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Generation of defined neuronal subtypes from human pluripotent stem cells remains a
challenge. The proneural factor NGN2 has been shown to overcome experimental vari-
ability observed by morphogen-guided differentiation and directly converts pluripotent
stem cells into neurons, but their cellular heterogeneity has not been investigated yet.
Here, we found that NGN2 reproducibly produces three different kinds of excitatory
neurons characterized by partial coactivation of other neurotransmitter programs. We
explored two principle approaches to achieve more precise specification: prepatterning the
chromatin landscape that NGN2 is exposed to and combining NGN2 with region-specific
transcription factors. Unexpectedly, the chromatin context of regionalized neural progen-
itors only mildly altered genomic NGN2 binding and its transcriptional response and
did not affect neurotransmitter specification. In contrast, coexpression of region-specific
homeobox factors such as EMX1 resulted in drastic redistribution of NGN2 including
recruitment to homeobox targets and resulted in glutamatergic neurons with silenced
nonglutamatergic programs. These results provide the molecular basis for a blueprint for
improved strategies for generating a plethora of defined neuronal subpopulations from
pluripotent stem cells for therapeutic or disease-modeling purposes.
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The mammalian nervous system is the most diverse organ, comprising a plethora of
neurons and glial cells organized along anterior—posterior and dorsal-ventral axes. Those
neurons and glial cells differentiate from progenitor cells endowed each with a positional
and subtype identity by spatially and temporally defined morphogens, transcription fac-
tors, and growth factors gradients (1-4). Various proneural basic helix-loop-helix (cHLH)
factors which are responsible to induce neuronal fates in progenitor cells have been
described to assume different roles in subtype specifications (5, 6). For example, Ngn2
and Ascll often have mutually exclusive expression patterns, generating neurons of dif-
ferent subtypes such as glutamatergic and GABAergic neurons in the forebrain and spinal
cord (7). In the retina, Ascl1/Math3 and NeuroD1/Math3 are important in the develop-
ment of bipolar cells and amacrine cells, respectively (8). Those proneural factors also
partner with cofactors, such as homeodomain and POU domain transcription factors, in
different stages of neuronal differentiation (2, 9). One of the well-studied areas is the
dorsal—ventral axis specification of the developing spinal cord. The progenitors along the
dorsal-ventral axis in the spinal cord are marked by different homeodomain transcription
factors, specifying the progenitors destined to give rise different neuronal subtypes (10).
In postmitotic neurons, homeodomain transcription factors, such as Mnx1 and Crx, are
crucial in motor neurons and cone cells differentiation (11, 12). Such transcription factors
also function outside the context of normal development as combinations between proneu-
ral and lineage-specific factors can even convert fibroblasts to induced neuronal (iN) cells
with different neuronal subtypes (13-18).

We previously developed a protocol to generate functional neurons rapidly and robustly
by NGN2 overexpression from human embryonic stem (hES) of induced pluripotent stem
(iPS) cells in a serum-free and defined media. Those NGN2-iN cells express pan-neuronal
and excitatory neuronal markers, fire repetitive action potentials and form functional syn-
apses, making them a versatile platform to study cell biological processes and pathophysiology
in human neurons (13, 19-25). It has been previously reported that NGN2 activity is context
dependent: Overexpression of NGN2 in neural tube cell cultures under a low BMP condition
promoted a sensory fate while under a high BMP condition promoted an autonomic fate
(26). It is thus unclear whether overexpression of NGN2 in hES/iPS cells will generate
glutamatergic iN cells with partial neurotransmitter programs. Here, we explored NGN2’s
molecular and chromatin function and its ability to induce specific neuronal programs in
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Significance

Neuronal reprogramming

has shown exciting promises,
enabling disease modeling

to drug screening. While
considerable progresses have
been made on finding
transcription factors that can
generate different neuronal
subtypes, little work has been
performed to understand
mechanistically how chromatin
environments and homeodomain
cofactors can restrict the
promiscuous action of proneural
factor NGN2. Here, we present a
comprehensive analysis using
sequencing to dissect the
molecular mechanisms of how
chromatin environments and
cofactors restrict NGN2.
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the context of different cell states and different transcription factor
combinations using a series of single-cell and bulk genomic sequenc-
ing techniques and epigenomic methods.

Results

NGN2 Induces Three Kinds of Glutamatergic Neurons in hES
Cells Characterized by a Partial Cholinergic Program. We have
previously shown that forced expression of NGN2 in human ES
and iPS cells results in an efficient conversion into functionally
homogeneous excitatory neurons by synaptic measurements where
we saw >90% of the neurons exhibited spontaneous and evoked
excitatory postsynaptic currents (25). For best characterization of a
functionally homogeneous population and to reduce RNA dropout
for lowly expressed transcription factors, we decided to sequence
fewer cells but with deep coverage using the standard SMART-seq?2
protocol. We performed single-cell RNA sequencing (scRNA-seq)
at days 4 and 28 post-NGN2 induction (Fig. 1A4). After filtering for
cells with expression of at least 2,500 genes and with 200,000 unique
paired end reads, we obtained 27 and 62 high-quality cells for the
day 4 and 28 time points, respectively (Fig. 15). We also obtained
scRNA-seq data from hES cells and included them into our analysis
(day 0 time point) (27). When we performed principal component
analysis (PCA), the cells from the three time points separated into
three clusters largely corresponding to cells from the three time points
with the first principal component corresponding to genes enriched
for gene ontology (GO) terms associated with cell proliferation and
the second principal component corresponding to genes enriched
in nervous system development (Fig. 1 Cand S/ Appendix, Fig. S1A)
compatible with previous results (20, 25). When we performed
hierarchical clustering of genes that are four-fold changed among the
different time points, we found that ES cell-specific genes (POUSF]I,
NANOG, and SOX2) were down-regulated precipitously in the d4
and d28 time points. As expected, transcription factors reported
to be downstream of NGN2 (NEUROD1, NHLHI, NEUROD4,
and HESG) were up-regulated at day 4 and subsequently down-
regulated. Mature neuronal markers (AMY71L) and neuronal subtype
markers (/SL1 and PHOX2B) were induced and maintained during
differentiation (Fig. 1D and SI Appendix, Fig. S1B). To assess the
degree of heterogeneity of day 4 and 28 iN cells, we performed t-
distributed stochastic neighbor embedding (tSNE) using genes that
are most variable across hES, day4 iN and day28 iN cells (y,,.¢ =
0.75, X o = 0.5, variable genes = 1,144). As expected, day 28 iN
cells homogeneously expressed glutamatergic markers [VGLUT2
(SLC17A6) and VGLUTI (SLC17A7)] (25). However, the day 28
iN cells formed three relatively distinct clusters each containing
about 1/3 of the cells (Fig. 1 £~G). One cell cluster was positive for
a subset of cholinergic transporters [0ACHT (SLC18A3) and CHT
(SLC5A7)] and the two transcription factors, /SLI and PHOX2B.
Another cluster was characterized by glutamatergic genes and /5L 1,
but not PHOX2B. The third cluster expressed glutamatergic markers
only (Fig. 1 Fand H). These findings agree with previously reported
scRNA-seq data on NGN iN cells (28). To validate the results of
the scRNA-seq data, we performed immunofluorescence for ISL1
and PHOX2B at day 4. Immunofluorescence data confirmed the
presence of ISL1+ cells among the FLAG-NGN2 infected cells
(~50%, n = 3). 25% of the ISL1 positive cells were also PHOX2B
positive (Fig. 1 I-L). Of note, CHAT, the rate-limiting enzyme for
acetylcholine synthesis, is not expressed in any of the cells with either
of the two cholinergic transporters hinting that the cholinergic
identity is incomplete (S Appendix, Fig. S1D).

