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Abstract

GABAergic interneurons (GINs) are a heterogeneous population of inhibitory neurons that collectively contribute to the
maintenance of normal neuronal excitability and network activity. Identification of the genetic regulatory elements and
transcription factors that contribute toward GIN function may provide new insight into the pathways underlying proper GIN
activity while also indicating potential therapeutic targets for GIN-associated disorders, such as schizophrenia and epilepsy.
In this study, we examined the temporal changes in gene expression and chromatin accessibility during GIN development by
performing transcriptomic and epigenomic analyses on human induced pluripotent stem cell-derived neurons at 22, 50 and
78 days (D) post-differentiation. We observed 13 221 differentially accessible regions (DARs) of chromatin that associate with
temporal changes in gene expression at D78 and D50, relative to D22. We also classified families of transcription factors that
are increasingly enriched at DARs during differentiation, indicating regulatory networks that likely drive GIN development.
Collectively, these data provide a resource for examining the molecular networks regulating GIN functionality.

Introduction
GABAergic interneurons (GINs) comprise a heterogeneous
population of inhibitory neurons that play a critical role in
regulating neuronal excitability (1). GINs are characterized
based on their unique electrophysiological properties, cellular
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morphology and expression of specific calcium-binding proteins
or neuropeptides (1,2). Collectively, these diverse GINs help
shape the complex neural circuity underlying proper network
activity and, when disrupted, can cause neurological disorders
such as schizophrenia and epilepsy (3–10). Schizophrenia
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alone affects ∼1% of the global population, and patients
exhibit a wide spectrum of clinical phenotypes, including
depression, psychosis and impaired cognition (10,11). Patients
with schizophrenia often share comparable numbers of GINs
with healthy controls, yet exhibit reduced expression of genes
involved in GABA synthesis (GAD1 and GAD2) or fast-spiking
inhibition (PVALB, encoding parvalbumin), thereby suggesting
that schizophrenic phenotypes may partially stem from altered
functional development of GINs (5,12,13).

Several homeobox (HOX) and basic helix-loop-helix (bHLH)
transcription factors (TFs) are known to contribute to neural pat-
terning and early GIN fate specification, including DLX1/DLX2,
NKX2.1, ASCL1 and MASH1 (6,14–16). However, much less is
known about the networks of TFs and genetic elements that con-
tribute to GIN function. Identification of these regulatory com-
ponents may provide new insight into the pathways underlying
proper GIN activity while also denoting potential therapeutic
targets for GIN-associated disorders. Though some progress has
been made in describing the chromatin and transcriptomic sig-
natures of GIN subtypes in mice, efforts to relate these findings
to humans are confounded by the divergence in GIN complexity
and development through primate evolution (16–19). While there
are several existing methods to culture human-derived GINs or
related brain organoids, these studies have only profiled cells
utilizing RNA-seq or, in one case, anti-NKX2.1 ChIP-seq (16,20–
23). Altogether, there is a knowledge gap in the epigenomic
dynamics that may direct interneuron-specific expression pat-
terns in developing GINs.

In the current study, we differentiated human induced
pluripotent stem cells (iPSCs) derived from two healthy male
controls (denoted HC1 and HC2) into GINs with 81-85% efficiency.
To examine temporal changes in gene expression and chromatin
accessibility, cells were collected at three time points for
RNA-seq and assay for transposase-accessible chromatin
(ATAC)-seq analysis: neural progenitor cells (NPCs) at 22 days
post-differentiation (D22) and then GINs at 50 days post-
differentiation (D50) and 78 days post-differentiation (D78). By
comparing differentially accessible regions (DARs) of chromatin
that were shared between the two iPSC lines, we identified
13 221 genomic regions that correlated with temporal changes
in gene expression unique to differentiatied GINs. We also
classified several TFs that were increasingly enriched at DARs
during differentiation, indicating regulatory networks that
may underlie GIN function. Collectively, these data represent
a comprehensive analysis of transcriptomic and epigenomic
changes that occur during GIN development.

Results
Human iPSCs are differentiated to GINs
with high efficiency

NKX2.1 is highly expressed in the medial ganglionic eminence
(MGE) of the ventral telencephalon where the majority of
inhibitory progenitors arise during development (24). By using
sonic hedgehog (SHH) and its agonist, purmorphamine, NPCs
were patterned to the ventral forebrain fate, and >90% of
cells expressed NKX2.1 and the neural progenitor marker,
NESTIN, by D22 (Supplementary Material, Fig. S1) (25–27).
These D22 NPCs were further differentiated into MAP2+/GABA+
neurons with high (81–85%) efficiency by D78 (Fig. 1). To identify
transcriptomic and epigenomic changes associated with the
differentiation of GINs from NPCs, we collected iPSC-derived
cells for RNA-seq and ATAC-seq analyses at three time points

during differentiation: D22, D50 and D78 (Fig. 1A). Cells were
first assessed for the emergence of GIN subtypes at 36 days
post-differentiation (D36), with ∼19 and ∼16% staining positive
for the calcium-binding proteins calbindin (CB+) and calretinin
(CR+), respectively (Fig. 1B–E). In contrast, less than ∼4% of
cells at D36 stained for the GIN subtype markers somatostatin
(SST+), parvalbumin (PV+) and neuropeptide Y (NPY+; Fig. 1B–E).
At D50, these cells fired repetitive action potentials and
exhibited mature passive membrane properties including
resting membrane potential (RMP), membrane capacitance
and input resistance (Supplementary Material, Fig. S2A–E).
Whole-cell patch-clamp recordings of D50 cells also showed
spontaneous synaptic activity, as indicated by spontaneous
postsynaptic currents (sPSC; Supplementary Material, Fig.
S2F–H). Furthermore, there was a significant increase in the
percentage of GABA+ cells between D36 and D78, as indicated
by elevated percentages of CB+ (∼12–15% increase), CR+ (∼8–9%
increase), SST+ (∼23–29% increase) and PV+ (∼13–14% increase)
cells, though the proportion of NPY+ cells remained constant
across differentiation (Fig. 1B–E). Altogether, 81–85% of cells
exhibited GABA immunoreactivity by D78, including 26–31%
SST+ and 15–16% PV+ cells, suggesting a robust conversion
of iPSCs from both the HC1 and HC2 cell lines into GINs
(Fig. 1B–E).

RNA-seq confirms enrichment of genes and pathways
associated with GIN function

As a first step to characterize GIN development, we performed
RNA-seq on 2–3 biological replicates of HC1-derived cells at D22,
D50 and D78. We identified a total of 5776 unique differentially
expressed genes (DEGs) across all three time point comparisons,
as defined by a >2-fold change (FC) in gene expression and false
discovery rate (FDR) < 0.05 (Fig. 2A–C, Supplementary Material,
Table S1). The most variation in gene expression (4840 DEGs) was
observed between D78 and D22, with comparable numbers of
downregulated and upregulated genes (Fig. 2C).

