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Impact of schizophrenia GWAS loci converge onto distinct
pathways in cortical interneurons vs glutamatergic neurons
during development
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Remarkable advances have been made in schizophrenia (SCZ) GWAS, but gleaning biological insight from these loci is challenging.
Genetic influences on gene expression (e.g., eQTLs) are cell type-specific, but most studies that attempt to clarify GWAS loci’s influence
on gene expression have employed tissues with mixed cell compositions that can obscure cell-specific effects. Furthermore, enriched
SCZ heritability in the fetal brain underscores the need to study the impact of SCZ risk loci in specific developing neurons. MGE-derived
cortical interneurons (cINs) are consistently affected in SCZ brains and show enriched SCZ heritability in human fetal brains. We
identified SCZ GWAS risk genes that are dysregulated in iPSC-derived homogeneous populations of developing SCZ cINs. These SCZ
GWAS loci differential expression (DE) genes converge on the PKC pathway. Their disruption results in PKC hyperactivity in developing
cINs, leading to arborization deficits. We show that the fine-mapped GWAS locus in the ATP2A2 gene of the PKC pathway harbors
enhancer marks by ATACseq and ChIPseq, and regulates ATP2A2 expression. We also generated developing glutamatergic neurons
(GNs), another population with enriched SCZ heritability, and confirmed their functionality after transplantation into the mouse brain.
Then, we identified SCZ GWAS risk genes that are dysregulated in developing SCZ GNs. GN-specific SCZ GWAS loci DE genes converge
on the ion transporter pathway, distinct from those for cINs. Disruption of the pathway gene CACNA1D resulted in deficits of Ca2+

currents in developing GNs, suggesting compromised neuronal function by GWAS loci pathway deficits during development. This study
allows us to identify cell type-specific and developmental stage-specific mechanisms of SCZ risk gene function, and may aid in
identifying mechanism-based novel therapeutic targets.
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INTRODUCTION
SCZ is a highly heritable [1] neurodevelopmental disorder [2] that
is characterized by positive symptoms (e.g., hallucinations and
delusions), negative symptoms (e.g., apathy, anhedonia), and
cognitive symptoms (e.g., memory, executive functions and
attention) [3]. Recent large-scale SCZ GWAS have convincingly
identified more than 100 risk loci with genome-wide significance
[4], opening the way to a deeper understanding of SCZ pathogenic
mechanisms by enabling the identification of potentially causal
abnormalities encoded in the genome, rather than by-products of
the disease pathogenetic cascade. However, gleaning biological

insights on how these risk loci affect SCZ risk and pathogenesis is a
nontrivial task, since they are often in non-coding regions. Many risk
loci are enriched in enhancer regions [4], suggesting their role in
gene regulation. Genetic influence on expression (e.g., eQTLs) is cell
type-specific and sometimes has opposite effects in different cell
types [5, 6], pointing to the importance of using disease-relevant
and specific cell populations to clearly understand SCZ risk loci
function. The postmortem brain tissues often used to derive eQTLs
are heterogeneous cell populations which are likely to mask cell
type-specific impacts of genetic loci, and can be confounded by
effects from age, illness and treatment. Furthermore, genomic data
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sets, based on the enrichment of SCZ risk loci within active
chromatin regions [7–10], suggest enriched SCZ heritability in fetal
brains, stressing the need to study developing cells to understand
how SCZ risk loci influence gene expression and alter neuronal
function to increase SCZ risk. In addition, considering the modest
effects of each SCZ GWAS locus, it is imperative to study the
pathway that they converge onto to gain more meaningful
biological insights into their function.
MGE-type cINs are one of the most substantially affected neural

types in SCZ [11–22]. Accordingly, experimental evidence suggests
a role for altered GABAergic neurotransmission in SCZ [23]. In
particular, PV-expressing cINs regulate gamma oscillation [24, 25],
which is important for cognitive function [26] but has been found
to be defective in SCZ patients [27]. In addition, GNs are also
significantly affected in SCZ, with evidence of altered glutamater-
gic neurotransmission [28]. Recent genomic analyses showed both
cINs and GNs harbor enriched SCZ heritability in fetal brains [29–32],
unlike other neuronal subtypes without such enrichments. Thus, to
understand the functions of SCZ risk loci, it is imperative to study
converging SCZ genetic influence on gene expression in these cell
populations during the developmental stage where SCZ heritability
is enriched.
The ability to study the critical pathogenic events in the

developing human nervous system once seemed unimaginable
due to insurmountable ethical and technical barriers. However,
recent advances in iPSC technologies offer the possibility of
generating SCZ-specific developmental brain cell populations with
the same genetic makeup as the patient brains, providing the
opportunity to analyze cellular and molecular abnormalities
resulting from the SCZ genetic burden [33–37]. Differentiation of
human PSCs well recapitulates human embryonic development
[31, 38–49] and follows a relevant in vivo developmental timeline
[50, 51], enabling us to study early developmental processes of
neurons in the gestational stage. This is a critical time period, during
which they actively integrate into cortical circuitry [52], the brain
becomes more susceptible to environmental challenges [53–55], and
many known SCZ risk genes are highly expressed [56–58]. Thus, to
gain a deeper understanding of SCZ GWAS risk function during
development, we have generated homogeneous populations of
developing MGE-type cINs and GNs from human iPSCs. Using well-
verified healthy control (HC) vs SCZ cINs [49–51, 59–62], we observed
SCZ GWAS loci genes that are dysregulated in developing SCZ
cINs converge onto the PKC pathway. Dysregulation of PKC
pathway genes resulted in PKC hyperactivity, accompanied by
deficits in arborization. Fine-mapped GWAS locus in the ATP2A2
gene of the PKC pathway harbors enhancer marks shown by
ATAC-seq and ChIP-seq and regulates ATP2A2 expression. We
also generated developing glutamatergic neurons (GNs),
another population with enriched SCZ heritability, and con-
firmed their functionality after transplantation into the mouse
brain. Then, we identified SCZ GWAS risk genes that are
dysregulated in developing SCZ GNs. Distinct from cINs, GN-
specific SCZ GWAS loci DE genes converge onto the ion channel
pathway, stressing the need for cell type-specific studies to
unravel SCZ GWAS loci function. Disruption of CACNA1D within
GWAS loci resulted in reduced Ca2+ currents in these neurons,
suggesting neuronal functional deficits by dysregulation of SCZ
GWAS loci DE genes. Understanding cell type-specific and
developmental stage-specific mechanisms of SCZ risk loci
function will aid in identifying novel therapeutic targets based
on the mechanistic insight of disease pathogenesis.

RESULTS
SCZ DE genes within SCZ GWAS loci converge onto PKC
pathway in developing cINs
Recent large scale SCZ GWAS convincingly identified a large
number of SCZ risk loci. However, which loci are operational in

which cells, at what developmental stages and with what impact,
still needs to be determined. With the purpose of identifying SCZ
risk loci that are active in specific cell types with enriched SCZ
heritability during development, first we identified SCZ GWAS loci
genes that are dysregulated in homogeneous populations of SCZ
developing cINs. Based on previously published RNA-seq analysis
[49] on HC vs SCZ developing cINs (Fig. 1A, B and Supplementary
Fig. 1), we identified 25 SCZ cIN DE genes within SCZ GWAS loci
with genome-wide significance [63] (Fig. 1C and Supplementary
Table 1). Analysis of convergence of these SCZ GWAS loci DE
genes identified the PKC pathway as the most significantly
enriched (Fig. 1C–E, Supplementary Fig. 2 and Supplementary
Table 2), followed by RNA processing. All 6 PKC pathway DE genes
(marked with red asterisks in Fig. 1C and in red rectangles in
Fig. 1D) displayed a direction of change (Fig. 1E, F and [49] for
clustered PCDH family members) that is expected to increase PKC
activity in SCZ cINs by directly regulating levels of PKC activators,
Ca2+ and DAG [64, 65], or via signaling cascades [49, 66, 67] as
illustrated in Fig. 1E. Interestingly, PKC hyperactivity has been
associated with numerous brain abnormalities [68–86]. We also
confirmed the dysregulation of these genes in SCZ cINs by qPCR
(Fig. 1G). Each of the 6 PKC genes have 3–7 independent studies
that identify them as high confidence SCZ risk genes by various
genomic analyses such as fine mapping, eQTL, colocalization,
TWAS, ATAC-seq and Hi-C [6, 10, 47, 87–94] as summarized in
Supplementary Table 3, giving us confidence to study the
pathway on which they converge. Overall, these results suggest
convergence of SCZ GWAS loci DE genes onto the PKC pathway in
developing cINs.