ISL1 and PHOX2B are known to be expressed in spinal/cranial
motor neurons and sympathetic/parasympathetic neurons (27, 29).
Notably, their overexpression induces cranial or spinal cholinergic
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neurons (30). Moreover, ISL1, PHOX2B, SLCI18A3, and ChT
(SLC5A7) are not detected by scRNA-seq performed by Allen
Brain Atlas in neurons and glial cells in the human cortex
(medial temporal gyrus) (S Appendix, Fig. S1G) (31). We there-
fore found the prominent ISL1 induction following NGN2
expression noteworthy and asked whether the level of NGN2
transgene expression may affect ISL1 expression in the hES cell
system. However, we found no correlation between the intensity
of FLAG staining (indicative of NGN2 level) to that of ISL1 (R?
=0.0002, Pearson = -0.01) indicating that the level of transgene
NGN2 expression did not correlate with ISL1 (S Appendix,
Fig. S1E). Similarly, little to no correlation was found between
ISL1 and PHOX2B expression levels (R? = 0.0534, Pearson = 0.23)
with PHOX2B+ cells being a subset of the ISL1+ cell population
(Fig. 1L and SI Appendix, Fig. S1F).

A closer examination on the neurotransmitter genes and trans-
porters or rate-limiting enzymes for GABAergic, monoaminergic,
and cholinergic neurons showed that the transporters and enzymes
required for the neurotransmitter production and release were not
all expressed within the same cell (57 Appendix, Fig. S1 C and D)
signifying that the induction of other nonglutamatergic programs
were not complete. This intriguing finding raised the possibility that
NGN2 induces multiple incomplete neurotransmitter programs and
additional mechanisms must complement NGN2 to accomplish
precise neurotransmitter programs (S/ Appendix, Fig. S1D).

Cholinergic Gene Induction in hES Cells by NGN2 Is Mediated by
ISL1 and PHOX2B. To assess whether ISL1 and PHOX2B may be
responsible for the induction of cholinergic genes, we overexpressed
ISL1, PHOX2B, and both genes together with NGN2 and found
that all transcription factor combinations produced p-III-tubulin
positive cells as early as day 4 (Fig. 2 4 and B). Quantitative RT-
PCR on day 4 iN cells showed that ISL1 and PHOX2B induced
expression of two cholinergic genes [vACHT (SLC18A3) and ChT
(SLC5A7)] (Fig. 2D). CHAT was only induced moderately and only
by ISL1 (Fig. 2D). The same findings were reproducible in another
ES cell line (87 Appendix, Fig. S2C). We confirmed induction of
ChT (SLC5A7) on the protein level by western blotting which
also revealed that neither did ISL1 induce additional PHOX2B
compared to control, nor did PHOX2B induce ISLI suggesting
that the induction of cholinergic genes by those two transcription
factors is independent of each other (Fig. 2C). Next, we asked
whether ISL1 and PHOX2B would be necessary for induction
of cholinergic genes. Using two hairpins specific to ISL1, we
found that ISL1 downregulation indeed reduced the expression of
CHAT, vAChT (SLC18A3), and ChT (SLC5A7) (Fig. 2 E, G, and
H). The downregulation of ChT (SLC5A7) could be confirmed by
western blotting (Fig. 2F). Unlike ISL1, PHOX2B knock-down
only reduced the induction of ChT (SLC5A7), the gene most
prominently induced by PHOX2B (87 Appendix, Fig. S2 A and B)

while the other two cholinergic genes remained unchanged.

Regionalization of Donor Cells Is Maintained throughout NGN2-
Mediated Differentiation but Does Not Resolve Neurotransmitter
Identity Blurring. It was previously suggested that a proneural
factor, NGN2, may induce subtype specification programs in
a cell context-dependent manner, integrating the positional
identity and developmental history of the cell (32). Given that,
we thus hypothesized we can leverage the prior development
biology knowledge and overexpress NGN2 in neural progenitor
cells of specific regional identities to restrict subtype specification.
To test this idea, we first differentiated hES cells into anterior
[treated with SB431542 and LDN193189 (SL)] and posterior
[treated with SB431542, LDN193189, and CHIR99021 (SLC)]
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Immunofluorescence showing ISL1 and Flag-NGN2 overlap

