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SUMMARY
The specification of inhibitory neurons has been described for the mouse and human brain, and many studies have shown that plurip-

otent stem cells (PSCs) can be used to create interneurons in vitro. It is unclear whether in vitromethods to produce human interneurons

generate all the subtypes found in brain, and how similar in vitro and in vivo interneurons are. We applied single-nuclei and single-cell

transcriptomics to model interneuron development from human cortex and interneurons derived from PSCs. We provide a direct com-

parison of various in vitro interneuron derivation methods to determine the homogeneity achieved. We find that PSC-derived interneu-

rons capture stages of development prior to mid-gestation, and represent a minority of potential subtypes found in brain. Comparison

with those found in fetal or adult brain highlighted decreased expression of synapse-related genes. These analyses highlight the potential

to tailor the method of generation to drive formation of particular subtypes.
INTRODUCTION

Cortical inhibitory neurons (interneurons) are a critical

component of the nervous system and act to regulate

the degree of electrical excitation through direct interac-

tion with excitatory and inhibitory neurons (Gelman

et al., 2011, 2012; Gelman and Marin, 2010; Lim et al.,

2018; Wonders and Anderson, 2006). Born from progen-

itor cells in the embryonic subpallidum, interneurons

develop over a protracted period, undergoing important

milestones of specification, migration, and maturation

toward their ultimate function of cortical modulation

(Gelman et al., 2012; Gelman and Marin, 2010). Many

reports have elucidated the diversity and maturation of

interneurons in mouse models (Boldog et al., 2018;

Butt et al., 2017; Darmanis et al., 2015; Ghanem et al.,

2008; Lim et al., 2018; Mayer et al., 2018; Wamsley

and Fishell, 2017). Much less is known about the mech-

anisms through which interneurons acquire a mature

state in the human context, and it has proven to be diffi-

cult to generate mature interneurons in vitro from hu-

man pluripotent stem cells (PSCs) as measured by their
2548 Stem Cell Reports j Vol. 16 j 2548–2564 j October 12, 2021 j ª 2021 T
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ability to generate repeated fast-spiking action potentials

(Maroof et al., 2013).

Proper interneuron function is crucial for the appro-

priate establishment and activity of neural networks in

the central nervous system (CNS) (Cobos et al., 2005).

This is most apparent through the knowledge that defec-

tive interneurons are implicated in diverse human condi-

tions such as intellectual disability (ID) (Chao et al.,

2010, 2020; Ito-Ishida et al., 2015; Patra and Turner,

2014; Turner et al., 2002a, 2002b; Ure et al., 2016), Alz-

heimer disease (Martinez-Losa et al., 2018), and epilepsy

(Cobos et al., 2005). With the advent of human PSCs, it

is possible to generate interneurons in vitro, which have

been utilized to model such diseases (Blair et al., 2018;

Ohashi et al., 2018). This approach, however, has been

stymied by the finding that PSC-derived cells, as in the

developing brain, develop over an extended time, mak-

ing applications such as disease modeling or cell therapy

challenging (Nicholas et al., 2013). However, it is

formally possible that PSCs do produce a small number

of mature cells that are difficult to detect among a cul-

ture nearly full of immature neurons.
he Author(s).
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To begin to uncover the diversity and maturation mecha-

nisms of cortical interneurons within the human context

through development, single-cell approaches have proven

to be useful. Over the past several years, advances in

high-throughput single-cell RNA sequencing (scRNA-seq)

techniques have allowed for a detailed picture of the tran-

scriptional state of individual cells for the purpose of identi-

fying cell types from awide variety of tissues and in a variety

of species (Macosko et al., 2015; Saunders et al., 2018; Zeisel

et al., 2015). Thehumanbrainwasuntil recently amorediffi-

cult target for these studies due to the availability of tissue

and complications of dissociation of this tissue to single-

cell suspension.To circumvent these issues, it isnowpossible

to access human postmortem frozenbrain, isolatenuclei, and

profile the RNA from individual nuclei (Habib et al., 2017;

Lake et al., 2016). Importantly, it has been established that

sequencing specifically neuronal nuclei generates compara-

ble transcriptomics data to whole-cell sequencing despite

typically yielding fewer reads per cell (Lake et al., 2016).