Functional impact of PKC pathway SCZ risk loci DE gene
dysregulation on developing cINs
To understand the functional impact of PKC pathway DE gene
dysregulation, we knocked out ATP2A2 or DGKI using the CRISPR/
CAS9 system (Fig. 2A), since these 2 genes more directly regulate
PKC activator level [64, 65]. Analysis of PKC activity in control vs
knockout (KO) cINs derived from 6 different subject iPSCs showed
that there was significant increase in PKC activity by KO of ATP2A2 or
DGKI alone or together (Fig. 2B and Supplementary Fig. 3A). Though
the directions of KO impact were same in different lines, the baseline
PKC activity and fold increases were different in each line
(Supplementary Fig. 3B), showing genetic background dependence
of KO impacts. We did not see additive effects by KO of both genes,
possibly due to crosstalk between Ca2+ pathway and DAG pathway,
which have been shown to activate each other [95–98]. Since PKC
hyperactivity was correlated with various neuronal deficits including
arborization deficits [68–86], we examined whether downregulation
of PKC pathway SCZ risk loci DE genes can result in compromised
arborization of developing cINs. KO of either ATP2A2 or DGKI alone
or together significantly reduced neurite length (Fig. 2C and
Supplementary Fig. 4A, B). Again, though the directions of KO
impact were the same across the different lines, baseline neurite
lengths and fold changes were different in each line (Supplementary
Fig. 4C). Next we tested whether the arborization deficit resulting
from KO of PKC DE genes can be rescued by inhibition of PKC. Thus
we treated developing cINs with ATP2A2 and DGKI KO with Go6893,
a pan-PKC inhibitor. Treatment of KO cINs with PKC inhibitor restored
arborization deficits, showing the deficits were mediated by
hyperactive PKC (Fig. 2C). Interestingly, in our previous study, we
observed a significant decrease in neurite length in SCZ cINs
compared to HC cINs, which was reverted by PKC inhibitor treatment
[49]. Overall, these results suggest that dysregulated SCZ risk loci DE
genes could result in functional deficits in developing cINs.

SCZ GWAS loci regulate the expression of ATP2A2 in
developing cINs
Next we analyzed the role of SCZ GWAS loci in regulating gene
expression levels. To do this, we first examined fine mapping
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results from recent large SCZ GWAS. Among fine-mapped loci
near PKC DE genes, a single SNP in the ATP2A2 gene intron
rs4766428 has an almost perfect probability to be causal
[probability of 1 [63] or 0.99 [99]], whereas other PKC GWAS loci
have multiple fine mapped SNPs, each with moderate probability
(Fig. 3A and Supplementary Table. 4). The SCZ GWAS p-value for
this SNP was p= 2.61e−17 [99]. rs4766428 was identified as an

eQTL for ATP2A2 in postmortem hippocampus (Fig. 3A and
Supplementary Table. 4). ATAC-seq showed peaks around
rs4766428 in developing cINs but not developing GNs (Fig. 3B
and Supplementary Table 5), suggesting it is located in an active
open chromatin region specifically in cINs but not in GNs. As a
reference, when compared with GNs and cINs in human fetal
brains [30], our ATAC-seq peaks from iPSC-derived cINs showed a
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Fig. 1 SCZ GWAS loci DE genes converge onto PKC pathway in developing cINs. A Scheme for analyzing SCZ GWAS loci DE genes in
developing cINs. B Table of subjects analyzed in RNA-seq study and scheme for generating developing cINs from human iPSCs. HC refers to
healthy control subjects and SCZ refers to people with SCZ. SRM: serum replacement media, LDN: 100 nM LDN193189, SB: 10 μM SB431542,
SAG: 0.1 μM Smoothened agonist, and IWP2: 5 μM Inhibitor of Wnt production-2. C SCZ GWAS loci genes that are differentially expressed in
SCZ developing cINs. Genes that can modulate PKC activity was marked using *. D Pathway analysis of SCZ GWAS loci DE genes in cINs. Left
panel shows the % gene numbers among total SCZ risk loci DE genes and right panel shows enrichment test using Fisher’s exact test in -logP
format. E Schematic diagram showing the function of SCZ risk loci DE genes in modulating PKC activity. F RNA-seq analysis of HC vs SCZ cINs,
showing dysregulation of PKC SCZ risk loci genes. Gene expression is shown as TPM, obtained from Kallisto. Differentially expressed genes
were analyzed by DESeq2 (Wald test for two-sided significance testing, n= 28 independent differentiations from 14 HC lines and 14 SCZ lines).
Error bars are SEM. G qPCR analysis of PKC SCZ risk loci genes in cINs. Data were normalized by GAPDH expression and are presented as mean
± SEM. Two-tailed unpaired t-tests were used for analysis (N= 14 lines for HC and n= 14 lines for SCZ; Each data point is averaged from 2
independent differentiations, ATP2A2: t= 4.279, df= 26, DGKi: t= 2.316, df= 26, RGS6: t= 2.149, df= 26).
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Fig. 2 ATP2A2 and DGKI expression regulates PKC activity. A KO of ATP2A2, DGKI or both analyzed by qPCR. Data were normalized by GAPDH
expression and are presented as mean ± SEM. Repeated measures One-way ANOVA was used for analysis (N= 3 batches), followed by Dunnett’s
multiple comparisons as a post hoc analysis. BWestern blot analysis of control, ATP2A2 KO, DGKI KO or both KO cINs. Repeated measures one-way
ANOVA was used for analysis (N= 6 lines), followed by Dunnett’s multiple comparison as a post hoc analysis. C Arborization analysis of control,
ATP2A2 KO, DGKI KO, both KO or both KO+Go6983-treated cINs. Left panel: Representative images of arborization analysis of cINs with or without
KO (Scale bar= 50 μm). Right panel: quantification of neurite lengths as analyzed using Image J with the Neuron J plugin. Center and error bars
show mean ± SEM. Data were collected from 6 lines, each line with 10 neurons (N= 60 neurons). Two-Level Hierarchical Linear Mixed Effect Model
after log-transformation was used for analysis of neurite length, followed by Dunnett’s test as a post hoc analysis.
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Fig. 3 SCZ risk loci regulate ATP2A2 expression. A ATP2A2 loci with fine mapped SCZ GWAS SNP marked by red dotted lines. GWAS p-value
in -logP, fine mapping probability and eQTL p-value in -logP of this fine mapped SNP were marked by red dots. B ATAC-seq in loci surrounding
fine mapped SCZ GWAS SNP in cINs shows open chromatin area compared to GNs. C ChIP-seq analysis in loci surrounding fine mapped SCZ
GWAS SNP shows enhancer marks (overlap of H3K27ac peaks and H3K4me1 peaks). D CRISPRa and CRISPRi from SCZ risk loci modulate the
expression of ATP2A2, as analyzed by qPCR. Data were normalized by GAPDH expression and are presented as mean±SEM. Two-tailed paired
t-test was used for analysis (n= 8 lines; Each data point is averaged from 3 independent differentiations).
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significantly higher level of overlap with fetal cIN enhancers than
fetal excitatory neuronal enhancers (Fisher’s exact test, p-value <
2.2e−16, OR= 1.5, 95% CI= 1.47–1.53), demonstrating their in vivo
relevance. We further analyzed enhancer marks around this SNP
by ChIP-seq and observed H3K4me1 peaks and H3K27Ac peaks at
this locus (Fig. 3C), suggesting that this region may be involved in
gene regulation. Consistent with this observation, Haploreg [100]
search showed many enhancer epigenetic marks in rs4766428 in
many different neural tissues as summarized in Supplementary
Table 6. To test the impact of this locus in regulating ATP2A2
expression, we used CRISPRa and CRISPRi assays [101, 102]
(Fig. 3D). When infected along with ATP2A2 risk loci gRNA,
CRISPRa significantly increased expression level of ATP2A2,
whereas CRISPRi along with ATP2A2 risk loci gRNA significantly
reduced ATP2A2 expression (Fig. 3D). These results suggest this
fine-mapped locus in the second intron of the ATP2A2 gene is
involved in the regulation of ATP2A2 expression.