ISL1

Immunofluorescence showing ISL1 and PHOX2B overlap

ISL1 PHOX2B ISL1 PHOX2B Overlay

K L

Flag-NGN2 ISL1 Flag Overlay
Fig. 1. Single-cell RNA sequencing reveals heterogeneity of Ngn2 iN cells. (A) Differentiation protocol to obtain the day 4 and 28d NGN2 induced neuronal (iN)
cells. Day 4 represents immature postmitotic neurons, and day 28 represents mature neurons. In total, we obtained 27 day 4 and 62 day 28 high-quality iN cells.
(B) Violin plot showing the number of genes detected by single-cell RNA sequencing in undifferentiated ES cells, day 4, and day 28 iN cells. Only cells that had
200,000 reads and more than 2,500 genes were considered for subsequent analysis. The ES cell scRNA sequencing (11 cells) was downloaded from NCBI GEO
(GSM1964970). (C) Principal component analysis showing the progression of iN cell reprogramming. The gene ontology analysis of genes corresponding to the
first and second principal components is shown in S/ Appendix, Fig. S1A. (D) Hierarchical clustering of genes that are changed at least fourfold among the three
time points. Group 1 contains direct NGN2 target genes which tend to be highest in day 4 cells. Group 2 includes mature neuronal markers. Group 3 genes
include pluripotency markers. The GO terms for each cluster are listed in S/ Appendix, Fig. S1B. (E) T-distributed stochastic neighbor embedding (t-SNE) plot for
the three different cell populations: ES cells (blue), NGN2 4d (green), and 28d (red) iN cells plotted using Seurat with the following settings (Yeutott = 0.75, Xcutoft
= 0.5, variable genes = 1,144). (F) Key for specific cell populations described in G and H. (G) t-SNE plot for two ES cell markers (POU5F1 and SOX2) and neuronal
markers (TUBB3 and MAP2). Gray and purple represent low- and high-expressing cells, respectively. (H) t-SNE plot for two markers for glutamatergic (SLC17A6
and SLC17A7) and cholinergic neuronal markers (SLC5A7 and SLC18A3). The day 28 cells that are positive for both cholinergic markers are also positive for ISL1
and PHOX2B. Gray and purple represent low- and high-expressing cells, respectively. (/) Quantification of day 28 NGN2 iN cells for FLAG (Flag-NGN2) and ISL1
immunofluorescence. Double- and single-positive, and double-negative cells are shown as the percentage of all DAPI-positive cells (n = 3). Error bars = SEM.
(/) Quantification of ISL1 and PHOX2B positive cells as in / (n = 3). Error bars = SEM. (K) Immunofluorescence images of ISL1 (Left) and FLAG (Middle) and the
overlay (Right). White triangles: ISL1:FLAG double-positive cells. (Scale bar: 50 um.) (L) Immunofluorescence images of ISL1 (Left) and PHOX2B (Middle) and the
overlay (Right). White triangles: ISLT and PHOX2B double-positive cells. (Scale bar: 50 um.)
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Fig. 2. ISL1 and PHOX2B are sufficient to induce cholinergic genes. (A) Outline to generate day 4 Ngn2 iN cells with additional expression of ISL1, PHOX2B,
or ISL1:PHOX2B. (B) Immunofluorescence images of p-lll-tubulin (TUJI) staining of day 4 Ngn2 iN cells alone or coexpressing ISL1, PHOX2B, and ISL1:PHOX2B.
(Scale bar: 100 um.) (C). Western blot analysis of cells in day 4 NGN2 iN cells alone or coexpressing ISL1, PHOX2B, and ISL1:PHOX2B using antibodies indicated.
(D) Quantitative RT-PCR examining the day 4 NGN2 iN cells alone or coexpressing ISL1, PHOX2B, and ISL1:PHOX2B for three cholinergic markers (CHAT, SLC18A3,
and SLC5A7) and a glutamatergic marker (vGLUT1). (N = 3, error bars = SEM, ANOVA. Exact adjusted P-values are marked in the graph). () Outline to generate
day 4N cells expressing a control or two different ISL1 short hairpins. (F) Western blot analysis of day 4 iN cells expressing a control or two ISL1 hairpins probing
for SLC5A7 (ChT), Isl1, and HSP90 as loading control. 14893 (93) and 14897 (97) denote two different hairpins. (G) Morphology of day 4 Ngn2 iN cells infected
with a control or two ISL1 hairpins. Shown is GFP immunofluorescence of GFP-expressing iN cells. (Scale bar: 100 um.) (H) Repression of cholinergic genes by
ISLT knock-down as shown by gRT-PCR of day 4 Ngn2 iN cells infected with control or two ISLT shRNAs (N = 3, error bars represent SEM ANOVA. Exact adjusted

P-values are shown in the graph). 14893 and 14897 denote two different hairpins.

neuroectodermal cells and then expressed NGN2 to induce their
differentiation into neurons (Fig. 34 and S/ Appendix, Fig. S3A) (33).
We confirmed that anterior progenitors (SL) were positive for OTX2,
and posterior neural progenitors (SLC) were positive for HOXA3
by immunofluorescence (Fig. 3B) and qRT-PCR (87 Appendix,
Fig. S3C). We picked anterior and posterior neuroectodermal cells
since NGN2 generates glutamatergic cortical projection neurons in
dorsal forebrain progenitors and induces cholinergic motor neurons
in ventral progenitors of the developing spinal cord (7).

All three starting populations [H9-hES, anterior (SL) or poste-
rior (SLC) neural progenitor cells] produced mature iN cells with
elaborate processes upon NGN2 induction (S/ Appendix, Fig. S3B).
To investigate how these different starting populations affect sub-
sequent subtype specification, we performed RNA sequencing on
the three starting populations (H9-hES, SL, and SLC) and their
corresponding day 2 iN cells (immature) and day 28 (mature) iN
cells. Principal component analysis revealed an intriguing phenom-
enon: The stronger first principal component (explaining 69% of
the variance) expectedly indicated the cell maturation (Fig. 3C).
However, the second, weaker principal component (explaining 8%
of the variance) accounted for the different starting populations
irrespective of differentiation stage (Fig. 3C). Accordingly, anterior
genes were expressed in the anterior population and posterior genes
in the posterior population independent of differentiation stage
(Fig. 3 Dand Eand SI Appendix, Fig. S3D). Nevertheless, we found
that NGN2 induces different downstream transcription factors
depending on region-specific chromatin configuration. In case of
the day 2 NGN2 iN cells derived from anterior cells, anterior pro-
genitor markers LHX2/5 and SIX3 are higher compared to that
from H9 and the posterior neural stem cells; meanwhile, for day 2
NGN2 N cells derived from posterior neural cells, different spinal
cord progenitor domain markers IRX3, LBX1, and PAX2 are higher
compared to that from H9 and the anterior neural stem cells
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(Fig. 3F). With respect to day 28 iN cells, GO term analysis and
inspection of key region-specific genes of the RNA sequencing
showed that the regional identity of day 28 iN cells was well main-
tained (Fig. 3 G and H). For example, telencephalic development
genes (SIX3 and FEZFI) were induced in SL-NGN2-28d iN cells,
and inner ear receptor cell genes (HEY2 and ATOH) were induced
in day 28 SLC-NGN2-28d iN cells.

Next, we addressed our initial hypothesis and investigated the
neurotransmitter specification. Contrary to our expectation, the
regional patterning did not fundamentally affect the induction of
a cholinergic program which remained partial in all three condi-
tions (Fig. 3/). The posterior condition yielded even a decreased
than increased expression of cholinergic genes (compare blue or
red with green bars in Fig. 3/). Instead, excitatory genes were still
prominently expressed, confirmed by RNA sequencing and immu-
nostaining (S7 Appendix, Fig. S3 E and G). Electrophysiology
confirmed exclusive generation of excitatory postsynaptic currents
(EPSCs) in both SL-NGN2-28d and SLC-NGN2-28d iN cells
(SI Appendix, Fig. S3F).