Here, we used single-cell and single-nuclei transcriptom-

ics to compare in vitro-derived interneurons with those in

the fetal and adult human brain. We integrated multiple

routinely used differentiation schemes to acquire a thor-

ough understanding of human PSC-derived interneuron

variability. Together, our work yields an integrated view

of the transcriptional programs that distinguish individual

subtypes of interneurons across different stages of develop-

ment and defines programs specific to the mature state.
RESULTS

ASCL1 and DLX2 overexpression generates PSC-

derived GABAergic interneurons comparable with

conventional differentiation methods

One method that was described to robustly generate inter-

neurons from human PSCs is the overexpression of two
Figure 1. Defining diversity of interneurons generated via TF-ind
(A) Schematic of the ASCL1/DLX2 expression constructs and procedur
(B) Immunostaining of iINs after 2 weeks for HuNu, TUJ1, and GABA
(C) qPCR for pluripotency- and interneuron-specific transcripts in iIN
(D) Representative patch clamp analysis of two iINs 2 weeks after in
traces (top) show the effects of depolarizing (black) and hyperpolar
(duration 200 ms) are shown in bottom panels. Note the different mo
one action potential fired upon depolarization and a rebound action
(E) Quality analysis of scRNA-seq data for the two biological replicate
the number (No) of transcripts and genes, and percentage of mitoch
(F) UMAP clustering of single iINs for the two repeats in (E).
(G) Quality control showing even distribution of cells from both repli
(H) Normalized expression levels of indicated genes superimposed on
levels by cell.
(I) As in (H), except for the interneuron subtype marker, SST.
(J) As in (I), except for cells that express both SST and CALB2 (left, i
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transcription factors (TFs) that were previously shown to

be important for interneuron fate in a variety of settings

(Yang et al., 2017). To characterize the diversity of interneu-

rons induced from human PSCs by TF-induced program-

ming, we infected the H9 human embryonic stem cell

(ESC) line with individual lentivirus particles containing

the coding sequence of the TFs ASCL1 and DLX2, respec-

tively (referred to here as the AD method), under the con-

trol of the tet-inducible promoter (Figure 1A). Infected cells

were maintained in DOX/mTesr culture medium for 24 h

before being switched to DOX/neuronal medium. After

6 days of treatment with puromycin and hygromycin to

select for cells integrated with ASCL1 and DLX1 lentiviral

backbone, induced interneurons (iINs) were dissociated

and seeded onto mouse glial cultures, which are known

to promote the viability of human neurons (Ahmed et al.,

1983; Conde Guerri et al., 1989; Sugiyama et al., 1989).

DOXwasmaintained for a further 7 days and subsequently

removed (Figure 1A).

After 2 weeks of DOX removal, we characterized iINs to

ensure proper specification of the GABAergic interneuron

fate. We used an antibody against human nuclear antigen

(HuNu) to identify human neurons against the co-cultured

glial mouse cells. iIN cultures showed strong expression of

the pan-neuronal marker TUJ1 and of the interneuron-spe-

cific neurotransmitter gamma-aminobutyric acid (GABA)

(Figure 1B). qPCR for OCT4, a marker of PSCs, and for TFs

involved in the development of GABAergic interneurons,

including LHX6, MAFB, DLX5, SOX11, FOXG1, and

NKX2-1, as well as for ERBB4, a marker specific for

migrating interneurons (Fregnan et al., 2014; Rakic et al.,

2015; Villar-Cervino et al., 2015), confirmed appropriate

gene expression profiles for interneuron specification

(Figure 1C).

Next, to validate the functional specification of these

iINs, we performed electrophysiological recordings from

five batches of cultured cells. We recorded from 29
uced programming of human PSCs
e used to generate interneurons (iINs) with the AD method.
.
s. Error bars are representative of three technical repeats.
duction, measuring action potential frequency. Membrane voltage
izing (red) current injections. The traces of the injected currents
des of firing in the two cells: (left) repetitive firing and (right) only
potential following the hyperpolarizing pulse.
s of iINs at 2 weeks of induction (after dox withdrawal), measuring
ondrial reads per cell across.

cates among the eight clusters from (F).
to the UMAPs from each replicate. Colored according to expression

n blue) or SST and NPY (right, in red).
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fluorescently labeled iINs; 48% of them showed eithermul-

tiple action potential firing (Figure 1D, left) or single action

potential firing upon depolarizing current injections (Fig-

ure 1D, right) at their resting membrane potential. These

results were not surprising given the requirement for

many months in culture or for transplantation into the

mouse brain to fully mature (Marin, 2013; Maroof et al.,

2013).

To characterize heterogeneity of iINs, we performed

droplet-based RNA sequencing (Drop-seq) (Macosko

et al., 2015) of single iINs at 2 weeks of induction (post-

DOX withdrawal). Cells were filtered to remove mouse

cells, cells with low-quality reads (<500 genes and mito-

chondrial genes >10%) and cells with aberrantly high

gene counts, indicative of doublets (>3,000 genes), result-

ing in transcriptomic data from a total of 3,363 cells

across two repeats (replicate 1 [Rep 1] = 766 cells, Rep

2 = 2,597 cells) (Figure 1E), with a mean of 780 genes de-

tected per cell. The Uniform Manifold Approximation and

Projection (UMAP)-based embedding shows that iINs

could be split into eight distinct clusters (Figure 1F),

with similar distributions from both replicates (Figure 1G).