SCZ DE genes within SCZ GWAS loci converge onto Ion
transporter pathway in developing GNs
Since SCZ heritability is enriched both in GNs [30, 32] and cINs
[29–31] during fetal development, we also sought to find
converging SCZ GWAS loci DE gene pathways in developing GNs.
To do this, we did RNA-seq analysis on HC vs SCZ developing GNs
(Fig. 4A, B, Supplementary Figs. 5–8 and Supplementary Table 7).
Immunocytochemistry and cell counting analyses demonstrated the
highly homogeneous phenotype of generated GNs, as shown by
high expression of relevant genes and low expression of non-
relevant markers (Supplementary Fig. 5). To further confirm
functionalities of generated GNs, we transplanted ChR2-GFP-
expressing GNs into the prefrontal cortex of Nod Scid Gamma
(NSG) mice and analyzed them by electrophysiology. Whole-cell
patch-clamp recordings were used to examine neuronal and
synaptic properties of grafted human GNs. Nine months after
transplantation, grafted cells were identified with green fluorescence
in acute brain slices (GFP+ cells). Grafted cells displayed passive
membrane properties of glutamatergic neurons [resting membrane
potential (RMP)=−75.1 ± 5.1mV; membrane resistance (Rm)=
0.272 ± 0.045 GΩ; membrane capacitance (Cm)= 109 ± 17 pF; aver-
age ± SEM; n= 6 cells; Supplementary Fig. 6A]. When depolariz-
ing voltage pulses were applied in voltage-clamp mode, all 7 grafted
cells showed rapidly desensitizing inward currents and sustained
outward currents (Supplementary Fig. 6B, C). This suggests the
expression of voltage-gated Na+ channels and K+ channels in
grafted cells. In current-clamp mode, the injection of depolarizing
currents induced action potential (AP) firings in all recorded grafted
cells with the AP threshold of −49.9 ± 1.5mV and the after-
hyperpolarization (AHP) of 15.8 ± 2.6mV (6 cells; Supplementary
Fig. 6D, E). Moreover, all 6 grafted cells displayed spontaneous
excitatory postsynaptic currents (sEPSC) at −85mV in voltage-clamp
mode (Fig. 4C top left panel), indicating that they received excitatory
inputs from host glutamatergic neurons. Consistently, grafted
human GNs contained dendritic spines, postsynaptic sites of
excitatory synapses (Fig. 4C top right panel). We then applied blue
light illumination to activate ChR2-GFP-expressing grafted cells for
glutamate release, which induced excitatory synaptic responses in
GFP– host neurons in the PFC (Fig. 4C bottom panels). Short pulses
of blue light illumination induced excitatory postsynaptic currents
(EPSC) in 3 out of 4 host pyramidal neurons at −85mV in voltage-
clamp mode. These EPSCs were inhibited by NBQX, an AMPA
receptor antagonist, indicating that they were mediated by
excitatory neurotransmitter glutamate. Together, these results
suggest neuronal properties of human glutamatergic neurons
transplanted into the mouse PFC as well as functional synaptic
integration of grafted cells into host PFC circuits. After the
confirmation of their functionalities, we proceeded to RNA-seq
analysis using generated GNs. RNA-seq analysis also confirmed high
expression of relevant markers and low expression of non-relevant

markers (Supplementary Fig. 8A). Principal component analysis of
RNA-seq data showed developing GNs are well separated from
developing cINs or iPSCs or fibroblasts, but there was no clear
separation between HC GNs and SCZ GNs, as expected from overall
mild SCZ phenotypes (Supplementary Fig. 7A). Pair-wise comparison
of RNA-seq samples showed high similarity among samples with r2

> 0.96, suggesting reliable generation of homogeneous populations
of developing GNs (Supplementary Fig. 7B). HC GNs and SCZ GNs
were highly similar in the pairwise comparison (Supplementary
Fig. 7B), again confirming the overall mild phenotype of SCZ GNs.
We identified 29 SCZ glutamatergic neuron DE genes within SCZ
GWAS loci (Fig. 4D, Supplementary Fig. 7C and Supplementary
Table 7). Pathway analysis of these SCZ GWAS loci DE genes using g:
Profiler showed that they are enriched for ion channel pathway
genes (Fig. 4D, E). Fisher exact analysis p-value for ion channel
pathway in GNs was 0.000104 (Supplementary Fig. 8B) whereas that
for PKC pathway in GNs was 0.999999, displaying cell type-specific
pathway enrichment. On the other hand, Fisher’s exact analysis
p-value for ion channel pathway in cINs were 0.338145. Among the
6 genes associated with the ion channel pathway, NDUFA4L2 is a
mitochondrial electron transport protein, whereas all the others are
expressed in the cellular membrane [103, 104], with the possibility of
regulating cellular membrane properties of neurons, leading us to
focus on these 5 cellular membrane proteins. All 5 ion channel
pathway DE genes were downregulated in SCZ developing GNs
(Fig. 4F), which was also confirmed by qPCR using 7 HC vs 7 SCZ
lines (Fig. 4G). All of SCZ GWAS loci DE genes in developing GNs
were not dysregulated in developing cINs nor were SCZ GWAS loci
DE genes in developing cINs dysregulated in developing GNs
(Supplementary Fig. 9), suggesting the importance to study cell
type-specific genetic influence on gene expression. By and large,
these results show SCZ risk loci DE genes converge onto ion channel
pathway in developing GNs, unlike in the case of developing cINs.

Functional impact of Ion transporter pathway SCZ risk loci DE
gene dysregulation in developing GNs
To understand the functional consequence of ion channel pathway
dysregulation in developing GNs, we knocked out CACNA1D within
the SCZ risk locus with the most significant SCZ associations among
the 5 pathway genes (Fig. 5A and Supplementary Fig. 2C) and
analyzed its impact on developing GNs by patch clamp analysis
in vitro. KO of CACNA1D resulted in significant decrease of total Ca2+

currents in developing GNs (Fig. 5B–D and Supplementary Fig. 10D).
Significant decrease of total Ca2+ currents was consistent when
analyzed in HC lines and SCZ lines separately (Supplementary
Fig. 10A) or analyzed using averages of each line (Supplementary
Fig. 10C). We also observed significant decrease in high voltage-
activated Ca2+ currents (Fig. 5D, E and Supplementary Fig. 10),
consistent with those that are mediated L-type channels, which are
located postsynaptically and involved in regulating neuronal
excitability [105]. We also confirmed high voltage-activated Ca2+

current can be blocked with Nifedipine, a specific L-type Ca2+

channel blocker (Supplementary Fig. 10B). Considering the function
of CACNA1D in regulating synaptic plasticity [106, 107], this result
suggests suboptimal expression of ion channel genes may result in
functional deficits in these neurons. In addition to CACNA1D, two
additional GN DE genes identified within SCZ GWAS loci, P2RX4 and
P2RX7, are both ATP-dependent cation channels and have
preferences for Ca2+, suggesting the dysregulation of multiple genes
that regulate Ca2+ transport in SCZ developing GNs. This may impact
Ca2+influx in SCZ developing GNs compared to HC developing GNs.
Patch clamp analysis showed that there is a significant decrease
of total Ca2+ currents as well as high voltage-activated Ca2+

currents in SCZ developing GNs compared to HC GNs (Fig. 5E),
which suggests functional deficits produced by converging ion
channel pathway genes in SCZ GNs. Overall, this study
provides novel mechanistic insights into how the influence of
SCZ risk loci converges and alters early neurodevelopmental
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processes in human cINs and GNs, which were largely unknown
previously.