To examine whether perturbing major signaling pathways after
NGN2 induction would alter neurotransmitter programs given
that many signaling pathways have many different temporally
defined roles during neuronal differentiation, we systematically
added agonists and antagonists targeting major signaling pathways
(TGFB, BMP, Wnt, FGE RA, and SHH) after doxycycline induc-
tion for 7 d and examined the level of cholinergic genes of the
HO-iN cells at day 7 (34, 35). We observed no significant upreg-
ulation or downregulation of ISL1, ChT (SLC5A7), VGLUT1
except for CHIR99021 (Wnt agonist), and trametinib (FGF antag-
onist) which induced immature/stressed neuronal cells and cell
death, respectively (S Appendix, Fig. S3H). Thus, manipulating
those specific signaling pathways after neuronal induction had littdle
effect on neuronal subtype specification.
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Fig. 3. Regionalization of donor cells is maintained throughout Ngn2-induced neuronal differentiation. (A) Patterning of human ES cells into anterior neural
cells with SB431542 and LDN193189 (SL) and posterior neural cells with SB431542, LDN193189, and the Wnt antagonist CHIR99021 (SLC). See also S/ Appendix,
Fig. S3A for details. (B) Immunofluorescence of OTX2 (an anterior marker) and HOXA3 (a posterior marker) validating the positional identity of most anterior and
posterior neural cells at day 6 postdifferentiation. (Scale bar: 50 um.) (C) Principal component analysis of RNA sequencing of the three donor cell populations: ES
cells (H9), anterior (SL), and posterior (SLC) neural progenitors and their corresponding day 2 and 28 iN cells. The first principal component separates the samples
by the differentiation stage and the second principal component separates the cells derived from different starting populations. (D) Hierarchical clustering of
the genes (>=2-fold change and P adj < 0.05) of the three starting populations [H9 (n = 2), SL (n = 3), and SLC (n = 3)]. Significant gene ontology terms and the
genes contributing to them for each highlighted cluster are listed in order of the highlighted area (PANTHER, P adj < 0.05). (E) Expression of positional identity
genes (FOXG1, OTX2, EN2, GBX2, and CDX2) in the starting populations (H9, SL, and SLC) and their corresponding day 2 iN cells. Error bars = SEM. (F) Expression
of different downstream transcription factors in different starting populations. Error bars = SEM. (G) Hierarchical clustering of significant genes (>=2-fold change
and P adj < 0.05) of day 28 Ngn2 iN cells from the three starting populations [H9-NGN2-28d (n = 2), SL-NGN2-28d (n = 3), and SLC-NGN2-28d (n = 3)]. Significant
gene ontology terms and the genes contributing to them for each highlighted cluster are listed in order of the highlighted area (PANTHER, P adj < 0.05).
(H) Expression of positional identity genes (OTX2 and HOXA3) in day 28 Ngn2 iN cells derived from different starting populations (H9, SL, and SLC). Error bars =
SEM. (/) Expression of a glutamatergic gene (SLC17A7), cholinergic genes (SLC5A7, SLC18A3, and CHAT), and cholinergic transcription factors (ISL1, PHOX2A, and
PHOX2B) in day 28 Ngn2 iN cells derived from the three starting populations (H9, SL, and SLC). Error bars = SEM.

Chromatin Configurations Mildly Affect the Genomic Binding of the physical binding of NGN2. We performed ChIP-sequencing
NGN2. We next sought to molecularly explain the context-specific  of NGN2 and found 2,625, 706, and 770 high-confidence peaks
effects of NGN2 and asked whether the chromatin state affects in H9, SL, and SLC cells, respectively, 2 d after NGN2 induction.
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Removing the peaks that are also present in rt TA control, we obtained
2018 sites among H9-NGN2-2d, SL-NGN2-2d, and SLC-NGN2-
2d. Unexpectedly, while there was a large degree of overlap, NGN2
binding was most widespread when induced in undifferentiated
ES cells and more restricted in differentiated population (SL and
SLC) and clearly distinct between the three cell types (Fig. 4A4).
The bHLH motif (CANNTG) was most significantly enriched
in all cell types (E-values: 1.0E-676, 1.9E-682, and 8.9E-319,
respectively) (Fig. 4 B and C), with most peaks harboring more
than one bHLH motif (S/ Appendix, Fig. S4A). Analyzing different
types of E-boxes, we found a preference for CAGATG E-box motif
in H9 cells and a preference for CAGCTG motifs in the SL and
SLC cells (8 Appendix, Fig. S4 B and D). When we compared the
peak classification in all three conditions, most of the peaks were in
intergenic and intronic regions and only a small subset of the peaks
in promoter regions (SI Appendix, Fig. S4C).

Given the differential binding of NGN2, we next sought to better
characterize these differences. Hierarchical clustering of NGN2 peak
intensity (+50 bp from the peak summits) showed that in fact most
sites (about 60%) are commonly bound by NGN2 in all three cell
types (Fig. 44, marked by black stripe). These common peaks are
adjacent to genes that are enriched in GO terms such as Notch
binding and regulation of neurotransmitter levels. The remaining
40% sites comprise five clusters that show preferential binding in
one or two cell types. Notably, most of such sites comprising the
three largest clusters show NGN2 binding in H9 cells with coen-
richment in SLC (Fig. 44, turquois cluster), coenrichment in SL
(Fig. 44, blue cluster), or no coenrichment in either SL or SLC
(Fig. 44, orange cluster). Only few sites are depleted in ES cells and
enriched in both SL and SLC (Fig. 44, red cluster) or enriched in
SLC only (Fig. 44, yellow cluster). Thus, unlike ASCL1, NGN2’s
genomic binding is context dependent, still the majority (60%) of
sites are shared among three different cell types.

When we performed differential NGN2 binding analysis
among the three samples, we found that 186, 509, and 322 peaks
were differentially occupied when comparing H9-NGN2 vs.
SL-NGN2, H9-NGN2 vs. SLC-NGN2, and SL-NGN2 vs.
SLC-NGN2 (FDR < 0.1). For example, NGN2 binds in all three
conditions in the proximity of HES6 while it binds to the distal
region of the LHX3 promoter only in the SLC chromatin envi-
ronment (S Appendix, Fig. S4 E and F).

NGN2 Directly Binds and Regulates ISLT and Cholinergic Genes.
The prominent induction of ISL1 was noteworthy since ISL1 is
expressed only in a subpopulation of NGN2-expressing cells during
development. Nevertheless, we found NGN2 bound at the /SL7
and the combined CHAT and vACHT (SLCI8A3) loci (Fig. 4D,
right traces). NGN2 binding strength correlated with the expression
level of ISL1, CHAT, and vAChHT (SLC18A3) between the three cell
types (Fig. 4D, compare expression left with binding right).

A Combination of Chromatin Accessibility and Signaling Pathway-
Induced Transcription Factors May Guide NGN2 Binding. To
understand how chromatin accessibility might affect Ngn2 binding,
we performed ATAC sequencing on the three starting populations.
We found that there are in total 57,703 sites that are differentially
accessible among the three conditions (SI Appendix, Fig. S5H).
We next asked whether the differential chromatin accessibility
may explain NGN2 binding. Indeed, in many cases, we found
an overall correlation between NGN2 binding strength and the
ATAC signal (Fig. 44). For instance, regions strongly bound in all
three cell types are generally more accessible (large parts of the black
cluster). In those clusters that are primarily bound in the neural SL
or SLC cells but not ES cells (yellow and red clusters), the degree
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of chromatin accessibility correlated well with NGN2 binding.
In those cases, the process of neuralization may have opened the
chromatin configuration allowing NGN2 access.

However, other regions (green and blue clusters) cannot be
explained by differential chromatin accessibility (Fig. 44) nor the
types of E-boxes alone (SI Appendix, Fig. S4D). We thus per-
formed motif enrichment analysis on these two clusters and found
an additional enrichment of the ZNF281 motif and SMAD4
motif adjacent to the bHLH motif in the H9-NGN2 and
SL-NGN2 specific peaks (6/ne) and H9-NGN2 and SLC-NGN2
(green), respectively (Fig. 4C, primary motif). It was previously
reported that both TCF and ZNF281 motifs are coenriched in
B-catenin ChIP-seq, suggesting ZNF281 might be downstream
of Wnt signaling (36). This shows that the downstream effectors
TGFB/BMP and WNT (SMAD4 and ZNF281, respectively) may
guide NGN2 to these differential sites even though they are in a
less accessible state.