The cells robustly expressed the general neuronal markers

STMN2 and SOX11, as well as the interneuron-specific

markers GAD1 and GAD2, and lacked expression of the

excitatory marker SLC17A7, confirming interneuron spec-

ification (Figure 1H). Exploring the expression of broad

interneuron subtype markers, we found that the vast ma-

jority of iINs expressed SST, reminiscent of interneurons

from the medial ganglionic eminence (MGE) (Anderson

et al., 2001; Fishell, 2007; Marin et al., 2000) (Figure 1I).

Smaller sub-populations co-expressed SST/CALB2 and

SST/NPY (Figure 1J); however, we did not find evidence

of PVALB-expressing cells, which are not born in the brain

until much later in development and are difficult to

generate from human PSCs (Maroof et al., 2013). Further-

more, very few cells expressed caudal ganglionic

eminence (CGE) subtype markers, including CALB2
Figure 2. Characterization of specification and maturation of iIN
(A) UMAP of scRNA-seq data from iINs (as defined in Figure 1F) color
blue, mature neurons, based on the maturation signatures for in vitro d
2018). Scores were computed by averaging each cell’s normalized expr
normalized expression of progenitor genes.
(B) Normalized transcript levels of progenitor (SOX2, MKI67, DLK1) an
iIN clusters from Figure 1F. Clusters are organized by increasing expr
(C) Bar plot showing the average maturation score from (A) across clu
mature. Based the increasing maturation signature axis, clusters 0–7
(D) Top 20 differentially expressed genes (above a threshold of 1 fo
developmental group.
(E) GO analysis of all differentially expressed genes above a threshold o
The original cluster number is given below. Dots are colored according
of genes identified within each GO term.
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(without SST), RELN and VIP (not shown). Thus, the

expression of ASCL1/DLX2 generated a high proportion

of GABAergic interneurons with a bias toward SST+ cells

(Figure 1J).

Comparison of iINs induced from PSCs by different

methods

We next investigated the relative maturity of the iINs

generated by forced expression of ASCL1 and DLX2 in

PSCs. We assigned all cells a score based on both neural

progenitor and maturing interneuron gene sets described

by two separate scRNA-seq datasets on maturing interneu-

rons generated from PSCs in defined interneuron induc-

tion culture medium or on in vivo murine development

(Close et al., 2017; Mayer et al., 2018; Schuman et al.,

2019; Wamsley and Fishell, 2017) (Figure 2A). Using the

Close et al. signatures from PSC-derived INs (Figure 2A),

we found progenitor-like cells in cluster 6 and the most

mature cells in cluster 4 (clusters as described in Figure 1F),

indicating that the overexpression of AD can generate

similar maturation states, but in only 2 to 4 weeks as

opposed to 7 weeks necessary for typical directed differen-

tiation toward interneurons. Accordingly, transcripts for

progenitor markers such as SOX2, MKI67, and DLK1

were enriched in cluster 6, whereas migration and axonal

markers DCX, STMN2, and NEFL were most expressed in

cluster 4 (Figure 2B). Using the maturity scores derived

from the in vivo gene sets from Mayer et al. (2018) (Fig-

ure 2A), a similar distribution was apparent. However,

the most mature cluster 4 did not reach full maturation

and most iINs showed a strong progenitor score, aligning

with previous reports that human PSC-derived interneu-

rons do not fully mature in vitro.

Using the expression status of progenitor and matura-

tion genes, we generated a trajectory and inferred a

developmental state for each of the eight clusters of

AD-induced iINs (Figure 2C) and defined gene expression

signatures for each developmental state (Dev1–8), from
s
ed according to maturity score, from red, immature progenitors, to
ifferentiation (Close et al., 2017) and for in vivo data (Mayer et al.,
ession of maturation genes and subtracting from the average of the

d neuron (STMN2, DCX, NEFL) marker genes across each of the eight
ession levels.
sters 0–7 from Figure 1F, ordered from most progenitor-like to most
were redefined as developmental transition states (Dev1–8).
r average log2 fold change) between the iIN clusters, ordered by

f 0.5 average log2 fold change for each cluster, ordered by Dev state.
to each GO term’s p value, and the size of dots represent the number
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progenitor, neuron-specified, to postmitotic iINs (Figure

2D). The most primitive developmental stage (Dev1, clus-

ter 6) showed a strong enrichment for the splicing and

regulation of mRNA, which has been previously described

as an enriched feature of developing tissues, including the

CNS (Figure 2E) (Lopez, 1998; Voineagu et al., 2011;

