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SUMMARY

Generation of neurons of vast diversity involves early spatial and temporal patterning of
the neuronal precursors by morphogenic gradients and combinatorial expression of transcription
factors. While the proneuronal function of the basic-helix-loop-helix (bHLH) transcription factor
Ngn2 is well established, its role in neuronal subtype specification remains unclear. Here, we
found that coexpressing NGN2 with the forebrain homeobox factor EMX1 converts human
pluripotent stem cells into a highly homogeneous glutamatergic forebrain neurons without partial
cholinergic and monoaminergic gene programs observed in cells infected with NGN2 only. Our
molecular characterization revealed that transcriptional output and genomic targeting of Ngn2 is
altered by co-factors such as EMX1 explaining the more focused subtype specification. Ngn2
function is less modified by the chromatin environment and does not affect regionalization of
pre-patterned neural progenitors. These results enable improved strategies for generating a
plethora of defined neuronal subpopulations from pluripotent stem cells for therapeutic or
disease-modeling purposes.

(150 words)
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Highlights

o NGN2 converts human ES cells into glutamatergic neurons some of which co-express a
partial cholinergic program

e NGN2 directly binds to and activates ISL1 in ES cells which together with PHOX2A/B
induce cholinergic genes

e Anterior-posterior regionalization affects NGN2 binding and transcriptional output but
does not focus subtype specification

e Forebrain homeobox factors including EMX1 and FOXG1 redirect NGN2 chromatin
binding and repress posterior and cholinergic genes, resulting in homogeneous forebrain

excitatory neurons

INTRODUCTION

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
glia cells differentiate from progenitor cells endowed each with a positional identity by spatially
and temporally defined morphogenic gradients (Allan and Thor, 2015; Guillemot, 2007). It
remains intriguing how mechanistically a handful of transcription factors and morphogens can
give rise to the vast large neuronal diversity. One possibility is that the various proneural basic
helix-loop-helix (bHLH) factors which are responsible to induce neuronal fates in progenitor cells
assume different roles in subtype specifications (Aydin et al., 2019; Parras et al., 2002). For
example, Ngn2 and Ascll often have mutually exclusive expression patterns, generating
neurons of different subtypes such as glutamatergic and GABAergic neurons in the forebrain
and spinal cord. In the retina, Ascll/Math3 and NeuroD1l/Math3 are important in the
development of bipolar cells and amacrine cells, respectively (Inoue et al., 2002). Another
possibility is that proneural factors do not possess subtype-specification potential and need to
partner with cofactors, such as homeodomain and POU domain transcription factors, in different
stages of neuronal differentiation (Guillemot, 2007). 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. In postmitotic neurons,
homeodomain transcription factors, such as Mnx1 and Crx, are crucial in motor neurons and
cone cells differentiation (Freund et al., 1997; Jessell, 2000). Such transcription factors also
function outside the context of normal development as combinations between proneural and

lineage-specific factors can even convert fibroblasts to induced neuronal (iN) cells with different


https://doi.org/10.1101/2020.12.02.398677

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ang et al pg.4

neuronal subtype specification (Ang and Wernig, 2014; Caiazzo et al., 2011; Pfisterer et al.,
2011; Son et al., 2011; Tsunemoto et al., 2018; Yang et al., 2017).

We previously developed a protocol to rapidly and robustly generate functional neurons
by NGN2 overexpression from human embryonic stem (hES) of induced pluripotent stem (iPS)
cells. Those NGN2-iN cells express pan-neuronal and excitatory neuronal markers, fire
repetitive action potentials and form functional synapses, making them a versatile platform to
study cell biological processes in human neurons (Ang et al., 2019; Chanda et al., 2019;
Konermann et al., 2018; Nehme et al.,, 2018; Pak et al., 2015; Yi et al., 2016; Zhang et al.,
2013). 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 sensory fate while
under a high BMP condition promoted an autonomic fate (Perez et al., 1999). It is thus unclear
why overexpression of NGN2 which is widely expressed in the neural progenitors that give rise
to neurons with different neurotransmitter subtypes (glutamatergic, cholinergic and
noradrenergic neurons) only generates glutamatergic iN cells when expressed in hES/iPS cells.
Here, we explored NGN2’s molecular chromatin function and its ability to induce specific
neuronal programs in the context of different cell states and different transcription factor
combinations using a series of single cell and bulk genomic sequencing techniques and

epigenomic methods.