The Forebrain Homeobox Factors EMX1 and FOXG1 Cooperate
with NGN2 to Induce Forebrain Excitatory Neurons. Given our
inability to accomplish a better cell fate restriction via chromatin
prepatterning, we next took a fundamentally different approach
and coexpressed the fore-/midbrain transcription factors EMX1,
EMX2, OTX1, OTX2, TBR2, LHX2, and FOXG1 with NGN2
in undifferentiated cells (Fig. 54 and S/ Appendix, Fig. S5A). Those
transcription factors were selected based on their expression during
cortical development (37-42). All transcription factors, except
OTX1 and TBR2, produced iN cells in combination with NGN2
(SI Appendix, Fig. S5 A and C). We first used ISL1 expression
to assess whether the addition of forebrain transcription factors
would focus the neurotransmitter program of NGN2-only iN
cells. The additional expression of EMX1, EMX2, and FOXGI,
but not OTX2, greatly reduced the percentage of ISL1-positive
neurons from around 80% in NGN2 to 10 to 20% in NGN2 with
EMX1, EMX2, and FOXG1 on day 28 after infection (Fig. 58
and 87 Appendix, Fig. S5D). Among all conditions, 93 to 97%
of iN cells expressed the excitatory marker vGLUT (87 Appendix,
Fig. S5 Band C).

To understand what the transcriptional changes after the over-
expression of individual transcription factors were, we performed
RNA sequencing using day 28 induced neurons generated from
NGN2 alone or with EMX1, EMX2, and FOXG1 OTX2 (Fig. 5
Cand D). Importantly, we found that all three cholinergic genes
(ChT (SLC5A7), vACHT (SLC18A3), and CHAT] as well as ISL1,
PHOX2B were repressed in NGN2:EMX1, NGN2:EMX2, and
NGN2:FOXG1 compared to NGN2 or NGN2:OTX2 (Fig. 5E).
This result was independently confirmed by qRT-PCR in another
cell line (87 Appendix, Fig. S5 E and H).

Other neurotransmitter genes were also repressed by EMX1,
EMX2, and FOXG1 (87 Appendix, Fig. S51). GAD1, GAD2, and
vGAT (SLC32A1), the three genes critical for GABAergic identity,
were even more reduced by EMX1&2 than in NGN2 only cells.
FOXGT1 repressed both GAD1&2 but left vesicular GABA trans-
porter (vVGAT/SLC32A1) unchanged (SI Appendix, Fig. S51). This
finding is compatible with the observation from scRNA-sequ per-
formed by Allen Brain Adlas that EMX1 is only expressed in excit-
atory neurons whereas FOXGL is expressed in both excitatory and
inhibitory neurons (S Appendix, Fig. S5F) (31). Intriguingly,
EMX1 was properly induced in anterior progenitor cells, but was
rapidly down-regulated during neuronal differentiation, explaining
the lack of cholinergic gene repression (SI Appendix, Fig. S5G).

Finally, we sought to functionally characterize the excitatory
cells. While EMX1, EMX2, OTX2, and FOXGI1 are well-
characterized developmental regulators, their expression in adult
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Fig. 4. Genomic binding of NGN2 is chromatin dependent. (A) Left (red heatmap): NGN2 ChIP-sequencing profile 2 d after infection with Ngn2 in three different
chromatin states (H9, SL, and SLC) or with rtTA only infection (Ctrl) (n = 2). Corresponding peaks are displayed +1 kb from the peak summit. After removing
peaks called in the control condition (rtTA only), we obtained 2,018 significant peaks (idr < 0.10) which includes peaks that are significant in at least one out of
the three conditions (H9-Ngn2, SL-Ngn2, and SLC-Ngn2). Right (blue heatmap): ATAC sequencing profile for the three starting populations (H9, SL, and SLC) for
the corresponding NGN2 ChlIP-seq regions. The gene ontology terms were inferred using GREAT using genes within 500 kb from the peaks (FDR P-value < 0.10).
(B) Top two motifs significantly enriched in the three populations (H9, SL, and SLC) using sequences +50 bp from the peak summit. (C) Primary and secondary
motifs with defined gaps from the primary motif significantly enriched in the sequences within +250 bp from the peak summitin four clusters (H9-NGN2"ehs| C-
NGN2"&" H9-NGN2ME'SL-NGN2"", SL-NGN2"E"SLC-NGN2"&", and H9-NGN2"&" highlighted in A. For each secondary motif, the E-value, the number of contributing
sequences and the gap between the primary and the secondary motif are listed to the right. The number of sites with the motif was included in brackets. (D)
Left: RNA-seq expression values (TPM+1) for the day 28 iN cells from the three starting populations (H9, SL, and SLC) for CHAT, ISL1, and SLC18A3. Error bars =
SEM. Right: Genomic tracks showing the NGN2 ChIP- and ATAC-seq signal at the CHAT/SLC18A3, and ISLT loci. Note the correlation between the NGN2 ChIP peak

heights and expression of corresponding genes shown on the Left.

human cortical excitatory neurons is less known. Analyzing data
from the Allen brain atlas showed that OTX2 is not expressed well
in the adult cerebral cortex but FOXG1 is prominently expressed
throughout all neural cell types except oligodendrocytes, EMX1 is
quite restricted to excitatory neurons and EMX2 is most strongly
expressed in astrocytes (S Appendix, Fig. S5F) (43). Thus, among
those 4 genes, only EMX1 and FOXG1 are expressed in cortical
excitatory neurons. Electrophysiology confirmed that all iN cells
analyzed from the three groups exhibited miniature EPSCs but no
IPSCs (Fig. 5F). The EPSC amplitudes were similar between
NGN2 and NGN2:EMX1 and slightly decreased in NGN2:FOXG1
iN cells (Fig. 5G). Other intrinsic membrane parameters were sim-
ilar between the different conditions (Fig. 5G).

PNAS 2024 Vol.121 No.11 2308401121

EMX1 and FOXG1 Induce Widespread Genomic Redistribution of
NGN2. To explore the mechanisms how EMX1 or FOXGI restrict
NGN2’s ability to induce neuronal subtypes, we thought of two
non-mutually exclusive principal possibilities: i) EMX1/FOXG1
act independently of NGN2 and influence gene expression in an
additive manner or ii) they could directly influence the targeting
of NGN2 to the chromatin. To distinguish between these two
possibilities, we expressed a FLAG-tagged version of NGN2 in
hES cells and performed FLAG antibody ChIP-sequencing with
and without coexpression of EMX1 and FOXG1 (Fig. 64). Unlike
NGN2 binding in the anterior and posterior neuroectoderm, the
NGN2 binding patterns were quite distinct between the three
conditions with 1,603, 2,701 and 1,525 condition-specific
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Fig. 5. EMX1 and FOXG1 eliminate heterogeneity of Ngn2 iN cells. (A) Top: Nested expression pattern of OTX2, OTX1, EMX2, and EMX1 during development

(Tele = Telencephalon, Di =
cells coexpressing individual candidate forebrain transcription factors (TF).

Diencephalon, Mes = Mesencephalon, Met = Metencephalon and Mye = Myelencephalon). Bottom: Protocol to generate Ngn2 iN
B) Quantification of ISL1+ cells among all GFP/NGN2-infected iN cells on day 28.