Wamsley et al., 2018). The Dev 2–4 states demonstrated

a shift in the metabolism of cells to oxidative phosphory-

lation, and activation of the p38-MAPK pathway and in-

sulin growth factor (IGF) signaling (Figure 2E). The p38-

MAPK pathway has been associated with cell-cycle arrest

and may signify the exit of the cell cycle typical of pro-

genitors becoming neurons (Brancho et al., 2003). The

Dev 5 state captured a third transition and associated

genes are linked to peptide and ion transport and calcium

homeostasis, important features for the stabilization of

neuronal membrane potential (Figure 2E). Genes charac-

terizing the final Dev 6–8 states yielded terms related to

microtubule polymerization, synaptic regulation, brain

development, and cholesterol biosynthesis. Taken

together, the forced expression of ASCL1 and DLX2 gener-

ated GABAergic iIN populations as previously reported;

however, the single-cell analysis provided here high-

lighted developmental heterogeneity within these

cultures.

Heterogeneity andmaturity of interneurons created in

organoid cultures

To better understand how the use of TF-induced program-

ming of iINs compares with conventional directed differ-

entiation methods for GABAergic interneuron generation,

we took advantage of the same scRNA-seq dataset from

monolayer differentiation exploited in Figure 2 (Close

et al., 2017) (monolayer interneurons [mINs]) and a

scRNA-seq dataset generated from unfused or fused MGE-

cortex organoids after 56, 70, and 100 (days of induction

from PSCs (organoid interneurons [orgINs]) (Samarasinghe

et al., 2021).We detected 22 clusters in the organoid dataset
(B) UMAP from (A) colored by the normalized expression of indicated
(C) As in (B), except that the plot shows the co-expression of indicate
these markers together.
(D) (Top) Cells from interneuron cluster 6 of the organoid scRNA-seq da
and plotted on a UMAP (left). In the same UMAP to the right, individu
(Bottom) UMAP of the scRNA-seq data from the mIN dataset of 2D cul
2017), separating interneurons into 12 distinct clusters (0–11) (left) a
(E) Maturation score for the clusters in (D), ordered from least to mo
(F) The contribution of cells from different organoid harvest time p
(cluster 8) maturation state.
(G) Pearson correlation analysis for the most mature orgIN cluster (cl
and all iIN clusters (AD-method-derived interneurons) from Figures 1
(H) A survey of the subtypes of interneurons found in iINs, mINs, an
(I) A similar analysis as in (H), but for individual experiments for direc
replicates of iINs from hESCs.
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(Figure 3A), including clusters of basal radial glia (marked

by PAX6 transcripts), intermediate progenitors (EOMES),

deep cortical plate (TBR1), superficial cortical layers

(SATB2), and interneurons (DLX2, GAD1, and GAD2, clus-

ter 6) (Figures 3B and 3C). Re-clustering of the interneuron

cluster generated nine interneuron-specific clusters (Fig-

ure 3D). From the mIN dataset, interneurons separated

into 12 distinct clusters (Figure 3D).

Next, we attempted to understandwhether themINs and

orgINs showed a similar type of progressive developmental

trajectory as found for iINs. Using the gene signatures from

Figure 2A, we found that, while there was a wide spectrum

of developmental states in the mIN culture, this was not

the case for orgINs (Figures 3D and 3E). Aside from a small

number of cells with a strong progenitor-like signature

(cluster 8), orgINs produced mostly interneurons that

appear to be most similar to a postmitotic, fully specified

fate (Figures 3D and 3E). In orgINs, clusters 8 and 2 were

the most progenitor- and mature-like, respectively (Fig-

ure 3E). Cells from day 56 predominated in cluster 8,

whereas cells from day 100 predominated in cluster 2, indi-

cating amaturationwith different time course and/or orga-

noid fusion (Figure 3F) (Samarasinghe et al., 2021).

Compared with orgINs, mINs showed amore progressive

developmental transition with a slower drop in progenitor

marker levels and less dramatic acquisition of mature

markers (Figures 3D and 3E). This observation was more

similar to that for iINs (AD method), indicating that the

3D structure and network generation of multiple cell types

within organoids results in a more uniform maturation of

interneurons than monolayer-based methods. On the

other hand, this distinction could also be a product of the

fact that the interneurons profiled from the organoids

were profiled after 7–14 weeks, while the iINs were profiled

after just 2–3 weeks. However, neither in vitro method

generated significant numbers of fully mature interneu-

rons as defined by the maturation signature (defined by

data from the Close and Fishell maturation signatures,
genes in individual cells.
d interneuron marker genes, indicating that cluster 6 is expressing