To validate the trends in gene expression observed via RNA-
seq, we performed quantitative real-time polymerase chain
reaction (qRT-PCR) for select DEGs related to GIN function
and development (Fig. 2D–G; Supplementary Material, Table
S2). For instance, both SCN1A and NEUROD1 were significantly
upregulated at D78 relative to D22 (Fig. 2D and E). While SCN1A
is crucial for fast-spiking GABAergic inhibition in PV+ GINs,
NEUROD1 encodes a bHLH TF that induces neuronal differenti-
ation (7,28–30). Consistent with the RNA-seq data, there was a
significant increase in SCN1A expression by D78 and NEUROD1
expression by D50 in the HC1 cell line (Fig. 2D and E). qRT-PCR
also affirmed RNA-seq results from DEGs that were significantly
downregulated over GIN differentiation, such as DLX3 and CHL1
(Fig. 2F and G). DLX3 is a member of the HOX TF family that
has previously been reported to repress neural gene expression,
whereas CHL1 encodes a neural adhesion molecule that, in part,
negatively regulates NPC proliferation (Fig. 2F and G) (31,32).
Accordingly, qRT-PCR results confirmed that both DLX3 and
CHL1 expressions were significantly reduced by D50 in HC1
cells (Fig. 2F and G). These trends in expression were consistent
in HC2-derived cells, which exhibited a significant increase
in SCN1A expression at D78, and a significant decrease in
DLX3 and CHL1 expression by D50 (Fig. 2D, F and G). During GIN
differentiation, significant induction of NEUROD1 expression
was observed earlier in HC1 cells (D50) than HC2 cells (D78;
Fig. 2E). This variability between HC1- and HC2-derived cells
underscores the importance of utilizing multiple iPSC lines.
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Figure 1. Distinct subtypes of GINs emerge during differentiation. (A) Human iPSC lines derived from two healthy male controls (denoted HC1 and HC2) were patterned

to the ventral forebrain fate and subsequently differentiated to GINs. Samples were collected for RNA-seq and ATAC-seq at three time points: 22 days (D22), D50 and

D78 post-differentiation. Image created with BioRender. (B) Cells were differentiated into GINs with ∼81–85% efficiency, as marked by GABA immunoreactivity (GABA+)

and the emergence of GIN subtypes expressing the markers calbindin (CB+), calretinin (CR+), somatostatin (SST+), parvalbumin (PV+) and neuropeptide Y (NPY+).

Quantification for each GIN marker was performed on three independently differentiated preparations of cells per time point and iPSC line (n = 3). Asterisks (∗) denote

statistical comparisons relative to D36 in HC1, while pound signs (#) denote statistical comparisons to D36 in HC2. Mean ± SEM.
∗

P < 0.05,
∗∗/##

P < 0.01,
∗∗∗/###

P < 0.001,
∗∗∗∗/####

P < 0.0001. Representative immunostaining images of cells at (C) D36, (D) D50 and (E) D78 (scale bars: 50 μm).

As an additional step to examine whether changes in
mRNA expression correlate with altered protein levels, we
also performed immunoblotting for two DEGs associated
with neuronal and GIN identity: MAP2 and DCX (33,34) (Sup-
plementary Material, Fig. S3). Both DCX and MAP2 mRNA
levels were significantly upregulated during differentiation,
and we observed a significant increase in protein levels
between D22 and D78 (Supplementary Material, Fig. S3).
As a control, we also performed immunoblotting for the
glycolytic enzyme, GAPDH, which is ubiquitously expressed
in mammalian cells (Supplementary Material, Fig. S3) (35).

While we observed a decrease in GAPDH mRNA levels by D78, it
was not considered a DEG because it exhibited < 2-FC in gene
expression (log2FC = −0.879; Supplementary Material, Fig. S3A).
Furthermore, there was no significant change in GAPDH protein
levels during differentiation (Supplementary Material, Fig. S3B
and C).

To determine whether these changes in gene expression were
associated with neuronal or, more specifically, GABAergic cell
types and biological pathways, we performed three enrichment
analyses: gene set enrichment analysis (GSEA; to evaluate
relevant molecular pathways), spatial gene set enrichment
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Figure 2. Broad changes in gene expression during GIN differentiation. (A) There were 5776 DEGs during GIN differentiation in HC1-derived cells (n = 2–3 replicates per

time point). Cell colors indicate row Z-scores of DESeq2-normalized gene expression values (blue, low; red, high). Summary of upregulated and downregulated DEGs at

(B) D50 and (C) D78, relative to D22. (D–G) Upregulated (D,E) and downregulated (F,G) DEGs detected by RNA-seq each exhibit comparable trends in expression between

HC1 and HC2 during differentiation. qRT-PCR results are normalized to ACTB, and expression is presented as FC relative to D22 (n = 3). DESeq2-normalized RNA-seq

results are presented in the corner of each panel, relative to D22 (n = 2–3). Asterisks (∗) denote statistical comparisons to D22 in HC1, while pound signs (
#

) denote

statistical comparisons to D22 in HC2. Mean ± SEM.
∗∗/##

P < 0.01,
∗∗∗/###

P < 0.001,
∗∗∗∗/####

P < 0.0001.

(SGSE; to indicate brain region or tissue association) and cell
type-specific enrichment analysis (CSEA; to indicate neuronal
subtype specificity) (Fig. 3) (36–38). GSEA of all detected genes
was utilized to identify molecular pathways associated with
changes in gene expression at D50 and D78 relative to D22
(Fig. 3A and B; Supplementary Material, Table S3) (37). The
expression patterns of cells at D50 and D78 were significantly
enriched for genes associated with pathways linked to neuronal
maturation and, importantly, GABAergic function (Fig. 3A and B).
For instance, GABA receptor subunit genes (GABRA3, GABRB2
and GABRG2) and the GABA reuptake transporter gene (SLC6A1)
were among the DEGs enriched in the ‘GABAergic synaptic