Representative fluorescence images are shown in Fig. 5 SD. (N = 3, error bars = SEM. ANOVA statistical test was used. Exact adjusted P-values are shown above
graph). (C) Principal component analysis of NGN2, NGN2:EMX1, NGN2:EMX2, NGN2:0TX2, and NGN2:FOXG1. The first principal component separates NGN2:0TX2
from the other samples. All three NGN2:EMX1, NGN2:EMX2 and NGN2:FOXG1 clustered together. (D) Hierarchical clustering of significantly changing genes in
RNA-seq (>=2-fold change and P adj < 0.05) within any two of the day 28 iN cells generated with NGN2, NGN2:EMX1, NGN2:EMX2, NGN2:FOXG1, or NGN2:0TX2.
Significant gene ontology terms for the corresponding highlighted regions are listed (P adj < 0.05). (£) Bar graphs showing expression values of RNA-seq (TPM)
for the two cholinergic transcription factors (ISL1 and PHOX2B), three cholinergic genes (SLC18A3, SLC5A7, and CHAT) and the glutamatergic marker (SLC17A7)
of day 28 iN cells generated with NGN2 alone or in combination with EMX1, EMX2, FOXG1, or OTX2. (F) Representative traces of miniature excitatory postsynaptic
currents (EPSCs) for day 28 NGN2-, NGN2:EMX1-, and NGN2:FOXG1-iN cells in the presence of the voltage-gated Na+-channel blocker TTX to block action potential
formation and network activity (Top trace). All synaptic events observed are eliminated after addition of the excitatory AMPA receptor inhibitor CNQX (Bottom

trace).

G) Quantification of miniature EPSC amplitude and frequency and the two intrinsic membrane properties input resistance and capacitance of NGN2,

NGN2: EMX1 and NGN2:FOXGT1 iN cells (P-values using the ANOVA test are shown above bars. N =17, 16, 11 cells measured in three independent batches in

NGN2, NGN2:EMX1, and NGN2:FOXG1 28d iN cells plated on glia. Error bars = SEM).
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binding sites (FDR < 0.1) (Fig. 6A). For example, the distal region
of the FOXOG6 locus is bound by NGN2 in ES cells only when
coinfected with FOXG1 (8] Appendix, Fig. S6D, green highlight)
whereas the NGN2 binding site at the HES6 locus is bound in all
conditions (8] Appendix, Fig. SGE, purple highlight). The change
in NGN2 binding appears to be meaningful as sites unique in
NGN2:FOXG1- and NGN2-only-expressing cells were enriched
for relevant GO terms (Fig. 6A4).

Next, we sought potential explanations for the differential
NGN?2 binding. To understand whether differences in binding
among the groups can be explained by chromatin accessibility
alone, we plotted the ATAC sequencing signal in hES cells cen-
tering at the flagNGN2 peak summits and found that the different
clusters are all similarly accessible (Fig. 64, blue). Thus, the unique
NGN?2 binding sites in NGN2:EMX1 and NGN2:FOXGI are
not simply due to inaccessibility in ES cells.

We then performed motif and peak distribution analysis of the
NGN?2 peaks. In all NGN2 ChIP-seq datasets a very similar
bHLH motif (CAGATG) was enriched and most NGN2 peaks
harbored at least one bHLH motif and often multiple (Fig. 64
and SI Appendix, Fig. S6A). When we further subdivided bHLH
motifs enriched in the NGN2:EMX1 and NGN2:FOXG1 cells,
we found that NGN2:EMX1 cells had a higher percentage of the
CAGCTG E-box motif and NGN2:FOXG1 cells had a higher
percentage of the CAGATC E-box motif like NGN2 alone
(Fig. 6C and SI Appendix, Fig. S6B). The peak distribution was
similar between the samples (S7 Appendix, Figs. S4C and S6C).

The differential E-Box enrichment among different NGN2 peaks
suggested potentially additional sequence similarities among the dif-
ferent NGN2-bound clusters. Indeed, unbiased de novo motif search
analysis also produced the canonical FOXG1 motif among the
NGN2:FOXG1-unique NGN2 binding sites (Fig. 6B). Reverse
motif search showed that the Emx1 motif was four times more
enriched under the NGN2 peaks specific in the NGN2:EMX1 cells
and the Foxgl modif was eight times more enriched within the
NGN2 peaks specific for the NGN2:FOXGL cell compared to the
peaks specific for the NGN2-only infected cells (Fig. 6C). Remarkably,
the Emx1 motif was also more enriched in NGN2:FOXG1 specific
peaks and the Foxgl motif in NGN2:EMX1 specific peaks. Even
though to date, EMX1 or FOXG1 are not known to physically inter-
act with NGN2, these data suggest that EMX1 and FOXG1 may
recruit NGN2 to their own binding sites, even when they contain
less preferred E-box motifs.

To explore this idea further, we performed ChIP-sequencing for
flagEMX1 in ES cells coinfected with flagEMX1 and NGN2. We
obtained 1,393 significant peaks (n = 2, idr < 0.10) (Fig. 6D) and
most peaks contained a homeobox motif (S Appendix, Fig. S6 G
and H). The peak classification distribution of EMX1 was slightly
different than NGN2 with a much-reduced promoter region local-
ization (81 Appendix, Fig. S61, compared to SI Appendix, Fig. S6C).
When plotting the flagEMX1 ChIP-seq signal from genomic sites
that are bound by NGN2, we could indeed see an enriched EMX1
binding at NGN2 peaks unique in the NGN2:EMX1 infected
cells (dark green cluster in Fig. 6A). This finding demonstrates that
EMXI1 recruits NGN2 to new genomic sites.

EMX1 Represses Posterior and Cholinergic Genes Independent
of NGN2. We next explored whether EMX1 may have NGN2-
independent functions, in addition to directly influencing NGN2
chromatin binding. We were wondering whether EMX1 may repress
the promiscuous activation of neurotransmitter programs. Therefore,
we first explored the direct transcriptional effects of EMX1. We
identified the putative EMX1 target genes (genes within 10 Kb of
EMX1 binding) and plotted their average expression level in ES cells

PNAS 2024 Vol. 121
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infected with NGN2 or NGN2:EMX1. We found a lower average
fold change and narrower distribution of fold change of these EMX1
target genes when the cells where coinfected with EMX1 compared
to NGN2 alone (Fig. 6E). This indicates that EMX1 might have
repressive functions. Repressed genes include posterior genes like
HOX genes, ISL1, and PHOX2A/B genes, involved in cranial
nerve, hindbrain formation, and spinal and sympathetic neuron
development. On the other hand, anterior genes involved in forebrain
development were up-regulated upon EMX1 coexpression (Fig. 6F).
In support of this notion, we found that EMX1 binds the /SL locus
when expressed in ES cells (Fig. 6D). Thus, EMX1 acts independently
of NGN2 to repress posterior genes but also influences NGN2
binding to achieve a forebrain glutamatergic neuronal identity.