ta in (A) (orgINs) were divided into nine interneuron clusters (0–8)
al cells are colored by the maturation score from Close et al. (2017).
tures of interneurons made by directed differentiation (Close et al.,
nd colored by the maturation score from (Close et al., 2017) (right).
st mature.
oints to the orgINs clusters with highest (cluster 2) and lowest

uster 2 from (E)), the most mature mIN cluster (cluster 1 from (E)),
and 2 (with cluster 4 containing the most mature cells).
d orgINs.
ted differentiation (3i) of human induced PSCs or the two biological
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(A) Schematic of the workflow for snRNA-seq from frozen archived adult brain cortex.
(B) UMAP of 17,879 nuclei from six adult cortexes. Cell identities were assigned to clusters based on marker gene expression.
(C) Simultaneous expression of several genes known to define clusters in (B).

(legend continued on next page)
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signified by blue color) (Figure 3D). To further compare

these in vitromethods of interneuron generation, we corre-

lated the most fully specified clusters of interneurons from

mINs and orgINs with all iIN clusters and found highest

similarity to the most mature iIN cluster 4 (Figure 3G), fol-

lowed by cluster 1, which was the only other more mature

cluster of iINs (Figure 2C).

We also explored whether each of the different methods

generated different proportions of interneuron subtypes

(Figure 3H). Using established markers (Darmanis et al.,

2015; Habib et al., 2017), we found that the majority of in-

terneurons from all in vitro methods were SST+, arguing

that the modeling of SST-related disorders would be most

informative in vitro. Smaller proportions of interneurons

defined by expression of KIT, CALB2, TAC1, CALB1, and

TAC3were generated in all themethods (Figure 3H). orgINs

were not substantially more diverse than monolayer-based

methods, but contained a small number of PVALB+ inter-

neurons (Figure 3H). To determinewhether each individual

human PSC line or each derivation showed consistent

results, we also plotted cell type proportions from the rep-

licates of AD-enforced cultures and our own directed differ-

entiation cultures (without TF overexpression, 3i; Maroof

et al., 2013) generated from distinct human PSC lines,

and came to similar conclusions (Figure 3I). However, iIN

cultures contained fewer progenitors than interneuron cul-

tures generated by directed differentiation (Figure 3I,

inset).

Identifying hallmarks of maturation in interneurons

in the adult human brain

We next set out to compare the PSC-derived interneu-

rons generated by the AD-method with bona fide inter-

neurons from the human brain. We took advantage of

methods to analyze RNA from individual nuclei of frozen
(D) Violin plots for the normalized expression of PROX1 and LHX6 in the
to decipher MGE- versus CGE-derived interneurons.
(E)The UMAP of the cells from interneurons from clusters 10/11 in (B
labeled based on key marker expression.
(F) UMAP from (E) split into MGE- versus CGE-derived interneurons ba
(G) UMAP as in (E) showing the simultaneous expression of establishe
SP8).
(H) Normalized expression of indicated interneuron subtype marker o
(I) Heatmap of normalized expression of selected interneuron marker
(J) Histograms to demonstrate the developmental origin of indicated
and CGE gene signatures were generated by taking the top 20 most
terneurons. Individual cells were assigned MGE and CGE scores based
Wilcoxon test.
(K) Normalized expression for ID2 in interneuron sub-clusters from in
(L) UMAP of all interneuron subtypes in a human brain dataset from
(M) As in (L), with an overlay of the normalized expression of ID2.
(N) Simultaneous expression of KIT/NPY and KIT/NDNF cluster signatu
an average log2 fold-change cutoff of 0.5), overlayed on the UMAP i
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post mortem human frontal cortex, a reliable method to

generate informative transcriptomes from frozen sam-

ples (Habib et al., 2017). To improve RNA capture, we

slightly modified the Drop-seq approach for scRNA-seq,

whereby droplet size was decreased and lysis buffer con-

centration increased to improve nuclear membrane lysis

(Habib et al., 2017). We isolated and fluorescence-acti-

vated cell sorted individual nuclei based on DAPI stain-

ing from six healthy adult frontal cortex tissue samples.

From the same donors, we also sorted nuclei based on

DAPI and NeuN staining to enrich neuronal cells, as in-

terneurons represent only a small proportion of total

cells within the adult brain (Figure 4A). We merged the

data from all six brains and, using UMAP-based clus-

tering, identified 11 clusters that corresponded to previ-

ously established cell types, including astrocytes,

endothelial cells, microglia, oligodendrocyte precursor

cells (OPCs), oligodendrocytes, and excitatory and inhib-

itory neurons, identified using established markers of

each cell type respectively (Figures 4B and 4C). Within

the clusters that showed markers of inhibitory neurons,

cells were broadly split into two groups of distinct devel-

opmental origin, such that inhibitory interneuron clus-

ter 1 highly expresses LHX6, indicative of MGE-derived

interneurons, whereas inhibitory interneuron cluster 2

expresses PROX1, indicative of CGE-derived interneu-

rons (Figure 4D).