transmission’ gene ontology (GO) term (Fig. 3A and B) (39–41).
Similarly, SYT1, SV2A and VAMP2 were all enriched in the
‘vesicle-mediated transport in synapse’ GO term (Fig. 3A and B).
SYT1 encodes a calcium-binding protein involved in fast-
releasing inhibitory transmitter release, and SV2A and VAMP2
encode proteins involved in vesicular release and docking,
respectively, and all three DEGs are noted to have enriched
expression and function in developing GINs (42–45). Genes
involved in synapse organization were also significantly
enriched in cells at D50 and D78, including NGEF, which plays
a specialized role in GABAergic inhibition by facilitating neurite
outgrowth and the localization of GABAA receptor subunits to
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inhibitory synapses (Fig. 3A and B) (46). SGSE similarly revealed
that the 4840 unique DEGs with altered expression between
D78 and D22 were most associated with the MGE, which is
the primary source of cortical GINs (Fig. 3C) (21,36,47). These
DEGs were also associated with the lateral ganglionic eminence
(LGE), ventricular zone and the horizontal portion of the rostral
migratory stream, all of which generate cortical or olfactory
bulb GINs (Fig. 3C) (48,49). SGSE analysis also noted a strong
association between these DEGs and the putamen, which relies
on the integration of GINs and cholinergic interneurons for
proper function (Fig. 3C) (50). There was minimal association of
these DEGs with the subventricular and marginal zones, which
are important sources of excitatory cortical neurons and glia,
respectively (Fig. 3C) (51–53). CSEA indicated that the 250 DEGs
with highest expression at D78 were most associated with layer
6 and prepronociceptin-expressing (PNOC+) cortical neurons,
as well as D1+ and D2+ medium spiny neurons of the striatum
(Fig. 3D) (38). While layer 6 of the cortex is highly heterogeneous,
encompassing both excitatory pyramidal neurons and GINs,
PNOC+ neurons are representative of GINs, and D1+ or D2+
medium spiny neurons are the primary GABAergic cells in the
striatum (38,54–57). Altogether, these results provide support
that the differentiated cells adopt a GABAergic fate by D78.

HC1- and HC2-derived GINs exhibit similar changes
in chromatin accessibility across differentiation

To generate a comprehensive map of accessible regions of chro-
matin across GIN differentiation, ATAC-seq was performed on
2–3 replicates of HC1- and HC2-derived cells at D22, D50 and
D78 (Fig. 4; Supplementary Material, Fig. S4 and Table S4). Out of
the 35 703 ATAC-seq peaks detected across all samples, 16 492
peaks in HC1 cells (46% of all peaks) and 15 583 in HC2 cells (44%
of all peaks) demonstrated significant changes in accessibility
during GIN differentiation, as defined by >2-FC in accessibility
and FDR < 0.05 (Fig. 4A and B). Out of the 13 515 DARs of chro-
matin present in both the HC1 and HC2 lines, 13 221 were con-
sistently increased or decreased when comparing accessibility
between specific differentiation time points (Fig. 4C; Supple-
mentary Material, Table S4). Principal component analysis of
these 13 221 DARs indicated that samples at the same time point
exhibited the least variation, regardless of cell line (Fig. 4D). Con-
sistent with our RNA-seq results, the greatest amount of varia-
tion was observed between D78 and D22 (Fig. 4D). In comparison
with D50, nearly twice as many DARs were present at D78 relative
to D22, with a majority (71%) increasing in accessibility over GIN
differentiation (Fig. 4E and F).

Changes in chromatin accessibility are correlated
with GIN-specific gene expression

Epigenomic changes in chromatin structure directly impact gene
expression, and increased chromatin accessibility is often linked
to elevated transcription (58). We observed a significant, positive
correlation between changes in accessibility of DARs proximal to
transcription start sites (TSSs) and gene expression at D50 and
D78, relative to D22 (Fig. 5A and B). For instance, B3GAT2, which
encodes a glucuronyltransferase involved in synapse formation
and the maintenance of extracellular perineuronal nets, was
confirmed by RNA-seq and qRT-PCR to be significantly upregu-
lated by D78 (Fig. 5C) (59). While there was no significant change
in accessibility at the characterized B3GAT2 TSS, there were three
proximal DARs (within 3 kb) with increased accessibility dur-
ing GIN differentiation that may contribute to elevated B3GAT2

expression (Fig. 5C). Consistent with previous reports that cell
type-specific gene expression is often driven by elements out-
side of the TSS, only 6.6% of shared DARs were within 3 kb
of a TSS (20,60,61). Therefore, the chromatin remodeling that
occurs across differentiation may reveal novel genetic regula-
tory elements that contribute toward expression of GIN-specific
genes. For instance, SLC6A1, which encodes the GAT-1 trans-
porter responsible for reuptake of GABA at mature inhibitory
synapses, was significantly upregulated by D50, yet did not
demonstrate a significant change in TSS accessibility (Fig. 5D)
(41). However, one DAR within SLC6A1 intron 1 (7.5 kb down-
stream of the TSS) significantly increased in accessibility by
D50 and therefore may represent a regulatory enhancer element
(Fig. 5D).

Motif enrichment analysis implicates distinct groups
of TFs in GIN differentiation

One mechanism by which DARs mediate changes in gene
expression is through interactions with TFs (58). We classified
DARs into one of two groups, based on whether they increased
(denoted +A) or decreased (−A) in accessibility during GIN
differentiation. Next, we utilized the MEME Suite Analysis
of Motif Enrichment tool to predict the 20 most significant
TF binding motifs that were enriched in either +A or −A
DARs (Fig. 6, Supplementary Material, Table S5) (62). There was
no overlap between the 20 most significant binding motifs
enriched in either group, indicating that distinct sets of TFs
might interact with +A and −A DARs (Fig. 6). There were also
discernable TF footprints at each predicted binding motif,
supporting the physical occupation of predicted motifs by
their respective TFs (Supplementary Material, Figs S5 and S6).
Furthermore, a majority of TFs enriched in +A DARs (HOXA2,
IRF3, etc.) exhibited more prominent footprints at D78 than D22
(Supplementary Material, Fig. S5). The reverse was true for TFs
enriched in −A DARs, which demonstrated more prominent
footprints at D22 than D78 (Supplementary Material, Fig. S6).

Using the STAMP tool for TF motif comparison, we clustered
the TFs enriched in +A or −A DARs into subfamilies based
on consensus binding motif similarity (Fig. 6) (63). Notably, +A
DARs were enriched for TFs containing a bHLH domain, which
have previously been associated with neuronal development,
including NEUROD2, which promotes inhibitory synapse
formation (Fig. 6) (64–66). Several bHLH TFs previously linked
to glutamatergic differentiation were also enriched in +A
DARs, including NEUROG2, EMX1 and EMX2 (Fig. 6) (67,68).
Other clusters included TFs such as HOXA2, which is involved
in dorsoventral patterning and neurogenesis, or NKX6.2,
which contributes to CR+ and SST+ GIN cell fate specification
(Fig. 6) (69). In contrast, motifs for Krüppel-like family (KLF)
members were enriched in −A DARs, including the KLF5 and
KLF15 proteins known to maintain pluripotency or repress
neurite outgrowth (Fig. 6) (70–72). These diverse TF clusters
also included motifs for the SRY-related protein, SOX2, and the
zinc finger nuclease (ZnF), ZNF281, which contribute toward
the multipotent state of NPCs (Fig. 6) (73,74). Interestingly, one
+A DAR cluster included TFs in the nBAF (BCL11A), IRF (IRF3)
and ETS (ETS2) protein families, which have defined roles
outside of neuronal development (Fig. 6) (75,76). Of the three
enriched TFs within this cluster, BCL11A demonstrated the
most prominent change in motif occupancy between D78 and
D22 (Supplementary Material, Fig. S4). Altogether, these results
suggest that +A DARs interact with TFs that promote GIN
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Figure 3. iPSC-derived GINs are enriched for pathways associated with mature neuronal function. (A) The 10 most significant biological process GO terms identified

by GSEA indicate enrichment of DEGs involved in GABAergic synapse formation and neuronal function across GIN differentiation. Genes were pre-ranked based on

changes in expression relative to D22. (B) Heatmap of representative DEGs in GO categories identified by GSEA analysis (n = 2–3 per time point). Cell colors indicate row