RESULTS

NGN2 induces three kinds of glutamatergic neurons in hES cells characterized by a
partial cholinergic program

We have shown previously that forced expression of NGN2 in human ES and iPS cells results in
an efficient conversion into functionally homogeneous excitatory neurons expressing markers of
dorsal forebrain identity (Zhang et al., 2013). To better characterize the cell composition of
these NGN2-iN cells, we performed single cell RNA-sequencing (scRNA-seq) using the smart-
seg2 protocol at day 4 and 28 post NGN2 induction (Figure 1A). After filtering for cells with
expression of at least 2,500 genes and with 200,000 paired end reads, we obtained 27 and 62
high quality cells for the day 4 and 28 timepoint, respectively (Figure 1B). We also obtained
ScRNA-seq data from 11 hES cells and included them into our analysis (Chu et al., 2016). When
we performed principal component analysis (PCA), the cells 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
(DNA replication, cell division and G1/S transition of cell cycle) and the second principal

component corresponding to genes enriched in nervous system development (Figure 1C,
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Figure S1A). This reflects our previous observation that NGN2 drives hES rapidly out of cell
cycle and then neuronal differentiation and maturation occurs over several weeks (Chanda et
al., 2019; Zhang et al., 2013). When we performed hierarchical clustering of genes that are four-
fold changed among the different time points, we found that ES specific genes (POUS5SF1,
NANOG, SOX2) were downregulated precipitously in the d4 and d28 timepoints. As expected,
transcription factors reported to be downstream of NGN2 (NEUROD1, NHLH1, NEUROD4 and
HESG6) were upregulated at day 4 and subsequently downregulated. Mature neuronal markers
(MYT1L) and neuronal subtype markers (ISL1, PHOX2B) were induced and maintained during
differentiation (Figure 1D, Figure 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 (Youwot=0.75, Xauwot=0.5, variable
genes=1144). We found that day 28 iN cells homogeneously express glutamatergic markers
[VGLUT2 (SLC17A6), VGLUTL1 (SLC17A7)] confirming our previous findings that the NGN2
hES-IN cells contain exclusively glutamatergic functional synapses (Zhang et al.,, 2013).
However, the day 28 iN cells formed three relatively distinct clusters with similar cell numbers
(Figure 1E, F, G). One cluster of cells was positive for cholinergic transporters [VAChT
(SLC18A3), ChT (SLC5A7)] and the two transcription factors, ISL1 and PHOX2B. Another
cluster was characterized by glutamatergic genes and ISL1, but not PHOX2B expression. The
third cluster expressed glutamatergic markers only (Figure 1F, H). 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 (Figure
11, J, K, L). These data demonstrate that NGN2 induces exclusively glutamatergic neurons, but
a subset co-expresses cholinergic markers. Importantly, the induction of a cholinergic subtype is
only partial, since CHAT, the rate limiting enzyme for acetylcholine synthesis, is not expressed
in most cells (Figure S1D).

ISL1 and PHOX2B are known to be expressed in spinal/cranial motor neurons and
sympathetic/parasympathetic neurons (Ericson et al., 1992; Pattyn et al., 1997). Notably, their
overexpression induces cranial or spinal cholinergic neurons (Mazzoni et al., 2013). Moreover,
ISL1, PHOX2B, SLC18A3 and ChT (SLC5A7) are not detected by scRNA-sequencing in
neurons and glial cells in human cortex (medial temporal gyrus) (Figure S1G). We therefore
found the prominent ISL1 induction following NGN2 expression surprising 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 (R2 = 0.0002, Pearson = -0.01) indicating that NGN2 may induce ISL1 only
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indirectly (Figure S1E). Similarly, little to no correlation was found between ISL1 and PHOX2B
expression levels (R? = 0.0534, Pearson = 0.23) but there is a Boolean relationship with
PHOX2B+ cells being a subset of the ISL1+ cell population (Figure 1L, S1F).