DISCUSSION
In this study, we identified converging pathways of SCZ GWAS loci
DE genes and observed distinct pathways are affected in cell type-

specific manners. Most studies on genetic influences on gene
expression have been done using postmortem brain tissues, that
are not only confounded by effects from age, illness and
treatment but are also composed of quite heterogeneous cell
populations and thus unable to reveal the impacts on specific
minority populations like cINs. Furthermore, considering genetic
influence on gene expression is not only cell type-specific but also
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developmental stage-specific with enriched heritability in the fetal
brain [7–10], the fetal tissue-specific influences may not be easily
assessed. Recently, there have been studies using fetal brain
transcriptomic data to understand genetic influences on expres-
sion [87, 91, 108], and this has allowed for identification of fetal
stage-specific eQTLs. Still fetal brain tissue is not likely to provide
insights into the mechanisms in minor, yet critical, populations like
developing cINs. To address these gaps, we have utilized iPSC-
derived homogeneous populations of developing cINs and GNs
and identified SCZ GWAS loci genes that are dysregulated in these
cells along with the pathways onto which they converge. This
strategy gives the first insights on genetic influences in specific
fetal cell populations with enriched SCZ heritability. Though eQTL
analysis shows correlation between risk alleles and gene expres-
sion levels, it doesn’t allow us to determine which genes will be
actually significantly dysregulated in disease genetic backgrounds.
iPSC-derived fetal neural populations of HC compared to SCZ
individuals provide such an opportunity, allowing for the analysis
of the actual genes with sufficient effect size to show up as DE in
disease samples during development. The observation that tissue-
specific eQTLs have greater impact size than general eQTLs [91]
also stresses the importance of using specific and homogeneous
cell populations to identify these cell type-specific genetic
influence with greater impact. Furthermore, these homogeneous
developing cell populations also provide a disease-relevant model
system where we can perturb the candidate gene expression to
assess the functional consequences of disease-relevant gene
perturbations.
In this study, we have used bulk analysis of homogeneous culture

rather than single cell analysis approaches for cell type-specific
studies. Single cell (sc) RNA-seq or scATAC-seq allow us to analyze
specific cell types in the mixed cultures but it also has shortcomings
that require further development down the road. scRNA-seq usually
contains non-zero values for 10–50% expressed genes and low
abundance genes can be under-represented [109, 110]. Also, recent
studies showed confounder introduced by trypsinization during
scRNA-seq sample preparation [111]. Similarly, scATAC-seq shows
inherently sparse count matrices with each cell usually sampling
only 2–3% peaks out of all peaks accessible in a given cell type
[112, 113]. Although there are new bioinformatics methods to
mitigate the issue of high noise and sparsity [114, 115], it still
remains an area of active development. Thus, single cell analysis
approaches and bulk analysis of homogeneous population, as
employed in this study, can complement each other. Furthermore,
monoculture system provides the opportunity to study cell-intrinsic
regulation in the absence of any cell non-autonomous impact. Once
cell-intrinsic regulations are identified, we can systematically add
specific cell types as a co-culture to analyze specific non-cell
autonomous regulations. In addition, in this study, we used the KO
approach to address the question of whether the dysregulation of
SCZ risk loci DE genes indeed affects functionality of developing

cINs or developing GNs, with the purpose of obtaining clearer
answers with a stronger impact. This KO approach is not exactly
the same as in vivo situations where many genes with smaller
impacts converge onto specific pathways; however, we were
aiming to mimic functional consequences of converging pathway
deficits from ‘the dysregulation of many genes with smaller
impacts’ with pathway deficits from ‘the dysregulation of one gene
with a larger impact’.
We observed that SCZ GWAS loci genes converge onto the PKC

pathway in developing cINs. PKC is a family of serine/threonine
kinases that are activated by DAG and Ca2+ and phosphorylate
downstream substrate proteins [116]. In the brain, they regulate
various neuronal functions such as arborization, neuronal excit-
ability, neurotransmitter release, ion channels, growth and
differentiation, apoptosis, and neuronal plasticity [117]. As
expected from their critical roles in normal brain function, their
dysregulation, especially their hyperactivity, has been associated
with various neurodegenerative disorders [68–71], with some of
the deficits reversed by PKC inhibitor treatment [83]. In addition to
neurodegenerative disorders, PKC dysregulation has also been
observed in psychiatric disorders. Increased PKC expression was
reported in bipolar disorders (BD), which was normalized by
medications that treat BD such as lithium and valproic acids [72].
Furthermore, PKC inhibitors were successfully used to treat acute
mania in bipolar disorders in multiple small scale clinical trials [73–
75]. PKC hyperactivity in the prefrontal cortex has been linked to
aging- or stress-related working memory deficits, which were
reversed by PKC inhibitor treatment [76–78]. These results point to
the importance of maintaining proper PKC regulation for normal
brain development and function. Various PKC isoforms were
shown to regulate the actin cytoskeleton, [118] and thus,
overactivation of PKCs results in spine loss and altered spine
morphology in vitro [79]. In AD, increased phosphorylation was
observed in PKC substrates [80], and abnormal spine formation in
AD model mice was reversed by PKC inhibition [81]. PCDHG
conditional knockout mice, which exhibit PKC hyperactivity,
displayed increased PKC substrate phosphorylation accompanied
by severely reduced arborization in cortical neurons, which is
reversed by PKC inhibition [82]. PKC hyperactivity has also been
shown to be associated with decreased length of basal dendrites
of prefrontal cortical neurons and compromised working memory
performance in aged rats. Both are reversed by PKC inhibitor
treatment [77]. More recently, we have observed dysregulation of
various PCDHA and PCDHG family members in SCZ cINs,
accompanied by compromised arborization in these neurons that
was reversed by PKC inhibitor GO6893 [49]. Recently, PKC
activation was shown to reduce synaptic strength via cleavage
of neuroligins [119], that hold the synaptic structure together.
Taken together, these results all point to the role of a converging
SCZ risk loci DE gene pathway in maintaining normal neuronal
function.