Z-scores of DESeq2-normalized gene expression values (blue, low; red, high). (C) The 4840 DEGs at D78 relative to D22 are primarily associated with the MGE in the

developing human brain. DEGs are also associated with the LGE, horizontal portion of the rostral migratory stream (RMS), putamen and ventricular zone (VZ), but not

the subventricular zone (SVZ) or marginal zone (MZ). Colors indicate the SGSE score for each brain region (blue, low; red, high). Image of the fetal human brain at 15

post-coital weeks was derived from the Allen Brain Atlas using brainImageR (36). (D) The 250 DEGs with highest expression in D78 cells are significantly associated with

layer 6 and prepronociceptin-expressing (PNOC+) cortical neurons, as well as striatal D1+ and D2+ medium spiny neurons. Hexagon colors indicate the significance of

gene set association (gray, P > 0.10; yellow, not significant; brown, highly significant), while hexagon size indicates different specificity index probability (pSI) thresholds,

or the overall specificity of a gene set to a given cell type.



Human Molecular Genetics, 2020, Vol. 29, No. 15 2585

Figure 4. ATAC-seq reveals widespread changes in chromatin accessibility during GIN differentiation. (A, B) HC1-derived cells exhibited a total of 16 492 DARs of

chromatin across differentiation, while HC2-derived cells exhibited 15 583 DARs (n = 2–3 per time point and iPSC line). Cell colors indicate row Z-scores of reads per

million (rpm) for each DAR (blue, low; red, high). (C) Out of the 13 515 regions that were differentially accessible in both the HC1 and HC2 lines during differentiation,

there were 13 221 DARs with similar changes in accessibility between time point comparisons. (D) Principal component (PC) analysis of ATAC-seq rpm values across

the 13 221 shared DARs. The percentage of variance explained by PC1 or PC2 is listed in parentheses. Summary of the 13 221 shared DARs with decreasing or increasing

accessibility across differentiation at (E) D50 and (F) D78, relative to D22.

development, whereas −A DARs represent targets of TFs that
suppress neuronal differentiation.

A subset of DEGs may represent risk factors
for schizophrenia

Given that DARs often indicate genetic enhancer elements
that drive cell type-specific gene expression, genes associated
with differential chromatin accessibility during GIN develop-
ment may be particularly relevant to interneuron function
(58,60,61,77). Notably, GIN dysfunction has been strongly linked
to the pathogenesis of schizophrenia (SZ), and SZ genetic risk
factors such as single-nucleotide polymorphisms (SNPs) have
previously been identified via genome-wide association studies
(5,78). SNPs within putative regulatory elements may disrupt
normal enhancer activity, thereby altering gene expression
and contributing toward increased SZ risk (79,80). Therefore,
we next examined whether the 13 221 DARs observed during
GIN differentiation coincided with any of the 108 SZ-associated
genomic loci previously reported by the Schizophrenia Working
Group of the Psychiatric Genomics Consortium (78). These SZ-
associated genomic loci were defined by the authors as regions
that were within linkage disequilibrium (R2 > 0.60) with ‘index’
SNPs that reached genome-wide significance in their association
study (78). While none of the 13 221 DARs shared between HC1-
and HC2-derived GINs directly coincided with these index SNPs,

111 DARs did localize within 56 of the SZ-associated genomic
loci, indicating a significant enrichment (P = 8.2108E-09, two-
tailed Fisher’s exact test; Fig. 7A; Supplementary Material, Table
S6).

To further examine a potential link between SZ risk loci
and gene expression, we focused on the DEGs that also exhib-
ited DARs within SZ-associated loci. The 111 DARs within SZ-
associated genomic loci were associated with 77 genes, 16 of
which were differentially expressed during GIN differentiation
(Fig. 7B). Several of these DEGs have previously been linked to
SZ, including TCF4, MEF2C, GRIN2A and VRK2 (58,60,61,77,81–85).
In particular, TCF4 encodes a neurodevelopmental bHLH TF that
was identified as a potential driver of altered gene expression in
schizophrenia patients (83,85). We observed that TCF4 was sig-
nificantly upregulated during GIN differentiation and exhibited
six intronic DARs that coincide with a SZ-associated genomic
locus (Fig. 7B and C) (84,86). While TCF4 represents a gene with
multiple DARs, 7 of the 16 DEGs identified from this analysis
exhibited a single DAR within a SZ-associated genomic locus.
For instance, LINC00634, which encodes a neuronal long non-
coding RNA, was significantly upregulated during GIN differen-
tiation and exhibited one downstream DAR in a SZ-associated
locus that may represent a novel genetic regulatory element
(Fig. 7B and D). Altogether, these genes and their DARs merit
further study to assess whether they may contribute toward
elevated schizophrenia risk.
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Figure 5. Dynamic association of chromatin accessibility and gene expression across GIN differentiation. (A, B) DARs within 3 kb of the transcription start site (TSS ± 3 kb)

were positively correlated with changes in gene expression. log2FC denotes FC in chromatin accessibility (ATAC-seq) or gene expression (RNA-seq) relative to D22.

Pearson’s product-moment correlation. (C, D) Examples of DEGs with DARs that may contribute to changes in expression. Genome plots represent averaged ATAC-seq

data from HC1 and HC2 cells, where shared DARs with increased accessibility are denoted by red arrows (rpm: reads per million). Peaks of ATAC-seq signal that did

not exhibit differential accessibility in both HC1- and HC2-derived cells are denoted as ‘NR’, or not reproduced. Coordinates refer to the hg38 annotation of the human

genome (December 2013) (103). Gene expression from qRT-PCR and RNA-seq is presented to the right of each genome plot (n = 2–3 replicates per time point and iPSC

line). qRT-PCR results are normalized to ACTB, and expression is presented as FC relative to D22 (n = 3). DESeq2-normalized RNA-seq results from HC1-derived cells

are presented in the corner of each panel, relative to D22 (n = 2–3). Asterisks (∗) denote statistical comparisons to D22 in HC1, while pound signs (#) denote statistical

comparisons to D22 in HC2. Mean ± SEM. ∗/#P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗/####P < 0.0001.