To ascertain whether we captured the interneuron diver-

sity of the adult brain in our in vivo dataset, we re-clustered

the inhibitory clusters 1 and 2, yielding 10 clusters broadly

separable according to developmental origin, including

clusters enriched for either MGE markers LHX6 and

SOX6, or CGE markers, PROX1, NR2F2, SP8, and CXCL14

(Figures 4E–4G). One cluster was consistent with doublets

of cells, and was not considered in subsequent analyses.
two interneuron clusters 10 and 11 in (B), called Inhibitory 1 and 2,

), revealing 10 interneuron sub-clusters (1–10) of the adult brain,

sed on simultaneous expression of region-specific markers.
d markers of either MGE (LHX6, SOX6) or CGE (PROX1, NRF2, CXCL14,

n the UMAP from (E).
s by clusters from (E).
KIT+ clusters and SST/NOS1, PVALB/CALB1 clusters as controls. MGE
differentially expressed genes between MGE- and CGE-derived in-
on their individual expression of each MGE or CGE gene, using the

(E).
the Allen Brain Database.

re genes (genes unique to KIT/NPY or KIT/NDNF clusters from E with
n (L).



To assign subtypes, we cross-validated the gene expression

of the remaining nine interneuron clusters against a pub-

lished dataset of single-cell profiling of human cortex

(Habib et al., 2017) and were able to assign the four over-

arching interneuron types PVALB, SST, CALB2, and KIT

(Figures 4H and 4I).

Interestingly, KIT+ inhibitory neurons were recently

described in mouse cortex (Fishell, 2007; Mayer et al.,

2018; Wamsley and Fishell, 2017). Therefore, our data sug-

gest that they also exist in the adult human brain. To deter-

mine the developmental origin the KIT+ interneuron

subsets, we looked for expression of gene signatures repre-

sentative of MGE- and CGE-derived cells (Figure 4J),and

found that both KIT+ populations appeared to be closer to

CGE, as opposed to SSTor PVALBpopulations, which looked

more similar to MGE. Both our KIT+ clusters also showed

strong expression of ID2, characteristic of a subtype recently

described in the mouse and human cortex (https://portal.

brain-map.org/atlases-and-data/rnaseq) (Figure 4K). An

overlay of the enriched genes from the KIT/NPY and KIT/

NDNF clusters onto the Allen BrainDatabase of single-nuclei

RNA sequencing (snRNA-seq) data from the human cortex

(Figures 4L–4N) showed a very strong similarity with two

of the ID2+ clusters in theAllen dataset (Figure 4N), confirm-

ing the presence of these cells in our independent dataset.

These data indicate that our method to derive and charac-

terize interneurons from adult brain encompassed most

known subtypes of interneurons.

Comparing iINs with interneurons during human

gestation

To further determine genes that define the adult state of hu-

man interneurons in vivo, we reasoned that the comparison

with an earlier developmental state would also be informa-

tive, and integrated our Drop-seq-generated single-cell

transcriptomes from interneurons in fetal development (Po-

lioudakis et al., 2019). We used profiles of 10,101 cells from

two samples at 15 postconceptional weeks (pcw), which

formed 17 clusters upon dimensionality reduction (Fig-

ure 5A). Analyzing the expression signatures of these clus-

ters, we identified similar groups of cell types as in the adult

human brain, including OPCs, endothelial cells, excitatory

and inhibitory neurons, as well as cell types not present in

our adult brain dataset, namely, radial glia and pericytes (Fig-

ure 5B). Within the radial glia, we found clusters that were

separated based on cell proliferation and cell identity, with

clusters 2 and 3 showing an enrichment for proliferation

markers (MKI67 and TOP2A) and cluster 6 for oRG markers

(HOPX, PTPRZ1, FAM107A, and TNC) (Figures 5A–5D),

which are known to contribute to new cell formation in up-

per layers specifically in the developing human brain.

Probing for inhibitory neuron markers within the fetal

dataset, we defined three interneuron clusters, as shown
through the expression ofDLX2, that, similarly to the adult

dataset, separated based on developmental origin of MGE

(SST+ interneurons) versus CGE (CALB2+ interneurons)

(Figure 5E). Interneuron cluster 17 showed a strong enrich-

ment for TAC3, a marker often found expressed alongside

PVALB in mature interneurons (Figure 5E). This cluster

may represent interneurons destined to become PVALB+

later in development as previously suggested (Polioudakis

et al., 2019). Re-clustering of the interneurons did not

reveal any further separation of the broad subtypes (not

shown). We also found that few fetal interneurons ex-

pressed the diverse subtype markers that we found within

the adult brain, with SST and CALB2 being the predomi-

nant markers, identical to our findings of in vitro-derived

interneurons (Figure 5F) but distinct from adult brain

data (Figure 4). These observations demonstrate that, in

this developmental time frame, interneurons have a vastly

reduced heterogeneity compared with the adult brain,

leading to the conclusion that the acquisition of subtype

diversity correlates with interneuron maturation.