Fig. 4 SCZ GWAS loci DE genes converge onto ion transporter pathway in developing glutamatergic neurons. A Scheme for analyzing
GCZ GWAS loci DE genes in developing glutamatergic neurons. B Table of subjects analyzed in RNA-seq study and scheme for generating
developing glutamatergic neurons from human iPSCs. C Electrophysiological analysis of developing GNs. Top left panel: ChR2-GFP+ grafted
cells receive synaptic inputs from host glutamatergic neurons as recorded in acute brain slices. A representative trace of postsynaptic
responses recorded in a GFP+ grafted cell at −85mV in voltage-clamp mode. sEPSC trace marked with a dotted square box was magnified in
the bottom trace. Top right panel: Confocal microscopic images showing dendrites of ChR2-GFP+ grafted cells. A dotted area is magnified in
the right image, showing dendritic spines. Bottom left panel: blue light illumination induced glutamate release at axon terminals, generating
excitatory postsynaptic responses recorded in GFP− host neurons (inset). Bottom right panel, representative traces of excitatory postsynaptic
currents (EPSC) evoked by photostimulation and recorded in a GFP− host neuron. Postsynaptic responses were recorded at −85mV in
voltage-clamp mode (gray and black traces) and induced by photostimulations (36.1 mW/mm2, 10ms duration, blue horizontal line). These
EPSCs were blocked inhibited by NBQX (10 μM) in the same neuron (blue traces). D SCZ GWAS loci genes that are differentially expressed in
SCZ developing GNs. Genes in ion channel pathways was marked using *. E Pathway analysis of SCZ GWAS loci DE genes in GNs analyzed by
g:Profiler [137]. F RNA-seq analysis of HC vs SCZ glutamatergic neurons, showing dysregulation of ion channel pathway genes within SCZ risk
loci. Gene expression is shown as TPM, obtained from Kallisto. Differentially expressed genes were analyzed by DESeq2 (Wald test for two-
sided significance testing, N= 4 HC lines and 5 SCZ lines). Error bars are SEM. G qPCR analysis of SCZ risk loci DE genes in GNs. Data were
normalized by GAPDH expression and are presented as mean ± SEM. Two-tailed unpaired t-test was used for analysis (N= 7 lines).
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Fig. 5 CACNA1D dysregulation impairs Ca2+ currents in developing glutamatergic neurons. A CACNA1D KO in developing GNs, analyzed
by qPCR. Data were normalized by GAPDH expression and are presented as mean ± SEM. Repeated measures one-way ANOVA was used for
analysis (N= 4 batches), followed by Dunnett’s multiple comparisons as a post hoc analysis. B Representative image of patched cINs. Scale
bar= 10 μm. C Illustration of voltage scheme used to analyze total Ca2+ currents and high voltage-activated Ca2+ currents. D CACNA1D KO in
developing GNs dysregulate total Ca2+ currents and high voltage-activated Ca2+ currents, as analyzed by patch clamp recording in vitro. Two-
Level Hierarchical Linear Mixed Effect Model after log transformation was used for analysis (n= 47 cells from 6 Lines for Cas9 group and n= 42
cells from 6 lines). E SCZ GNs show compromised total Ca2+ currents and high voltage-activated Ca2+ currents, as analyzed by patch clamp
recording in vitro. Two-tailed unpaired Kolmogorov–Smirnov test was used for analysis (n= 26 cells for HC and n= 21 cells for SCZ).
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On the other hand, SCZ GWAS loci DE genes converge onto ion
channel pathways in developing GNs. CACNA1D is an L-type
voltage-dependent Ca2+ channel that plays important roles in
neuronal development, neuronal firing and synaptic plasticity
[120] and thus its dysregulation was associated with various
psychiatric disorders such as ASD, SCZ, BD and intellectual
disability [120, 121]. CACNA1D KO results in decreased neuronal
survival, decreased neurite outgrowth [122], impaired neurogen-
esis [123] and decreased firing frequency [124], depending on the
cell types affected, resulting in cognitive deficits in these animals
[122, 123]. Thus, it is conceivable that dysregulation of CACNA1D
and thus defects in Ca2+ influx in GNs during development could
result in dysfunctional neuronal development. In addition to
CACNA1D, P2RX4 and P2RX7 are also involved in Ca2+ transport.
P2RX7 is an ATP binding Ca2+ channel that is expressed at the
presynaptic terminal, and is known to regulate synaptic transmis-
sion [125] and regulate axonal growth [126]. P2RX4 has also been
shown to regulate Ca2+ influx [127, 128]. P2RX4 KO resulted in
reduced long-term potentiation (LTP), indicating its role in
synaptic plasticity [129]. Regulation of Ca2+ influx overall plays a
critical role in neuronal development and function such as
dendritic growth and dendritic spine formation [130], neuronal
migration [131, 132], transcriptional regulation [133], synaptic
plasticity [134] and neuronal survival/degeneration [135, 136].
Thus it is conceivable that suboptimal Ca2+ transport by
converging SCZ GWAS loci DE genes in developing GNs would
compromise their normal development and function.
In summary, we have shown converging influences of SCZ

GWAS loci in specific developing cell types with enriched SCZ
heritability. In the next phase of our study, this study can be
expanded to other specific cell types with enriched SCZ
heritability such as microglia [29]. Further understanding of
tissue-specific, developmental stage-specific mechanism of SCZ
GWAS loci function, either by bulk analysis of homogeneous cell
types or single cell analysis approaches of mixed cells, or both, will
aid the effort to identify novel therapeutic targets even preventive
ones, based on neurobiological understanding of disease patho-
genesis mechanism.

MATERIAL AND METHODS
Differentiation of iPSCs
Generation of iPSCs were described in our previous publications [49, 59].
Male SCZ patient samples with age from 21–51 years old as well as age
and gender-matched HC samples were used in this study as summarized in
Figs. 1, 4, Supplementary Tables 7 and 8. Human fibroblasts were obtained
from the laboratories of Dr. Bruce Cohen (McLean Hospital), Dr. Daniel
Weinberger (Lieber Institute for Brain Development), and Dr. Judith
Rapoport (National Institute of Mental Health). These study protocols were
approved by the McLean Hospital/Partners Healthcare Institutional Review
Board (IRB) and New York Medical College IRB. All procedures were
performed in accordance with IRB’s guidelines and all human samples
were obtained with informed consents. We have complied with all relevant
ethical regulations. All non-McLean cohorts of iPSCs have been deposited
to the NRGR biorepository. McLean cohorts of iPSCs will be available upon
approval from the McLean Hospital/Partners Healthcare IRB. iPSC lines
were validated by immunocytochemistry in our previous study [49]. All cell
lines are routinely tested for mycoplasma contamination. Cell lines used in
this study were verified to be mycoplasma negative before undertaking
any experiment with them.
Thawed human iPSCs were maintained on Matrigel (BD, San Hose, CA)

coated plates with Essential 8 (E8) media (Invitrogen, Carlsbad, CA). For
differentiation, iPSCs were trypsinized and grown as floating spheres in low
adherent flasks in KSR media (DMEM, 15% knockout serum replacement, 2
mM L-glutamine and 10 μM β-mercaptoethanol (all from Invitrogen) from
day 0 to day 14. For neuroectoderm induction, cells were treated with
LDN193189 (100 nM, Stemgent, Cambridge, MA) from day 0 to day 14 and
SB431542 (10 μM, Tocris Cookson, Ellisville, MO) from day 0 to day 7. For
MGE phenotype induction, media was supplemented with IWP2 (5 μM,
EMD Millipore, Billerica, MA) from day 0 to day 7 and SAG (0.1 μM, EMD

Millipore) from d0 to d21. From day 14, cells were grown in N2AA media
(DMEM-F12 with N2-supplement (1:200, Invitrogen) and 200 μM ascorbic
acid (AA, Sigma, St. Louis, MO). FGF8 (100 ng/ml, Peprotech, Rocky Hill, NJ)
was added from day 14 to day 21 to induce the MGE phenotype at the
expense of the CGE phenotype [50]. N2AA media was supplemented with
10 ng/ml glial cell derived neurotrophic factor (GDNF, Peprotech) and 10
ng/ml brain derived neurotrophic factor (BDNF, Peprotech) from day 21.
After 8 weeks of differentiation, cIN spheres were trypsinized in the
presence of 0.1M trehalose (Sigma) and then plated on polyornithine (PLO;
15mg/ml; Sigma)- and fibronectin (FN; 1 mg/ml; Sigma)-coated plates in
B27GB media (DMEM-F12 media with B27 supplement (1:100, Invitrogen),
10 ng/ml GDNF and 10 ng/ml BDNF).
For Glutamatergic neuron differentiation, iPSCs were trypsinized and

grown as floating spheres in low adherent flasks in Neuronal induction
media (DMEM-F12 with 15% knockout serum replacement, 1% MEM-NEAA,
100 µM β-mercaptoethanol (all from Invitrogen),100 nM LDN193189
(Stemgent), 10 µM SB431542 (Tocris Cookson) and 2 µM IWP2 (ApexBio))
from day 0 to day 10. From day 11, cells were grown in Neuronal
differentiation media (DMEM-F12 with 0.25% N2, 0.5% MEM-NEAA, 50 µM
β-mercaptoethanol (all from Invitrogen) and N21 MAX (R&D systems,
Minneapolis, MN), until the spheres were trypsinized in the presence of
0.1M trehalose (Sigma) and plated on PLO/FN-coated plates in B27GB
media after 8 weeks’ differentiation for analysis.

Subcloning to generate lentiviral vectors
Oligonucleotides to generate lentiviral (LV) vectors that express KO guide
RNAs (gRNAs) as described in Supplementary Table 9 were synthesized by
Thermo Fisher Scientific (Thermo Fisher, Waltham, MA, USA), and
subcloned into lentiCRISPR v2 plasmid, a gift from Feng Zhang (Addgene
plasmid # 52961), to obtain KO LV vectors (pLenti-U6 promoter-KO gRNA-
EF1α-Cas9-P2A-Puro). For CRISPRi/CRSPRa assays, the gRNA in ATP2A2 SCZ
GWAS loci was selected using BE-Designer tool (http://www.rgenome.net/
be-designer/). The synthesized oligonucleotides for gRNA were subcloned
into LentiGuide-Crimson plasmid (Addgene plasmid #217910) to obtain
ATP2A2 SCZ GWAS loci gRNA plasmid (pLenti-U6 promoter-ATP2A2 gRNA-
EF1α-Crimson).