Discussion
In this study, we differentiated iPSCs to a heterogeneous popu-
lation of GINs with 81–85% efficiency, as confirmed by positive
immunostaining for GABA and GIN markers such as PV, SST and
CR. SGSE, CSEA and GSEA also indicated that these cells adopt
a GABAergic fate. While previous studies have examined tran-
scriptomic changes during GIN differentiation, this is the first
profile of altered chromatin accessibility in developing human
GINs (16,21,47,87). Furthermore, we have combined both RNA-
seq and ATAC-seq to explore the temporal dynamics of GIN
development, thereby facilitating comparisons between altered
chromatin accessibility and gene expression. By utilizing two
independent iPSC lines, we were also able to identify accessible

regions of chromatin and biological pathways that were consis-
tently altered across different genetic backgrounds, indicating
shared programming during GIN differentiation.

The regions of open chromatin detected by ATAC-seq mark
potential binding sites for TFs that mediate changes in gene
expression. We detected significant enrichment for distinct fam-
ilies of TF motifs in DARs with increased (+A) or decreased (−A)
accessibility over GIN differentiation. In +A DARs, these motifs
suggest binding of several TFs with previously characterized
roles in GIN fate specification, including the bHLH proteins
NEUROD1, NEUROD2 and NKX6.2 (30,64,65). +A DARs were also
enriched for binding motifs of TFs with roles outside of the ner-
vous system, such as IRF3 (toll-like receptor signaling), HOXD3



Human Molecular Genetics, 2020, Vol. 29, No. 15 2587

Figure 6. DARs with divergent changes in accessibility are enriched for distinct sets of TFs. Heatmap of the 20 most significant TF binding motifs enriched in DARs

with increasing (+A) or decreasing (−A) accessibility across GIN differentiation. TFs enriched in +A or −A DARs are clustered into subfamilies by consensus binding

motif similarity, as determined by STAMP alignment software (63). Cell colors indicate column Z-scores of the −log(rank) of the TF motif as determined by the MEME

Suite Analysis of Motif Enrichment tool (blue, less enriched; red, highly enriched) (62).

(angiogenesis) and BCL11A (hemoglobin switching), thereby sug-
gesting novel roles in GIN development and function (75,76,88).
Though BCL11A was originally characterized as a developmental
regulator of hemoglobin production in erythroid cells, Wiegreffe
et al. reported that Bcl11a is highly expressed in projection neu-
rons and GINs of the developing neocortex, and we observed a
significant increase in BCL11A expression across GIN differen-
tiation (75,89). Several missense or truncating loss-of-function
mutations in BCL11A have since been identified in patients with
intellectual disability, and heterozygous-null Bcl11a mice exhibit
deficits in social discrimination (90). A recent study by Chen
et al. also identified BCL11A as part of a network of co-expressed
genes that is reproducibly downregulated among patients with
SZ, altogether suggesting that BCL11A may play an important
role in disease phenotypes, perhaps through participating in GIN
function and/or development (91).

Interestingly, we observed that several bHLH TF binding
motifs associated with glutamatergic differentiation were also
enriched in +A DARs: NEUROG2, EMX1 and EMX2 (67,68,77,92).
Though our differentiation protocol consistently generated GINs
with 81–85% efficiency, a minority of cells may also adopt a
glutamatergic fate, as indicated by enrichment of layer 6 cortical
neurons in our CSEA results (38,54). Furthermore, the bulk RNA-
seq approach that we used did not enable deconvolution to
determine the contribution of specific cell types to the observed
epigenomic or transcriptomic changes during differentiation.
Therefore, the enrichment of consensus binding motifs for
TFs associated with glutamatergic neuronal development may
reflect the presence of DARs that are unique to a subset of
non-GABAergic cells. Alternatively, though NEUROG2 is often
linked to glutamatergic differentiation, Pereira et al. observed
that coordinated overexpression of Neurog2 and Neurod2 enabled
the conversion of mouse striatal glia into PV+ GINs with ∼30%
efficiency (30,68,92). Similarly, Parras et al. noted that deficits
in GIN development and migration in the cortex of Mash1-null
mice could be rescued by overexpressing Neurog2 (67). Beyond
their role in glutamatergic development, Emx1 and Emx2 are
also involved in early corticogenesis from neural precursors
(68,93). It is possible, then, that these glutamatergic TFs may

also contribute to human GIN development through cortical
patterning or other mechanisms.

Given the crucial role of GINs in maintaining cortical
network activity, GIN dysfunction is believed to contribute to
the cognitive and behavioral deficits observed in SZ patients
(5,94). We observed 16 DEGs with DARs that fell within
SZ-associated genomic loci reported by the Schizophrenia
Working Group of the Psychiatric Genomics Consortium (78).
While several of these DEGs have previously been linked to SZ,
we report DARs indicative of novel putative genetic cis-regulatory
elements (81,82,95,96). For instance, there are several DARs
within TCF4 which significantly increased in accessibility by D78
and localized within a SZ-associated genomic locus. Given that
TCF4 also exhibited a significant increase in gene expression
by D78, these DARs may collectively indicate transcriptional
enhancer elements that underlie the observed changes in gene
expression. This analysis also identified DARs corresponding
to DEGs which have not yet been studied in the context of
SZ, such as LINC00634. While LINC00634 is known to encode a
neuronal long non-coding RNA, it does not have a characterized
function, therefore making it difficult to speculate how it may
contribute toward increased SZ risk (97). Furthermore, though
LINC00634 exhibited a single DAR that may contribute toward
altered gene expression, it is worth noting that 9 of the 16 DEGs
identified in this analysis exhibited multiple DARs that could
potentially contribute toward altered gene expression, not all of
which were located within SZ-associated genomic loci. While
it is tempting to speculate that DARs in SZ-associated loci may
drive altered expression of a given DEG during GIN development
in SZ patients, additional experiments would be necessary to
first confirm whether each DAR acts as a functional genetic
element. Additionally, given that none of these DARs coincide
with neuronal expression quantitative trait loci, it is unclear by
what mechanism these elements could contribute to increased
SZ risk (78). Given these results, further study will be required to
examine the individual contribution of these 16 genes and their
related DARs to SZ-related phenotypes.

In summary, our ATAC-seq and RNA-seq data reveal novel
TFs and genetic regulatory elements that may broadly regulate
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Figure 7. DARs are significantly enriched in SZ-associated genomic loci. (A) 111 DARs coincide with 56/108 schizophrenia-associated genomic loci (‘SZ Loci’) identified

by the Schizophrenia Working Group of the Psychiatric Genomics Consortium (78). Red circles and blue squares above each chromosome indicate DARs with increased

or decreased accessibility by D78, respectively, while purple diamonds below each chromosome denote SZ-associated genomic loci. (B) 16 DEGs exhibit DARs in SZ-

associated genomic loci (n = 2–3 per time point). Cell colors indicate row Z-scores of DESeq2-normalized gene expression values (blue, low; red, high). (C, D) Examples of

DEGs with DARs that coincide with SZ-associated genomic loci. Genome plots represent averaged ATAC-seq data from HC1- and HC2-derived cells, where shared DARs

are denoted by colored arrows (red, increased accessibility; rpm, reads per million). Peaks of ATAC-seq signal that did not exhibit differential accessibility in both HC1-

and HC2-derived cells are denoted as ‘NR’, or not reproduced. Horizontal gray bars denote SZ Loci identified by the Schizophrenia Working Group of the Psychiatric

Genomics Consortium (78). The SZ locus in (C) extends ∼31 kb upstream and ∼3 kb downstream of the depicted genomic region, as noted by arrows. Coordinates refer

to the hg38 annotation of the human genome (December 2013) (103).

the expression of genes critical for GIN development and, by
extension, interneuron-related disorders such as schizophrenia.
While protein-driven analyses represent important next steps
to evaluate functional changes in gene expression or specific
drivers of GIN maturation, these data will altogether be a useful
resource for examining the molecular networks regulating GIN
functionality.