Discussion

Previously, we found that NGN2 overexpression in human ES
cells gave rise to induced neuronal cells that exclusively form glu-
tamatergic functional synapses (25). Despite this perceived homo-
geneity with respect to neurotransmitter specification, our
single-cell characterization of NGN2-iN cells revealed glutama-
tergic neurons with variable and partial expression of cholinergic
and monoaminergic programs. The cells can be grouped into i)
ISL1"PHOX2B", ii) ISL1'PHOX2B", and iii) ISL1 PHOX2B"
glutamatergic neurons. We observed that key cholinergic effector
ISL1 is directly bound and induced by NGN2 in human ES cells
(Fig. 4D). Thus, to achieve better subtype specification, NGN2
chromatin binding needs to be better targeted to a single program.
Since NGN2 operates in different, regionalized neural progenitors
during normal development, one would expect that the chromatin
strongly influences NGN2 binding (7). Thus, we first tested the
hypothesis that changing the chromatin landscape by differenti-
ating ES cells into anterior and posterior neural progenitor cells
may accomplish a more proper NGN2 relocalization, thus elim-
inating unwanted neurotransmitter programs (7). However, we
found that NGN2 binding is only relatively mildly changed
(Fig. 4D). NGN2 was further restricted in different neural pro-
genitors but was not recruited to new sites. Some of the lost bind-
ing sites could be attributed to chromatin accessibility, others
possibly to interaction with downstream effectors of TGFB/BMP
and WNT pathways (Fig. 4 A and C). Accordingly, the cholinergic
and monoaminergic programs were modified but not eliminated.
It is certainly possible that further refinements in chromatin
prepatterning protocols may further restrict neuronal subtype
specification, but generation of more defined progenitor cells in
homogeneity may be challenging but if accomplished eliminate
the advantage of transcription factor programming (44).

Unlike neurotransmitter phenotype specification, we found that
the regional identity of mature iN cells is maintained from the
starting population (Fig. 3 £ and H). This finding is significant as
it opens the NGN2 iN cell platform to generate glutamatergic neu-
rons of different regional identities by merely changing the starting
population and will likely extend to other reprogramming factors,
as they are not known to influence regional identity (16, 22, 45)
(SI Appendix, Fig. S4G). Also, those NGN2 iN cells of different
regional identities later up-regulated different downstream TF
expressions. For example, forebrain-specific transcription factors
(LHX2) were up-regulated 16-fold in the iN cells derived from
anterior neural stem cells versus control ES or posterior neural stem
cells and spinal cord transcription factor (IRX2) was up-regulated
eightfold in the iN cells derived from posterior neuronal stem cells
relative to those from the other two (Fig. 3F).

Second, we overexpressed forebrain-specific transcription factors
with NGN2 hypothesizing that they might reinforce forebrain
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Fig.6. EMX1 and FOXG1 change NGN2 chromatin targeting. (A) Left three columns: flagNGN2 ChlIP-seq profile within £1 kb from the peak summit (red signal) in
hES cells 2 d after infection with flagNGN2 alone or with EMX1 or FOXG1 (n = 2). We obtained 4,663 peaks (idr < 0.10) which includes peaks that are significant in
at least one out of the three conditions (flagNgn2, flagNgn2 Emx1, and flagNgn2 Foxg1) 4th column: Corresponding genomic regions as in left 3 columns showing
the flagEMX1 ChlIP-seq profile 2 d after infection with flagEMX1 and NGN2. All ChIP-seq peaks are displayed +1 kb from the peak summit. 5th column (blue signal):
Corresponding genomic regions showing ATAC-seq signal in ES cells (H9). The ATAC-seq peaks are displayed +500 bp from the respective flagNGN2 ChlIP peak
summit. Gene ontology terms for various genomic clusters called significant by GREAT analysis are shown using genes within 1,000 kb from the peaks. Blue and
turquois clusters did not significantly enrich any GO term. Dotted box: Position weight matrix of the bHLH motif enriched by de novo motif search analysis of
the flagNGN2 ChiP-seq of flagNGN2:EMX1 and flagNGN2:FOXG1 infected cells considering all significant peaks (50 bp from the peak summit). (B) The top motif
significantly enriched by motif search analysis of three clusters color-indicated in A: NGN2 peaks specific to NGN2:EMX1 infected cells (turquois cluster); NGN2
peaks specific to NGN2:FOXG1 infected cells (green cluster); NGN2 peaks specific to NGN2:EMX1 and NGN2:FOXG1 infected cells (blue cluster). Sequences +500
bp from the peak summit were used. The number of sites with the motif was included in brackets. (C) Reverse motif search for EMX1 and FOXG1 motifs in three
different clusters showing differential NGN2 binding: NGN2 peaks unique to cells infected with flagNGN2 and EMX1 (turquois cluster); NGN2 peaks unique to
cells infected with flagNGN2 and FOXG1 (green cluster); and NGN2 peaks unique to cells infected with flagNGN2 alone (purple cluster). Shown are percentages
of motifs among the total number of genomic sites in the respective cluster. Numbers in bars show the actual numbers. The positional weight matrix used for
EMX1 and FOXG1 motifs was obtained from Jaspar. (D) Genomic browser tracks showing the ATAC-seq (day 2 NGN2, NGN2:EMX1, and NGN2:FOXG1 cells) and
ChIP-seq of against flag tagged NGN2 (day 2 NGN2, NGN2:EMX1, and NGN2:FOXG1) and Chip-seq against flag tagged EMX1 in day 2 NGN2:EMX1. Note that
there is an EMX1 peak upstream of the /SL7 promoter (yellow) upstream of two Ngn2 peaks (green). (E) Boxplot showing the expression fold change of all genes
and predicted Emx1 target genes by RNA-seq in NGN2 vs. NGN2: EMX1 infected cells. Plotted are TPM+1gnaema/TPM+1 4, Of all genes and genes within 10
kb of an EMX1 peak. Predicted EMX1 target genes are significantly repressed (average fold change of all genes=1.01; average fold change of predicted EMX1
targets=0.89; P value = 0.0027). (F) Heatmap showing transcription factors regulated by EMX1 in the context of NGN2 expression. Boxes to the right show the
GO terms enriched in either group and the genes included in the GO terms.
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glutamatergic targets and redistribute NGN2 away from cholinergic
targets. Even though sequence-specific transcription factors are not
known to generally interact with many other transcription factors,
we reasoned that they could potentially modulate NGN2 binding.
Indeed, among five factors tested, EMX1 and FOXG1 blocked
cholinergic gene expression by 50 to 90% and altered NGN2 chro-
matin targeting (40) (Figs. 5E and 64). There are three times more
differential NGN2 binding in NGN2:EMX1 and NGN2:FOXG1
than that with patterning (Figs. 4F and 6B). Unlike patterning,
significantly more NGN2 sites were gained (Figs. 44 and 6A4).
NGN2 gained sites were enriched for EMX1 or FOXG1 motifs
and enriched for EMXI binding demonstrating that NGN2 is
recruited to new chromatin targets likely by EMX1 and FOXG1
(Fig. 6D). These findings are compatible with the notion that a
supportive transcription factor milieu at enhancers may facilitate
transcription factor recruitment to new sites (46, 47).