Identifying expression patterns that distinguish

in vitro- from in vivo-derived interneurons

Next, we were interested in understanding the dynamic

expression patterns of genes across our in vitro-derived

(iINs, mINs, and orgINs) and in vivo-generated datasets

for the fetal and adult brain. Due to the power of sc/

snRNA-seq, wewere able to perform these analyses in a sub-

type-specific manner, which is of importance due to the

different functional behaviors of interneuron subtypes.

First, we merged SST+ interneurons from our in vitro iINs,

mINs, and orgINs datasets and compared them with fetal

and adult SST+ interneurons through differential gene

expression analysis. Using Gene Ontology (GO) analysis

to understand the biological context of gene expression

changes, we found that each set of SST+ interneurons ex-

hibited unique signatures, such that adult interneurons

enriched for synaptic terms, learning, memory, and neuro-

transmission, fetal interneurons for chromatin organiza-

tion, forebrain development, and neuron differentiation,

and in vitro-derived cells for metabolism and protein trans-

lation (Figures 6A and 6B).

We next turned our attention more specifically to differ-

entially expressed TFs to gain an insight into the regulation

of differences in cell states between in SST+ interneurons,

as these are known to be critical to specify and maintain

cell fate. We built networks of co-expressed TFs and chro-

matin regulators across the developmental stages through

a correlation analysis and divided them into eight modules

(Figure 6C). Some of these modules were expressed specif-

ically in either the adult, fetal, or in vitro interneurons,

whereas other modules were common to all three samples

(Figure 6C). This also implied that fetal SST interneurons at
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(A) Unsupervised clustering using UMAP analysis of 11,796 cells from fetal cortex (Polioudakis et al., 2019).
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in the fetal brain (Polioudakis et al., 2019). For pericytes, the normalized expression level of the pericyte marker RGS5 is given.
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(D) UMAP as in (A) overlayed to show the simultaneous expression indicated for outer radial glia markers.
(E) Violin plots of normalized expression counts for indicated interneuron-specific markers, in single cells of interneuron clusters in (A).
(F) Heatmap of the normalized expression of indicated interneuron subtype markers with optimal leaf hierarchical ordering.
15 pcw were developmentally progressed compared with

their in vitro counterpart.

Many of the TFs within the modules are known to play

important roles during neurogenesis and are typically
2558 Stem Cell Reports j Vol. 16 j 2548–2564 j October 12, 2021
found early during development (Figure 6D). For instance,

module 7 captured TFs most enriched in PSC-derived cells,

includingMEIS3, PAX6, HES6, HOPX, and POU2F2. Within

module 5, we identified TFs that showed strongest
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Figure 6. Defining transcriptional modules that distinguish SST+ interneurons born in vitro versus in vivo
(A) GO analysis of differentially expressed genes (unique genes with an average log2 fold change above 0.5) across SST+ interneurons from
adult, fetal, and in vitro samples. In vitro samples consist of SST+ interneurons from iINs, mINs, and orgINs. Dot color represents the
log10 p value for each term and the size represents the number of genes present per GO term.
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enrichment in fetal interneurons. These TFs were typical of

developing interneurons, including BCL11B, SOX6, ZEB2,

and NFIX. Within this same module, we also found the

enrichment of some MGE-specific TFs in both fetal and

adult cells, including MAFB, MEF2C, SATB1, and TCF4.

Finally, in module 8, we found TFs specific to adult cells,

including PURA, ZBTB7A, ZBTB4, and PEG3. Both ZBTB4

and ZBTB7A regulate chromatin organization, and muta-

tions in other types of genes with roles in regulation of

gene expression in this module are often found in ID syn-

dromes, such as Angelman syndrome (UBE3A) (Kishino

et al., 1997; Matsuura et al., 1997) and ICF syndrome

(DNMT3B) (Huang et al., 2014; Moarefi and Chedin,

2011; Sagie et al., 2014).