Materials and Methods
In vitro differentiation to GINs
The HC1 and HC2 human iPSC lines were previously generated
from skin biopsy samples of two healthy adult males (98). iPSCs
(passage ≤ 35) were cultured on irradiated mouse embryonic

fibroblasts in human iPSC media consisting of DMEM/F12
(#11320082, Thermo Fisher, Waltham, MA, USA) supplemented
with 20% KnockOut Serum Replacement (#10828028, Thermo
Fisher), 2 mm GlutaMAX (#35050079, Thermo Fisher), 100 μm
non-essential amino acids (NEAA; #11140050, Thermo Fisher),
100 μm 2-mercaptoethanol (#21985023, Thermo Fisher) and
10 ng/ml human basic FGF (#100-18B, PeproTech, Rocky Hill,
NJ, USA) as previously described (99). Media were changed
daily and iPSC lines were passaged by incubation for 1 h at
37◦C in DMEM/F12 media with 1 mg/ml collagenase (#17018029,
Thermo Fisher). For differentiation of iPSCs into cortical
GINs, iPSC colonies were detached from the feeder layer
with collagenase and resuspended in EB medium, comprised
of FGF2-free human iPSC media supplemented with 2 μm
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dorsomorphin (#3093, Tocris Bioscience, Bristol, UK) and 2 μm
A-83-01 (#2939, Tocris Bioscience). Cells were grown in non-
treated polystyrene plates for 6 days, and medium was changed
daily. On day 7 (D7) of the differentiation protocol, floating
embryoid bodies were transferred to Matrigel-coated 6-well
plates (#354432, Corning Inc., Corning, NY, USA). Cells were
first grown in NPC1 media consisting of DMEM/F12 with 1X N-
2 supplement (#17502001, Thermo Fisher), 1X NEAA, 2 μg/ml
heparin (#H3149, MilliporeSigma, Burlington, MA, USA) and
1 μg/ml of recombinant human SHH (#100-45, PeproTech).
On D11, the NPC1 medium was replaced with NPC2 medium
comprised of DMEM/F12 with 1X N-2 supplement, 1X NEAA,
2 μg/ml heparin and 1.5 μm purmorphamine (#4551, Tocris
Bioscience). From D7 to D22, the medium was changed once
every 2 days. On D22, neural rosettes were mechanically picked
and transferred to low-attachment plates (#3471, Corning) in
NPC2 media supplemented with 1X B-27 (#17504044, Thermo
Fisher). For further differentiation, neural progenitor spheres
were dissociated by incubation with Accutase (#A1110501,
Thermo Fisher) for 10 min at 37◦C and then resuspended in
Neuron medium, comprised of Neurobasal medium (#21103049,
Thermo Fisher) supplemented with 2 mm GlutaMAX, 1X B-
27, 1 μm cAMP (#D0260, MilliporeSigma), 200 ng/ml L-ascorbic
acid (#A4403, MilliporeSigma), 10 ng/ml recombinant BDNF
(#450-02, PeproTech) and 10 ng/ml recombinant GDNF (#450-
10, PeproTech). For quantification of GIN subtypes, additional
cells were passaged onto coverslips coated with 50 μg/ml
poly-D-lysine (#P6407, MilliporeSigma) and 10 μg/ml laminin
(#L2020, MilliporeSigma). Cells were continuously cultured in
Neuron media from D22 to D78, and half of the media was
replaced weekly. At D22, D50 and D78, cells were dissociated
with Accutase and gently pelleted by centrifugation at 1500 rpm
for 5 min (rotor #75006445, Sorvall, Thermo Fisher). Cells were
resuspended in 1 ml TRIzol reagent (#15596026, Thermo Fisher)
for RNA-seq and qRT-PCR, or 1X PBS for ATAC-seq library
preparation.

Immunostaining for neuronal markers

Cells at D36, D50 or D78 were fixed with 4% paraformaldehyde
(#157-4, Electron Microscopy Sciences, Hatfield, PA, USA) for
15 min at room temperature. Samples were permeabilized and
blocked with 0.25% Triton X-100 (#X100, MilliporeSigma) and
10% donkey serum (#017-000-121, Jackson ImmunoResearch,
West Grove, PA, USA) in PBS for 20 min as previously described
(98). Samples were then incubated with primary antibodies at
4◦C overnight, followed by incubation with secondary antibodies
for 1 h at room temperature. The following primary antibodies
were used: rabbit polyclonal anti-NESTIN (1:800; #AB5922, Milli-
poreSigma), mouse monoclonal anti-NKX2.1 (1:500; #MAB5460,
MilliporeSigma), rabbit polyclonal anti-GABA (1:1000; #A2052,
MilliporeSigma), mouse monoclonal anti-calbindin (1:500; #300,
Swant, Marly, Switzerland), rabbit polyclonal anti-calretinin
(1:500; #7699/4, Swant), rabbit polyclonal anti-parvalbumin
(1:300; #PV27, Swant), rabbit monoclonal anti-somatostatin
(1:500; #MA5-17182, Thermo Fisher), rabbit polyclonal anti-NPY
(1:300; #T-4068.0500, Peninsula Laboratories, San Carlos, CA, USA)
and chicken polyclonal anti-MAP2 (1:500; #NB300-213, Novus
Biologicals, Centennial, CO, USA). The following secondary
antibodies were used: donkey anti-chicken Alexa Fluor 488
(1:1000; #703-545-155, Jackson ImmunoResearch), donkey anti-
mouse Alexa Fluor 568 (1:1000; #A10037, Thermo Fisher) and
donkey anti-rabbit Alexa Fluor 568 (1:1000; #A10042, Thermo
Fisher). Antibodies were prepared in PBS containing 0.25% Triton

X-100 and 10% donkey serum. Slides were mounted using
VECTASHIELD antifade medium with DAPI (#H-1200, Vector
Laboratories, Burlingame, CA, USA). Images were taken using
a Nikon Eclipse Ti-E microscope and analyzed with ImageJ
software (https://imagej.nih.gov/ij/) (100).