Lentivirus package and infection
The 2nd generation lentiviral packaging plasmid (psPAX2, Addgene
plasmid # 12260) and VSV-G envelope expressing plasmid (pMD2.G,
Addgene plasmid # 12259), gifts from Didier Trono, were used to package
the LV. These two packaging plasmids along with LV backbone plasmids
were transfected to Lenti-HEK293T cells with polyethylenimine (PEI,
Polyscience, Warrington, PA). Supernatants containing LVs were collected
and concentrated using Lenti-X™ Concentrator (TaKaRa, San Jose, CA)
according to the manufacturer’s instruction. Aliquots of the concentrated
LVs were kept at −80 degree for later use.
For ATP2A2, DGKi or CACNA1D KOs, neurons were infected with LVs

(MOI= 10) expressing Cas9 and KO gRNA (pLenti-U6 promoter-KO gRNA-
EF1α-Cas9-P2A-Puro). After 24 hours’ infection, puromycin (1 μg/ml,
InvivoGen, San Diego, CA) was added to the culture for one week to
remove non-infected cells. Cells infected with LVs that express Cas9 only
(pLenti-U6 promoter-EF1α-Cas9-P2A-Puro) were used as a negative control.
For the ATP2A2 CRISPRi/CRSPRa assay [138], cINs were infected with LVs

expressing dCas9-VPR or dCas9-KRAB fusion proteins (lenti-EF1a-dCas9-
VPR-Puro or lenti-EF1a-dCas9-KRAB-Puro) along with LVs expressing
ATP2A2 SCZ GWAS loci gRNA (pLenti-U6-ATP2A2 gRNA-EF1α-Crimson).
Puromycin was added to the culture for a week to select infected cells.
Survived cells were also confirmed for Crimson expression. Lenti-EF1a-
dCas9-VPR-Puro (Addgene plasmid # 99373) and lenti-EF1a-dCas9-KRAB-
Puro (Addgene plasmid # 99372) were gifts from Kristen Brennand.

RNA purification and qPCR analysis
RNA samples were isolated using a TRIzol-reagent (Invitrogen) and 300 ng
of the total RNA was used for cDNA synthesis using the Oligo(dT)12–18
primer (Gene Link, Hawthorne, NY), Recombinant RNAse Inhibitor (Takara,
Japan), 0.5 mM dNTP mix (Thermo Scientific), 5 mM DTT (Invitrogen),
RevertAid H minus RT (Thermo Scientific), and 5X Reaction Buffer (Thermo
Scientific) in SimpliAmpTM Thermal Cycler (Applied Biosystems, Waltham,
MA). The real time PCRs were performed using the QuantStudio 3 Real-
Time PCR System (ThermoFisher), with 40 cycles of denaturation (95 °C for
15 s), annealing (55 °C for 30 s), and extension (72 °C for 30 s). Primer
sequences are listed in Supplementary Table 9.
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RNA-seq analysis
For RNA-seq, RNA quality was examined by the 2100 Bioanalyzer or 4200
TapeStation (Agilent Technologies, Santa Clara, CA) and RNA concentration
was determined using the Qubit Fluorometric Quantitation (Thermo
Fisher). Stranded cDNA libraries were prepared using the TruSeq Stranded
LT mRNA kit (Illumina, San Diego, CA) in accordance with the
manufacturer’s protocol using the poly-adenylated RNA isolation. Sequen-
cing of paired-end reads (75 bp × 2) was performed on the NextSeq
550 system. Raw sequence reads were de-multiplexed and trimmed for
adapters by using the Illumina bcl2fastq conversion software (v2.19).
Sequence reads of each sample were pseudo-aligned to the human hg38
reference transcriptome and the gene transcript abundances were
quantified by using Kallisto (v.0.46.1). Differential expression of genes
and transcripts were achieved by using DESeq2 (v.1.26.0) in R Studio
packages (v.1.2.1335 with R v.3.6.1) with a cut off criteria of adj p < 0.01.
The Kallisto-Sleuth and Kallisto-DESeq2 workflows are based upon a
previous publication [139]. For quantification, we used TPM (Transcripts Per
Kilobase Million) as a measure of transcript abundance. For pair-wise
comparisons, Pearson correlation was conducted in R Studio with DESeq2
normalized results. Pathways used for enrichment analysis by Fisher’s exact
test is summarized in Supplementary Tables 1 and 11. Pathway analysis of
SCZ GWAS DE genes in GNs were done using g:Profiler portal (https://biit.
cs.ut.ee/gprofiler/gost). The RNA-seq data were deposited at the NCBI
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/)
and the accession numbers are GSE121376 for cINs and GSE184102
for GNs.

Western blot
cINs infected with ATP2A2 or DGKI KO LVs were washed twice with ice-cold
PBS and lysed with RIPA buffer (Thermo Fisher) containing protease
inhibitor cocktail (bimake, Houston, TX) and phosphatase inhibitor cocktail
(Santa Cruz Biotechnology, Dallas, TX). Protein concentration of cell lysate
was determined by BCA protein assay kit (Thermo Fisher). The samples
were run on 10% Precast Polyacrylamide Gels (Bio-rad, Hercules, CA) and
then transferred to PVDF membrane (EMD Millipore). The PVDF membrane
was blocked with 5% BSA (Cat#9048-46-8, Research Products International,
Mount Prospect, IL) and incubated with antibody recognizing Phospho-
PKC substrate (1:3000, Cell Signal Technology) and GAPDH (1:5000, Santa
Cruz), respectively, at 4 °C overnight, followed by incubation with HRP-
conjugated secondary antibody (1:10000, Vector) for 1 hour at room
temperature. Detection was done using Super Signal West Pico
Chemiluminescent Substrate (Pierce) and IBright FL1500 Imaging System
(Thermo Fisher). Band intensities were quantified using Image J software
(Version 1.51p, NIH, Bethesda, MD).

Immunocytochemistry/Cell counting/Arborization analysis
cINs and GNs on coverslips were fixed using 4% paraformaldehyde (PFA,
Electron Microscopy Sciences, Hatfield, PA) for 10 min, washed with PBS
and used for staining. The brain sections perfused with 4% formaldehyde
and cryoprotected in the 30% sucrose (Thermo Fisher) overnight at 4 °C
were cryosectioned at 40 µm using a Leica CM1850 cryostat (Leica
Biosystem, Buffalo Grove, IL, USA). Fixed cells or brain sections were
incubated with blocking/permeabilization buffer (PBS with 10% normal
serum and 0.1% Triton X-100) for 10min. The samples were then incubated
in primary antibodies in antibody dilution buffer (PBS containing 2%
normal serum) overnight at 4 °C. The detailed information of the
antibodies used are as follows; GAD1 (sc7512, 1:1,000, Santa Cruz), SOX6
(AB5805, 1:1,000, Millipore, validated in ref. [49]), VGLUT1 (AB5905, 1:1,000,
Millipore), GABA (A0310, 1:1,000, Sigma), b-Tubulin III (560381, 1:1,000, BD
Bioscience), OLIG2 (AB9610, 1:1,000, Millipore, validated in ref. [49]), GFAP
(73240, 1:1,000, UC Davis/NIH NeuroMab), CHAT (AB153, 1:1,000, Chemi-
con, validated in ref. [49]), TH (P40101-150, 1:1,000, Pel-Freez, validated in
ref. [49]) and VIP (20077, 1:1,000, IMMUNOSTAR, validated in ref. [49]) as
listed in Supplementary Table 10. After washing with PBS, cells were
incubated with fluorescently labeled secondary antibodies and DAPI
(Invitrogen) in antibody dilution buffer for 1 h at room temperature.
Following the PBS wash, the samples were mounted with Fluoromount-G
(SouthernBiotech, Birmingham, AL, USA). Fluorescent images were taken
by the EVOS FL Auto microscope (Life Technologies, Carlsbad, CA) and
Leica SPE Confocal Laser Scanning Microscopes (Leica microsystems,
Wetzlar, Germany).
For cell counting analysis, Image J software (Version 1.51p, NIH,

Bethesda, MD) was used to count the cell number using the multi point
function. The experimenters were blind to the sample ID during data

collection. Percentages of cells positive for each marker were quantified in
relation to DAPI-stained nuclei from three independent differentiations,
with a total of at least 500 cells counted for each line.
For arborization analysis, cINs plated onto the PLO/FN-coated coverslips

were infected with a limiting titer (MOI= 0.001) of LV-UbiC-GFP virus [140]
to label cells only scarcely, in addition to the KO LVs described above. After
one week’s selection in Puromycin to remove non-infected cells, the
images of GFP+ cells were collected by the EVOS microscope. The
arborization of each GFP+ cell was analyzed using Image J software with
the Neuron J plugin to get parameters of total neurite lengths.