Using the same form of analysis, we interrogated how

interneurons that expressed CALB2 changed over develop-

ment and between in vivo and in vitro conditions. Surpris-

ingly, we found that PSC-derived, fetal, and adult CALB2+

interneurons showed highly similar changes to SST inter-

neurons from the same states. Consequently, we found

similar GO terms and a large overlap for differentially ex-

pressed genes for SSTandCALB2 interneuron states (Figures

7A and 7B). Pearson correlation analysis again highlighted

eight clusters of co-expressed TFs that distinguish in vitro

CALB+ interneurons from fetal and adult CALB+ interneu-

rons (Figure 7C). We also found that many of the TFs that

define in vitro, fetal, and adult SST+ interneurons were also

enriched inCALB2+ interneurons from the respective stage

(Figure 7D). It was apparent that the differences between

SST+ and CALB2+ interneurons from both the adult and

fetal samples were characterized by TFs that are known to

play a role in subtype specification, including theMGE-spe-

cific TFs (SATB1,MAF, LHX6) for SST+ interneurons and the

CGE-specific TFs (NFIX,NR2F2, and PROX1) forCALB2+ in-

terneurons (Figure 7D). We conclude, therefore, that the

process of maturation is conserved between subtypes, lead-

ing to the notion that the functional differences observed

between subtypesmaybe established early indevelopment.
DISCUSSION

Interneurons made from human PSCs could be useful to

ameliorate patient symptoms not only because of their

importance in a variety of diseases, such as epilepsy, but

also because they can be derived easily and appear to
(B) Heatmap of normalized counts in individual cells of the top diff
interneurons from (A), clustered according to their functional proper
(C) TF module analysis, comparing differential expression of TFs and
interneurons. Normalized expression data are plotted and optimal le
correlating regulators.
(D) The normalized expression of indicated TFs/chromatin regulators
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survive in transplantation models. However, our work

highlights the molecular and physiological immaturity of

interneurons derived from human PSCs relative to both

mid-gestation and adult INs. We elaborated on molecular

distinctions between particular subtypes of interneurons

as they proceed through maturation as a resource to both

understand their development and also provide clues as to

how to promote their maturity. We provided a single-cell

characterization and comparison of various subtypes of in-

terneurons derived in vitro and in vivo. It is not clear at this

point whether excitatory neurons employ the same types

of molecular tools to advance their maturation as do inter-

neurons, but they are known to do so at a much faster rate.

As a result, similar studieswill need to be carried out to iden-

tify equivalent patterns of gene expression that drivematu-

ration in the excitatory lineages.

The in vitrowork described here demonstrates several ad-

vantages and disadvantages of distinct culture methods.

First, all three methods described here only generated a

limited diversity of subtypes of interneurons. iINs were

highly homogeneous and were generated quickly, while

directed differentiation via culture conditions was slow. or-

gINs were more diverse than the other methods, but took

significant effort and time to produce. None of these

methods produced mature, post-natal-like interneurons

as defined functionally (electrophysiology) or transcrip-

tionally. Future work will focus on forced expression of

additional TFs that could drive maturation beyond that

observed with ASCL1 and DLX1.

This work also sheds light on the processes by which

different subtypes of neurons achieve maturation. A priori,

it was possible that each subtype of interneuron takes

advantage of distinct mechanisms to drive maturation.

Our data suggest that in vitro-derived SST+ and CALB2+ in-

terneurons each show similar patterns of expression that

distinguish them from their brain-derived counterparts.

This is not to say that the genes that distinguished the

in vitro and brain-derived interneurons were identical, but

instead that the functional categories of genes, including

TFs, were highly similar. This suggests that different sub-

types of interneurons use the same physiological processes

to achieve maturation. Going forward, we expect that

studies such as this will lead to improved methods for

generating mature interneurons for in vitro modeling of

various neurological disorders that are linked in this

lineage.
erentially expressed genes between SST+ adult, fetal, and in vitro
ties as defined by GO terms.
chromatin regulators across adult, fetal, and in vitro-derived SST+
af hierarchical clustering was used to generate modules of highly

from different modules in (C) is depicted in violin plots.
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EXPERIMENTAL PROCEDURES

Generation of interneurons in organoid culture
The generation of brain organoids was performed as described (Sa-

marasinghe et al., 2021).

Tissue samples
Anonymous fetal tissue sampleswere obtained from theUniversity

of California, Los Angeles (UCLA), gene and cell therapy core

according to institutional review board guidelines (Table S1). Ano-

nymized discarded adult brain tissue was acquired from the NIH

BioBrainBank (Table S1). NeuroBioBank (Sepulveda repository,

Los Angeles, CA) for BioBrainBank. This study was performed ac-

cording to the legal and institutional ethical regulations of the

UCLAOffice ofHumanResearch Protection. Full informed consent

was obtained from all parent donors.

Additional materials and methods can be found in the supple-

mental information.

Data availability
All datasets generated or used in this study and are deposited in

NIH GEO (GSE180132 and GSE181715) and are summarized in

Table S1.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.08.006.
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