Electrophysiology

Whole-cell patch-clamp recordings were conducted at room
temperature using a MultiClamp 700B patch-clamp amplifier
(Molecular Devices, Palo Alto, CA, USA) as previously described
(98). Briefly, the recording chamber was constantly perfused
with a bath solution consisting of 128 mm NaCl, 30 mm glucose,
25 mm HEPES, 5 mm KCl, 2 mm CaCl2 and 1 mm MgCl2 (pH 7.3;
315–325 mOsmol). Patch pipettes were pulled from borosilicate
glass (4–6 MΩ) and filled with an internal solution consisting
of 130 mm K-gluconate, 8 mm KCl, 10 mm HEPES, 1 mm EGTA,
8 mm Na2-phosphocreatine, 4 mm Mg-ATP and 0.3 mm Na2-GTP
(pH 7.3; 290 mOsmol). Membrane potential was corrected for
liquid junction potential (−14 mV), and signals were filtered
at 2 kHz and sampled at 20 kHz via a Digidata 1550B digitizer
(Molecular Devices) controlled by pCLAMP software (Molecular
Devices). sPSC recordings were held at −60 mV and amplitudes
<10 pA were excluded from analysis. To record whole-cell ionic
currents, cells were voltage-clamped at −60 mV and depolarized
to voltages stepped from −90 to 50 mV with a 10 mV increment
for 500 ms. Any recordings in which the membrane resting
potential was greater than −40 mV were excluded from analysis.
The evoked action potential measurements were conducted in
current clamp recording, and RMP was adjusted to −60 mV by
injecting a small positive current (<30 pA). Cells were stimulated
with current steps from −20 to 100 pA with a 10 pA increment for
500 ms to measure the number and pattern of action potentials
fired. Action potential parameters were characterized from the
first evoked action potential in which the maximum rising slope
exceeded 20 mV/ms.

RNA-seq and data analysis

Total RNA was isolated from TRIzol preparations of indepen-
dently differentiated HC1-derived neurons (three biological
replicates each at D22 and D78, and two biological replicates
at D50, for a total of eight samples), following manufacturer
guidelines (Thermo Fisher). Briefly, 200 μl chloroform (#C298–500,
Fisher Scientific) was added to each TRIzol sample, and samples
were incubated on ice for 15 min, followed by a 15-min centrifu-
gation step at 13 200 rpm (rotor #FA-24x2, Eppendorf, Hamburg,
Germany) and 4◦C. The aqueous phase containing RNA was
transferred to a new nuclease-free tube and gently mixed with
500 μl isopropanol (#BP2618-1, Fisher Scientific). Tubes were
incubated for an additional 15 min on ice before a second 15-
min centrifugation step at 13 200 rpm (rotor #FA-24x2, Eppendorf)
and 4◦C. The precipitated RNA was aspirated and resuspended in
1 ml of 75% ethanol and then centrifuged for 15 min at 13 200 rpm
(rotor #FA-24x2, Eppendorf) and 4◦C. The precipitated RNA pellet
was then aspirated and dissolved in 50 μl nuclease-free water
via a 10-min incubation step at 60◦C. RNA concentration and
quality were determined utilizing a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). 2 μg total RNA per sample
was used to create libraries with a Kapa Biosystems stranded
RNA-seq kit with capture beads (#07962207001, Roche, Basel,
Switzerland). Libraries were pooled at equimolar concentrations
and sequenced on a NextSeq 500 system (Illumina, San Diego,
CA, USA), using 75 bp paired-end chemistry.

https://imagej.nih.gov/ij/
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Raw sequence reads were trimmed for Illumina adapters
utilizing Trimmomatic v.0.38 and then aligned to the hg38
human reference genome utilizing TopHat2 v2.1.1 (101–103).
HTSeq v0.11.0 was used to determine gene counts from uniquely
mapped, paired reads (104). DESeq2 was utilized to normalize
gene counts and determine changes in gene expression between
cells at D22, D50 and D78 (105). Genes were considered to have
detectable expression if at least two samples within a given
time point (D22, D50 or D78) exhibited a DESeq2-normalized
expression value >3. DEGs were determined by a FDR < 0.05
and absolute FC > 2. All DEGs and DESeq2-normalized gene
expression values are listed in Supplementary Material, Table
S1.

Gene set enrichment analyses

All genes with detectable expression were pre-ranked for
GSEA based on the equation: − log10FDR × log2FC. GSEA
was performed utilizing GSEA v3.0 software, with default
settings (1000 permutations, weighted enrichment statistic and
meandiv normalization) (37). Pathways with FDR (q) < 0.05 were
considered statistically significant. The 10 most significant GSEA
pathways observed starting at D50 are listed in Supplementary
Material, Table S3. SGSE was performed with the brainImageR
package in Bioconductor, using the 4840 DEGs between D78 and
D22 as input (36). CSEA was performed through the online CSEA
platform (http://genetics.wustl.edu/jdlab/csea-tool-2/), using
the 250 DEGs which were upregulated at D78 (relative to D22)
and exhibited the highest normalized expression as input (38).

Quantitative real-time PCR

Total RNA from HC1- and HC2-derived cells was incubated
with amplification-grade DNase I (#18068015, Thermo Fisher)
for 15 min at 25◦C to eliminate residual genomic DNA. DNase I
was inactivated by adding 25 mm EDTA solution to each sample
and incubating at 65◦C for 10 min. DNase-treated RNA was then
reverse-transcribed into cDNA using a SuperScript III first-strand
cDNA synthesis kit with random hexamer primers (#18080051,
Thermo Fisher).

qRT-PCR was carried out in technical triplicate in a 20 μl
volume containing iQ SYBR Green SuperMix (#1708880, Bio-Rad,
Hercules, CA, USA) and 5 μm primers, on a CFX96 Real-Time PCR
Detection System (Bio-Rad), using three biological replicates per
time point and iPSC cell line. The reaction parameters were 1
cycle with 2 min at 95◦C; 40 cycles with 15 s at 95◦C, 30 s at 58◦C
or 60◦C; and 1 cycle with 10 s at 95◦C. To prevent amplification of
any residual genomic DNA, Primer3 software (http://primer3.u
t.ee/) was used to design qRT-PCR primers that spanned exon–
exon junctions (106). Primers for SCN1A were previously reported
by Fraser et al. (122). The optimal annealing temperature to
generate standard curves with 90–100% amplification efficiency
was determined for each primer pair (Supplementary Material,
Table S2). The expression level of each gene was normalized to
ACTB (encoding β-actin) using the Pfaffl method, as previously
described (107,108).