ATAC-seq analysis
Library generation and sequencing. ATAC-seq reactions were performed
using an established protocol [141] with minor modifications. Media was
removed and replaced with 200 µl of 1X Trypsin and 100mM trehalose.
Tubes were incubated at 37 °C for 10min, after which dissociation was
performed by gentle pipetting. Trypsin was neutralized by the addition of
200 µl DMEM +10% FBS containing 0.5 µl turbo DNase and samples
incubated for an additional 20 min at 37 °C. Cells were then centrifuged at
300 × g for 10 min at 4 °C and pellets resuspended in 250 µl PBS+ 5% BSA.
DAPI (Thermo Fisher) was added to the cells and viable (DAPI-) cells sorted
on a FACSAria flow cytometer (BD Biosciences). Following FACS, cell
concentrations and viability were confirmed using a Countess automated
cell counter (Life technologies) and, where available, 75,000 cells were
carried forward for the ATAC-seq reactions. Cells were centrifuged at 300 ×
g for 10 min at 4 °C and, following removal of the supernatant, pellets were
resuspended in lysis buffer (10 mM Tris-Cl pH7.4, 10 mM NaCl, 3 mM MgCl,
0.1% IGEPAL CA630) by pipetting 20 times. Following resuspension,
samples were centrifuged at 500 × g for 10 min at 4 °C. Pellets were
resuspended in transposase reaction mix (25 μL 2× TD Buffer (Illumina Cat
#FC-121-1030) 2.5 μL Tn5 Transposase (Illumina Cat #FC-121-1030) and
22.5 μL Nuclease Free H2O) on ice. Reactions were incubated at 37 °C for
30min before being purified using the MinElute Reaction Cleanup kit
(Qiagen Cat #28204). Following purification, library fragments were
amplified using the Nextera index kit (Illumina Cat #FC-121-1011) as
previously described [141]. Library quality was assessed on a Tapestation
instrument using D5000 ScreenTapes (Agilent technologies Cat# 5067-
5588). Following amplification, libraries were resolved on 2% agarose gels
and fragments ranging in size from 100 to 1000 bp were excised and
purified (Qiagen Minelute Gel Extraction Kit – Qiagen Cat#28604). Before
sequencing, library fragment sizes estimated using Tapestation D5000
ScreenTapes (Agilent technologies Cat# 5067–5588) and libraries quanti-
fied by quantitative PCR (KAPA Biosystems Cat#KK4873). Finally, libraries
were sequenced on the NovaSeq6000 platform (Illumina) obtaining 2 × 50
paired-end reads.

Read mapping. Raw sequencing paired-end files were aligned by STAR
(v2.7.0.e) (Dobin et al. 2013) to the hg38 reference genome with the
pseudoautosomal region masked on chromosome Y using the following
parameters: -alignIntronMax 1 -out FilterMismatchNmax 100 -alignEnd-
sType EndToEnd -out FilterScoreMinOverLread 0.3 -out FilterMatchNmi-
nOverLread 0.3. This yielded for each sample a BAM file of mapped paired-
end reads sorted by genomic coordinates. From these BAM-files, we
removed reads that were mapped to multiple loci or to the mitochondrial
genome using samtools (v0.1.19) [142] as well as the duplicated reads
using PICARD (v2.24; http://broadinstitute.github.io/picard). The read
coverage files (bedGraph) were generated by genomeCoverageBed from
BEDTools (v2.25.0) (Quinlan and Hall 2010) and converted to the indexed
binary format files (bigWig) using bedGraphToBigWig.

Quality control. To perform quality control, we collected the following
metrics for all samples: the total number of initial reads; the number of
uniquely mapped reads; the fraction of reads that were uniquely mapped;
further mappability-related metrics from the STAR aligner; GC content,
insert and duplication metrics from Picard; the rate of reads mapping to
the mitochondrial genome; the PCR bottleneck coefficient (PBC), which
approximates library complexity as uniquely mapped non-redundant reads
divided by the number uniquely mapped reads; the relative strand cross-
correlation coefficient (RSC) and the normalized strand cross-correlation
coefficient (NSC), which are metrics that use cross-correlation of stranded
read density profiles to evaluate the sample quality independently of peak
calling; and, finally, the fraction of reads in peaks (FRiP), which is the
fraction of reads that fall in peaks. To calculate FRiP, we called peaks for
each BAM file with MACS2 [143] using the following parameters: -keep-dup
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all -shift −100 -extsize 200 -nomodel. Then, per-sample peaks were
merged across all samples, retaining only peaks found in at least 2 samples.
Subsequently, we used featureCounts from Rsubread package to calculate
the fraction of reads that overlap consensus peaks. The main quality
metrics are provided in Supplementary Table 5. All samples exceeded our
quality controls thresholds, i.e., having more than 5 million paired-
end reads (mean= 38.4 million, min= 16.8 million), mappability
over 50% (mean= 83.2%, min= 50.5%), and FRiP over 5% (mean=
26.2%, min= 9.0%).
To compare regulatory landscape of iPSC-derived cINs within in vivo cell

types, we compared ATAC-seq peaks of iPSC-derived cINs with ATAC-seq
peaks from GNs and cINs sorted from the fetal cortex [30]. We used the
findOverlap function in the GenomicRanges package to overlap iPSC-
derived cIN ATAC-seq peaks with fetal excitatory and inhibitory neuronal
ATAC-seq peaks. We then compared the proportion of fetal inhibitory
neuronal peaks that overlap with cIN peaks with the proportion of fetal
excitatory neuronal peaks that overlap with cIN peaks using a Fisher’s
exact test.
Those samples were visually inspected in IGV. The data from this study

have been submitted to the NCBI Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE184165.

ChIP-seq analysis
5 × 106 cINs were used for ChIP experiment using the Pierce Magnetic ChIP
Kit (Cat #26157, Thermo Fisher) according to the manufacturer’s
instruction. In brief, cells were fixed in 1% formaldehyde at room
temperature for 15 min, followed by addition of Glycine. After 5 minutes’
incubation at room temperature, cells were washed twice with ice-cold
PBS. Cells were scraped in ice-cold PBS supplemented with protease
inhibitor cocktail, followed by centrifugation and resuspension in
extraction buffer to lyse the cell membrane and collect nuclei. After
centrifugation, obtained nuclei were resuspended with MNase digestion
buffer and incubated in a 37 °C water bath for 15min. After centrifugation,
nuclei were resuspended with immunoprecipitation buffer containing
protease inhibitors and phosphatase inhibitors. After sonication on ice,
samples were incubated with either anti-H3K4me1 (Cat #710795, Thermo
Fisher) or Anti- H3K27Ac antibody (ab4729, Abcam) overnight at 4 °C with
rotation. The next day, magnetic beads were added to each sample and
incubated for 2 h at 4 °C. After washing three times, DNAs were recovered
in elution solution.
The purified DNAs were converted to small fragments using the

