith 50mL of 4%paraformaldehyde in 1X PBS. And

then the brains were carefully isolated, fixed with 4% paraformaldehyde overnight at 4�C. Brain tissues were dehydrated through a

series of graded ethanol baths, xylene solutions, and then infiltrated with paraffin. Finally, brains were embedded in paraffin, coronal

brain sections (7 um thickness) were generated using a Leica RM2235.

For immunohistology staining, the slides were dewaxed and rehydrated. Then the slides were washed in double-distilled water and

PBS with 1 min each. The slides were treated with boiling antigen retrieval solution for 15 min. And then the slides were rinsed with

PBS for 10min three times. The slides were treated with 3%H2O2 in PBS for 30min and thenwashedwith PBS for 10min three times.

Next, the sections were incubated with blocking buffer containing 1% BSA, 5% serum in PBS for one hour, and then incubated with

the primary antibody in hybridization buffer overnight at 4�C. After being washed with PBS for 10 min for three times, sections were

incubatedwith secondary antibody for one hour at room temperature. The sectionswerewashed and counterstainedwith DAPI. After

washing, the slides were mounted with mounting medium. In some experiments, TSA kit (Invitrogen) was used. The samples were

treated as same as the regular immunofluorescence staining until the completion of the primary antibody incubation. Then, the pro-

cesses were carried out with TSA kit by following the manufactory’s protocol. The primary antibodies used in the study were listed in

STAR Methods. The following secondary antibodies were used in the study: Donkey anti-rabbit IgG biotin-conjugated (1:400);

Donkey anti-Rat IgG (H+L) biotin-conjugated (1:400). A series of z stack microscopy fluorescent images were captured by using a

digital fluorescence microscope (Olympus BX51) or confocal laser-scanning microscope (Leica TCS SP8).

Mouse behavioral tests
Three-chamber test

Briefly, the arena consisted of a transparent box which was divided into three chambers of the same size and removable doors in

each chamber. Each mouse, including the test mouse and age/gender-matched C57BL/6 wild-type mice, not littermates, were

kept in the test room individually one hour before the experiment. Two wire cups were placed in the corner of the left and right cham-

bers. The test mouse was introduced to the central chamber and was allowed to get access to three chambers for 10 min. In the first

stage, a strange mouse, which was age/gender-matched C57BL/6 wild-type mice, not littermates, was introduced into the wire cup

of the left or right chamber, an inanimate object was placed into the other wire cup. The testmousewas allowed to get access to three

chambers and both wire cups within 10 min. The time of test mouse spent in interacting with the stranger mouse or an inanimate

object was recorded. The chamber was cleaned with 75% ethanol after each test. In the second stage, the inanimate object was

replaced with another novel age/gender-matched C57BL/6 wild-type mice, but not littermates. The test mouse was allowed to

get access to three chambers and both wire cups within 10 min. The time of test mouse spent in interacting with the familiar mouse

or a stranger mouse was recorded. The preference index was calculated as below: Preference index = (time spent in interacting with

the novel mouse)/ (time spent in interacting with the novel mouse + time spent in interacting with object/familiar mouse)*100%.

Self-grooming test

Themicewere first habituated in a clean chamber individually for 10min. The time spent in self-grooming was recordedwithin 10min.

Self-grooming included actions of face-wiping, scratching of head, neck or ears and full-body grooming.

Y-maze test

The Y-maze apparatus consisted of three identical arms (403 5 cm with 10 cm high walls). Spontaneous alternation behaviors were

assessed. The test mousewas allowed to explore the Y-maze for 8min freely, and arms choices (all four paws entering one arm) were

recorded by a camera. Overlapping triplets of 3 arm visits were counted as one complete spontaneous alternation. The score was

calculated as the following formula: (number of spontaneous alternation)/ (total number of arm visits – 2) *100%.
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Open-field test

The test mouse was first allowed to explore in the open-field apparatus for 5 min. After washing the apparatus with 75% ethanol, the

test mouse was introduced into the apparatus again and allowed to explore for 8min. The time spent in the center region of the appa-

ratus and distance traveled in the apparatus were calculated.

Elevated plus maze

The test mouse was introduced into the intersection of closed and open arms of the elevated plus maze apparatus and allowed to

explore for 5 min. The time spent in closed or open arms were collected.

Dark-light emergence test

The apparatus was divided into two connected sections-dark chamber and light chamber. The test mouse was placed into the appa-

ratus and allowed to explore for 10 min. The total time spent in the light and dark chamber were measured.

Rotarod test

Rotarod apparatus was used to examine the motor coordination of a mouse. The test mouse had been tested three trials once a day

for three days with the rod rotation increasing from 4 to 40 rpm in 5 min. The interval of each trial was 30 min. The rotarod apparatus

was stopped once the test mouse fell, and the latency to fall off the rod was determined, the average latency of three trials once a day

was calculated.

2-object novel object recognition test

The test wasmodified from previous protocols (Huang and Hsueh, 2014; Leger et al., 2013). Briefly, the whole test was a 3-days-trial,

consisting of habituation, training, and test stage. In the training stage, two identical objects were placed in the apparatus. Mice were

allowed to explore in the apparatus for 10 mins. In the test stage, one of those objects was replaced with another, but not identical,

novel object (N). Mice were allowed to explore in the apparatus for 10mins. The time in exploration of different objects (familiar object

(F) or novel object (N)) in the test stage was calculated. The preference for novel object was calculated as followings: Preference in-

dex = exploration time of novel object/(time in exploration of novel object + time in exploration of familiar object)*100.

QUANTIFICATION AND STATISTICAL ANALYSIS

Counting analysis on brain slices
For analysis of mouse primary somatosensory cortex or prefrontal cortex in vivo, several sections of the primary somatosensory or

prefrontal cortex along the rostro-caudal axis were used, and the numbers of Cux1+, Ctip2+, GluR2+ cells were counted in per mm2.

Gad1+, PV+, SST+, and Gad1-GFP+ cells were counted in each field or per mm2. All quantifications were performed with more than

ten brain sections from at least three pairs of mice.

qPCR analysis
PCR data of gene expression were normalized to internal reference Gapdh and the relativemRNA level was quantified with the 2 -DDCt

methods. Data from at least three independent induction batches were used for statistical analysis.

Statistical analysis
For qPCR, ChIP-qPCR, and luciferase assay, an average value was calculated from at least three independent replicates. For sta-

tistical analysis of positive immunostaining cells, an average percentage was calculated from at least ten independent fields. All data

were obtained from at least three independent experiments. GraphPad Prism software was used to determine statistically significant

differences. Data were presented as mean ± SEM. Student’s t tests were used to compare the effects of different two groups. One

way-ANOVA tests were used to compare the effects of different three or more groups. Differences were considered statistically sig-

nificant at * p < 0.05, * * p < 0.01, * * * p < 0.001.

DATA AND CODE AVAILABILITY

The accession number for RNA- and ChIP-Seq data in this paper is GEO: GSE132965. The link is https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE132965.
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