Western blot analysis

Following RNA isolation from TRIzol preparations of HC1- and
HC2-derived cells, protein was extracted following manufacturer
guidelines (Thermo Fisher). Briefly, 200 μl of 100% ethanol was
added to each TRIzol sample, and samples were incubated at
room temperature for 3 min, followed by a 10-min centrifugation

step at 13 200 rpm (rotor #FA-24x2, Eppendorf) and 4◦C. The
supernatant containing protein was transferred to a new tube
and gently mixed with 1.2 ml isopropanol (Fisher Scientific).
Tubes were incubated for 10 min on ice before a second 10-
min centrifugation step at 13 200 rpm (rotor #FA-24x2, Eppendorf)
and 4◦C. The precipitated protein pellet was then aspirated and
washed in 2 ml of 0.3 M guanidine hydrochloride solution in
95% ethanol (#BP178-500, Fisher Scientific). Samples were incu-
bated with guanidine hydrochloride solution at 4◦C for 20 min,
before a 5-min centrifugation step at 13 200 rpm (rotor #FA-
24x2, Eppendorf) and 4◦C. This guanidine hydrochloride wash
and centrifugation step was repeated a total of three times per
sample. Following the final wash, samples were incubated with
2 ml of 100% ethanol for 20 min on ice, followed by a 5-min
centrifugation step at 13 200 rpm (rotor #FA-24x2, Eppendorf) and
4◦C. The protein pellet was aspirated and resuspended in 200 μl
of 1% SDS solution (#428015, MilliporeSigma).

Protein extracts (200 μg) were briefly denatured in 4X
Laemmli buffer (#1610747, Bio-Rad) and 5% β-mercaptoethanol
(#444203, MilliporeSigma) at 37◦C for 5 min and then loaded on
a precast 7.5% mini-PROTEAN TGX stain-free polyacrylamide
gel (#4568024, Bio-Rad). Blots were probed using the following
primary antibodies: mouse monoclonal anti-DCX (1:500; #sc-
271 390, Santa Cruz Biotechnology, Dallas, TX, USA), chicken
polyclonal anti-MAP2 (1:10000; #NB300-213, Novus Biologicals)
and rabbit monoclonal anti-GAPDH (1:1000; #D16H11, Cell
Signaling Technology, Danvers, MA, USA). Protein signal was
visualized utilizing the following HRP-conjugated secondary
antibodies: goat polyclonal anti-mouse (1:2000; #ab205719,
Abcam), donkey polyclonal anti-chicken (1:250; #SA1-300,
Thermo Fisher) and donkey monoclonal anti-rabbit (1:3000;
#NA934, GE Healthcare, Chicago, IL, USA). Band intensities
were analyzed using Image Lab software (v5.2.1, Bio-Rad) and
normalized to total protein. For D22 cells, which lacked visible
MAP2 and DCX bands, the corresponding background signal at
280 kDa (MAP2) and 40 kDa (DCX) was quantified and plotted.

ATAC-seq and data analysis

ATAC-seq was performed as previously described by Guo et al.
(109). Briefly, independent preparations of HC1- and HC2-derived
cells were gently pelleted in 1X PBS and resuspended in a 25 μl
tagmentation reaction consisting of 1X TD buffer (10 mm TAPS-
NaOH pH 8.1, 5 mm MgCl2, 10% DMF), 2.5 μl Tn5 transposase,
0.1% Tween 20 and 0.02% Digitonin and then incubated for 1 h
at 37◦C. In total, nuclei were isolated from 17 samples: three
biological replicates each for HC1-derived cells at D22, D50 and
D78, two biological replicates for HC2-derived cells at D22 and
three biological replicates for HC2-derived cells at D50 and D78.
Tagmented nuclei were diluted 2-fold and incubated for 30 min
at 40◦C in lysis buffer comprised of 300 mm NaCl, 100 mm EDTA,
0.6% SDS and 1.6 μg proteinase K. Transposed DNA was isolated
by size selection using SPRI beads and PCR-amplified using
2X KAPA HiFi HotStart ReadyMix (#7958927001, Roche) and Nex-
tera Indexing Primers (#FC-131-2003, Illumina). Following PCR
amplification, the size-selection step was repeated to enrich
for low molecular weight DNA. Sample quality was assessed
on a 2100 Bioanalyzer (Agilent Technologies), and libraries were
pooled at an equimolar ratio for sequencing on a HiSeq 2500
system (Illumina) with 50 bp paired-end chemistry.

Raw sequencing reads were trimmed for sequencing
adapters utilizing the CutAdapt package in Python and then
mapped to the hg38 human reference genome using Bowtie2
v2.2.4 (103,110,111). MACS2 v.2.1.0 was used to call peaks,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa150#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa150#supplementary-data
http://genetics.wustl.edu/jdlab/csea-tool-2/
http://primer3.ut.ee/
http://primer3.ut.ee/
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and counts were normalized to reads per peak per million
using the equation: total reads×106

unique reads×fraction of reads in peaks (112). Peaks were
annotated to the nearest TSS using HOMER v.4.8.2 software,
and distribution of raw ATAC peaks across the genome was
determined using ChIPseeker (113,114). edgeR was utilized
to determine changes in chromatin accessibility between
samples at D22, D50 and D78 (115). DARs of chromatin were
defined by FDR < 0.05 and absolute FC >2. Only DARs with
the same signed FC (positive or negative) between time point
comparisons in both HC1- and HC2-derived cells were utilized
for downstream analyses. Shared DARs and annotations are
listed in Supplementary Material, Table S4. The distribution
of shared DARs in schizophrenia-associated genomic loci was
visualized using karyoploteR (78,116). Visualizations of ATAC-seq
reads per million (rpm) signal to the human genome build hg38
were generated from bigWig files using the rtracklayer package
in R/Bioconductor (103,117). All custom R/Bioconductor scripts
are available upon request.

TF motif analysis

The MEME Suite v5.0.5 Analysis of Motif Enrichment tool
was utilized to determine enrichment of TF binding motifs
(HOCOMOCO v11 database) in DARs, compared to shuffled
input sequences (Supplementary Material, Table S5) (62,118).
TF footprinting in DARs was performed utilizing RGT-HINT
software (119). Similarity among HOCOMOCO v11 TF motifs
was calculated using STAMP alignment software (http://www.
benoslab.pitt.edu/stamp/), phylogenies were visualized with
FigTree v1.4.4 (http://tree.bio.ed.ac.uk), and clades of analogous
TF motifs were determined using CTree v1.03 (63,120).

Statistical analysis

Statistical comparisons were calculated using Prism v8.1.2 soft-
ware (GraphPad, San Diego, CA, USA). A two-way ANOVA with
Tukey’s multiple comparisons test was used to compare the per-
centage of cells expressing GIN markers at D50 or D78, relative
to D36. A two-way ANOVA with Tukey’s multiple comparisons
test was also used to compare the genomic distribution of ATAC-
seq peaks at D50 or D78, relative to D22. A two-way ANOVA
with Sidak’s multiple comparisons test was used to compare dif-
ferences in gene expression validated by qRT-PCR and Western
blotting relative to D22. Pearson’s product-moment correlation
between TSS accessibility and gene expression was calculated
using the cor() function in R. The BEDtools two-tailed Fisher’s
exact test was used to compare enrichment of DARs in 108
schizophrenia-associated genomic loci (78,121).

Data availability

All sequencing data are available under accession GSE145073 at
the National Center for Biotechnology Information Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/).

Supplementary Material
Supplementary Material is available at HMG online.
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