In addition to influencing NGN2 binding, we observed that
EMX1 also has NGN2-independent functions. During mouse devel-
opment, EMX1 expression is induced in the anterior neuroectoderm
ataround E9.5 (39, 48). It was previously shown in knockout studies
that EMX1 knockout mice exhibited corpus collosum agenesis.
EMX1/EMX2 double knockout mice exhibited more severe pheno-
types than either of the individual knockouts with multiple features
of cortical development impacted. This suggests that EMX1 and
EMX2 cooperatively regulate cortical development and EMX2 can
partially compensate for EMX1 function in EMX1 knockout mice
(49). On average, we found that EMXI repressed its direct target
genes which included many nonglutamatergic and posterior genes
(Fig. 6Fand SI Appendix, Fig. S6/). From single-cell sequencing data,
only EMXI1 remains expressed primarily in glutamatergic neurons
and astrocytes in the cortex, hippocampus, and olfactory bulb of the
adult brain (87 Appendix, Fig. SS5F). These observations agree with
EMX1 having the role of a “spatial selector” which is defined as a
factor that instructs/restricts the regional identity of multipotent pro-
genitors and later limits the subtypes of mature neurons generated
from that progenitor domain. This function resembles the “many-
but-one” cell type specification function of MYT1L. Just like MYT1L
limits the programs of many non-neuronal lineages, EMX1 represses
nonglutamatergic neurotransmitter programs to ensure that the cor-
tical excitatory neurons retain the glutamatergic program throughout
adulthood (50). In perfect agreement, neurodevelopment studies
already demonstrated a transcriptional repressor function of EMX1
such as repressing posterior genes. The reduction in Wnt signaling in
the rostral forebrain by SIX3 leads to the expression of FOXG1 and
EMXI1 which counteracts the expression of OTX2 (51). Frowein and
coworkers reported that ectopic expression of EMXI instructed a
neuroepithelial identity instead of choroid plexus identity and that
coincided with the downregulation of OTX2 (52).

FOXG1 expression begins around E8.5 in the telencephalic pri-
mordium which later becomes dorsal and ventral telencephalon
(41). The dorsal telencephalon includes the neocortex and hip-
pocampus and generates predominantly glutamatergic neurons.
Ventral telencephalon includes medial, lateral, and caudal ganglionic
eminences and generates various populations of mostly GABAergic
neurons in the cortex, striatum, basal ganglia, and olfactory bulb.
It may therefore not be surprising to see an additional incomplete
GABAergic program, indicated by the SLC32A1 (or VGAT) expres-
sion, in the NGN2 FOXGI1 day 28 iN cells. Given that EMXT and
FOXG1 remain to be expressed in adult forebrain projection neu-
rons, we reckon that in an in vitro setting EMX1 and FOXG1 might
also have terminal selector functions to actively promote the correct
neurotransmitter genes and limit the promiscuous neurotransmitter

genes (Fig. 6F and ST Appendix, Fig. S6)) (53, 54).
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The human brain contains innumerable neuronal subtypes.
Attempting to develop conventional differentiation protocols to
generate them from pluripotent stem cells may seem daunting.
The use of proneuronal transcription factors offers a versatile
opportunity to generate neurons in a defined and reproducible
manner but their authenticity and best approach to yield pure
subtypes has not been established yet. In this paper, we outlined
the input-output codes of the proneural factor NGN2 by modu-
lating the chromatin landscape or by pairing with subtype-specific
homeodomain transcription factors. Our results revealed that
transcription factor coexpression in undifferentiated cells resulted
in better neurotransmitter specification than prepatterning the
chromatin, e.g., we found NGN2:EMXI1 as powerful combination
to efficiently induce pure and functionally mature glutamatergic
forebrain neurons. By extrapolation, these data predict that many
different defined neuronal subtypes can be generated by combin-
ing proneuronal bHLH factors like NGN2 with regionally
restricted homeobox factors. Thus, our results provide a blueprint
and molecular rationale for the educated generation of specific
neuronal subtypes from pluripotent stem cells with defined region-
alization and neurotransmitter phenotype further generalizing the

utility of NGN2 iN cell protocols (17).

Materials and Methods

Reprogramming of Human Embryonic Stem Cells to Induced Neurons (iN).
The experiments were performed in accordance with California State Regulations,
CIRM Regulations and Stanford's Policy on Human Embryonic Stem Cell Research.
We followed the protocol previously described (19). Human embryonic stem cells
(H1 and H9, University of Wisconsin) and an iPS KOLF2.1J line (55) were plated
single cellin a serum-free and defined mTESR media and infected the next day
with TetO-FLAG-NGN2-T2A-PURO® and FUW-rtTA. Doxycycline was added to the
wells the next day. To select for only NGN2 transducing cells, puromycin (final
concentration: 2 ug/mL, Sigma) was added in addition to doxycycline the next day
and kept for 3 d. For prolonged culture, the cells were dissociated using Accutase
and replated on mouse glia at day 4. For single-cell RNA sequencing, doxycycline
was added to 14 d and removed for the last 14 d.

For the knock-down experiment, shRNAs obtained from Sigma (ISL1:
TRCN0000014893 and TRCN0000014897; PHOX2B: TRCN0000358499 and
TRCN0000358500) were packaged into lentiviruses and coinfected with TetO-
FLAG-NGN2-T2A-BLAST® and FUW-rtTA. Doxycycline was added to the wells the
next day. To select for only NGN2 transducing cells, puromycin (final concentra-
tion: 2 ug/mL, Sigma) and blasticidin (final concentration: 10 ug/mL, Sigma) were
added in addition to doxycycline the next day and kept for 3 d.

For the forebrain transcription factors experiments (EMX1, EMX2, FOXG1,and
07X2), they were first cloned into TetO-IRES-HYGRO" plasmid and coinfected
with TetO-FLAG-NGN2-T2A-PURO® and FUW-rtTA. In the case of the forebrain
transcription factor experiment, hygromycin (150 pg/mL, Roche) was added to
select for the additional transcription factor.

For all NGN2 ChIP-sequencing experiments (NGN2 in different chromatin
landscapes and NGN2 with EMX1/FOXG1), FUW-rtTA and TetO-FLAG-NGN2-
T2A-PURO® were used. For the EMX1 ChIP-sequencing exgeriment, FUW-ITA,
pTight-NGN2-PGK-puro, and TetO-flagEMX1-IRES-HYGRO" were used instead.
The cells were dox induced for 2 d before they were harvested and used for
ChIP-sequencing. Differentiation, sequencing library preparation and analysis,
western blotting, qRT-PCR, immunofluorescence, and electrophysiology protocols
are available in S/ Appendix.

Data, Materials, and Software Availability. SCRNA sequencing for H9 cells
used: SRR2977655, SRR2977656, SRR2977657, SRR2977658, SRR2977659,
SRR2977660, SRR2977661, SRR2977662, SRR2977663, SRR2977664, and
SRR2977665 are available through GEO accession number GSE75748 (https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75748) (27). The datasets
generated during and/or analyzed during the current study are available in the
GEO repository under the accession number GSE181019 (56).
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