NEBNext Ultra II FS Enzyme Mix (NEBNext Ultra II FS DNA library Prep Kit,
New England Biolabs) at 37 °C for 10min and 65 °C for 30min. The target
DNA with biotin labeling was pulled down using Streptavidin Dynabeads
M270 (Invitrogen), washed once with Tween buffer (5 mM Tris-HCl, pH 8,
0.5 mM EDTA, 1M NaCl, 0.05% Tween-20) and three times with no-Tween
buffer. The biotin-labeled DNA was then ligated to an adaptor with index
(TruSeq Stranded Total RNA Kit, Illumina) at 20 °C for 15min, washed twice
with the no-Tween buffer, and PCR amplified (98 °C 30 s; 15 cycles of 98 °C
10 s, 60 °C 30 s and 72 °C 30 s; and at final 72 °C 5min). The PCR product
was purified with 0.8 volume of AMPure XP beads (Beckman Coulter),
quantified with Qubit 2.0 fluorometer (Invitrogen), and loaded onto
NextSeq 550 (Illumina) with its High Output reagents for 75 bp × 2 paired-
end sequencing. The fastq files obtained from sequencing were aligned/
mapped to the human reference genome GRCh38 using Bowtie2 [144],
and further subjected to peak calling using MACS2 [145]. ChIP-seq data
was submitted to the NCBI Gene Expression Omnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo/) with the accession number GSE186738.

Whole-cell patch-clamp recording in brain slices
HC iPSC L9-derived developing GNs infected with ChR2-GFP-expressing
lentivirus (Addgene #20945) were transplanted into prefrontal cortex of
NSG mice at the following coordinate (AP: +1.9 mm, L: +0.4 mm, V:1.2).
Nine months post transplantation, the neuronal and synaptic properties of
human GNs were examined with whole-cell patch-clamp recording in brain
slices. Acute brain slices containing the PFC were prepared using a
vibrating microtome. After recovery, brain slices were placed in the
recording chamber and continuously perfused at the rate of 1 mL per
minute with the artificial cerebrospinal fluid (130mM NaCl, 2.5 mM KCl, 2.5
mM CaCl2, 1 mM MgSO4, 1.25mM NaH2PO4, 26mM NaHCO3, and 10mM
glucose with 95% O2 and 5% CO2). Whole-cell patch-clamp recordings
were performed at 30–32 °C using a Multiclamp 700B amplifier, a Digidata
1550A digitizer, and Clampex 10 software (Molecular Devices). The patch
electrodes (2.5–3.5 MΩ resistance) were filled with solution containing 150

mM K-gluconate, 5 mM NaCl, 1 mM MgCl2, 10 mM HEPES, 0.2 EGTA, 2 mM
MgATP, and 0.5 mM NaGTP (290 mOsm, adjusted to pH 7.3 with KOH).
Liquid junction potential of 15.5 mV was corrected. The resting membrane
potential was estimated as the average membrane potential recorded
without current injection or withdrawal in current-clamp mode. To
calculate membrane resistance (Rm) and membrane capacitance (Cm) of
grafted human interneurons, we applied hyperpolarizing voltage pulses
(−5mV, 50ms-long) from the holding voltage of −85mV and recorded
currents in voltage-clamp mode with a sampling rate of 100 kHz in grafted
cells. The peak amplitude of the transient capacitive current (Ipeak) was
used to estimate apparent access resistance (Ra) using the equation, Ra=
−5mV/Ipeak. Steady-state current (Iss) is the average current from the
baseline for the last 5 ms of voltage pulse and was used to calculate
membrane resistance (Rm) using the equation, Rm= (−5mV/Iss) – Ra.
Transient capacitive current was fitted with a double exponential function,
I(t)= If exp(–t/τf)+ Is exp(–t/τs), where If/τf and Is/τs are fast and slow
components of peak amplitudes and decay time constants of transient
capacitive current. The weighted mean decay time constant (τw) was
calculated from the equation, τw= τf [If/(If+ Is)]+ τs [Is/(If+ Is)] and then
was used to calculate membrane capacitance (Cm) from the equation, Cm
= τ w × (Ra+ Rm)/(Ra × Rm). Whole-cell membrane capacitance (Cm) was
compensated with the amplifier. Series (access) resistance was not
compensated. The membrane potential was held at approximately −85
mV in current-clamp mode, and square pulses of depolarizing currents
(0–300 pA with the increment of 50 pA, 0.5 s duration) were applied. The
first APs induced by depolarizing current injection near threshold was used
to calculate afterhyperpolarization. Spontaneous EPSC (sEPSC) were
recorded in grafted cells at −85mV in voltage-clamp mode. Blue
collimated light-emitting diode (LED) with 470 nm peak wavelength
(M470L2, Thorlabs) was used for photostimulation of grafted interneurons
expressing ChR2-GFP. Brain slices in the recording chamber were
illuminated through a 40× water-immersion objective lens (Olympus
LUMPLFLN 40XW) and a 450–490 nm filter (Chroma). Illumination area was
0.17mm2 and was centered at the cell patched for recording. NBQX
disodium salt was purchased from Tocris Bioscience (Cat. No. 1044). Offline
analysis of electrophysiological data was performed using Clampfit 10
program (Molecular Devices).

Ca2+ currents analysis of iPSC-derived GNs
After 3 months’ differentiation, human GNs on PLO/FN-coated glass
coverslips were used for electrophygiological experiments. Microelec-
trodes were pulled from standard-wall borosilicate glass with a flaming/
brown micropipette puller (P-97, Sutter Instruments). Patch pipettes with a
tip resistance of 4–5M when they were filled with internal solution. GNs
on coverslips were transferred to the recording chamber which was
perfused with B27GB media added with 3mM CsCl2 and 0.0005mM TTX.
The internal pipette solution contained 20 U/ml phosphocreatine kinase,
100mM CsMeSO3, 10mM EGTA, 1 mM CaC12, 10 mM HEPES, 2 mM
MgATP, 0.1 mM leupeptin, and 20mM phosphocreatine. Electrophysiolo-
gical signals were recorded from the cultured GNs which typically showed
neuronal dendritic processes as illustrated in the Fig. 5B. Total Ca2+

currents and high voltage-activated Ca2+ currents were recorded using
whole-cell patch clamp in voltage-clamp mode. Electric signals were
filtered at 10 kH and digitized at 3 kHz with Axon DigiData 1550 (Molecular
Devices, California) that was controlled with a MultiClamp 700B (Molecular
Devices) and run by Clampex (v10). After establishing a whole-cell
configuration, the membrane potential was clamped at −70mV. Electro-
physiological data were analyzed initially with Clampfit (v10) (Molecular
Devices). Analyzed data were further processed and presented with Igor
(v6) and presented with CorelDraw (2021) (Corel, Ottawa, Canada)
programs.

Statistics
All statistical analyses were performed using GraphPad Prism8 (GraphPad
Software, La Jolla, CA), and SAS statistical software (9.4, SAS Institute, Cary,
NC). For each figure, the statistical test was justified as appropriate,
meeting the assumption of the tests as summarized in Supplementary
Table 14. The normal distribution of data was tested using the
Shapiro–Wilks test. Data with significant Shapiro–Wilks tests were analyzed
after log-transformation or using non-parametric tests as indicated in
Supplementary Table 14. We tested equal variance with the F-test, and if
there was any significant difference, we used the t-test with Welch’s
correction. To compare the difference between two means, a two-tailed
paired or unpaired t-test was used as shown in Supplementary Table 14. To
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handle clustering and covariance among correlated samples [146, 147], a
mixed effect model was used as summarized in Supplementary Table 14.
For the comparison of group means for more than 2 groups, one-way
ANOVA or Two-Level Hierarchical Linear Mixed Effect Model were used
depending on data clustering, and if there was significant difference,
posthoc analysis was performed using Dunnett’s multiple comparisons. P-
values < 0.05 were considered to be statistically significant. Experimental
cohorts were chosen based on our selection criteria (Caucasian male
patients treated with Clozapine vs. age- and gender-matched Caucasian
male healthy controls) without randomization to reduce variation caused
by age, ethnicity and gender. Blinding was used during cell counting and
arborization analysis. No data was excluded and no statistical method was
used to pre-determine the sample sizes.
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