A closer examination on the neurotransmitter subtype specific transporters or rate
limiting enzymes for GABAergic, monoaminergic and cholinergic neurons showed that the
transporters and enzymes required for the neurotransmitter production and release are not all
expressed within the same cell (Figure S1C, D) signifying that the induction of subtype
specification genes is not complete. This intriguing finding raises the possibility that NGN2
induces multiple neurotransmitter subtype specific gene programs and additional mechanisms

must complement NGN2 to accomplish precise subtype-specification (Figure S1D).

Cholinergic gene induction in hES cells by NGN2 is mediated by ISL1 and PHOX2B

Our scRNA sequencing data showed a correlation between ISL1 and PHOX2B and the
cholinergic gene program. We wondered whether ISL1 and PHOX2B are responsible for the
induction of cholinergic genes initiated by NGN2 in hES cells (Figure 2A). To that end, we
overexpressed ISL1, PHOX2B and both genes together with NGN2 and found that all
transcription factor combinations produced B-llI-tubulin positive cells as early as day 4 (Figure
2B). Quantitative RT-PCR on day 4 iN cells showed that ISL1 and PHOX2B induced expression
of two cholinergic genes (VAChT (SLC18A3) and ChT (SLC5A7)) (Figure 2D). CHAT was only
induced moderately and only by ISL1 (Figure 2D). The same findings were reproducible in
another ES cell line (Figure 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 ISL1 suggesting that the induction of cholinergic
genes by those two transcription factors is independent of each other (Figure 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) (Figure 2E, G-H). The downregulation of ChT
(SLC5A7) could be confirmed by Western blotting (Figure 2F). Unlike ISL1, PHOX2B knock-
down only reduced the induction of ChT (SLC5A7), the gene most prominently induced by
PHOX2B (Figure S2A, B) while the other two cholinergic genes remained unchanged. In
summary, in hES cells, NGN2 indirectly induces the expression of cholinergic genes via the
initial induction of ISL1 and PHOX2B both of which induce cholinergic expression independently
of each other. Of note, the ISL1 and PHOX2B induction occurs only in a subset of NGN2

infected cells and the cholinergic programs are incomplete (i.e. cells do not express all three
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cholinergic genes CHAT, ChT (SLC5A7), vVAChT (SLC18A3) required for proper acetylcholine
synthesis and release).

Regionalization of donor cells is maintained throughout NGN2-mediated differentiation
but does not resolve neuronal subtype blurring

During development, NGN2 is induced in neural progenitor cells after they have been endowed
with a positional identity. Those neural progenitors with different positional identities
subsequently differentiate into forebrain glutamatergic neurons, spinal cholinergic motor
neurons and peripheral sensory neurons. This may suggest that NGN2 induces different
subtype differentiation programs based on the developmental history and the positional identity
of the neural progenitor cells (Brunet and Ghysen, 1999). Given that our hES-iN protocol
bypasses the regional identity specification step, we hypothesized that NGN2 overexpression in
neural progenitor cells with specific regional identities can help restrict the neurotransmitter
subtype of the resulting iN cells such as the partial induction of a cholinergic program by limiting
the promiscuous action of NGN2. To test this idea, we first differentiated hES cells into anterior
(SL, treated with SB431542 and LDN193189) and posterior (SLC, treated with SB431542,
LDN193189 and CHIR99021) neuroectodermal cells and then expressed NGN2 to induce their
differentiation into neurons (Figure 3A, Figure S3A) (Chambers et al., 2009; Du et al., 2015).
As a control we also included hES cells expressing NGN2 without prior neuralization and
regionalization. We confirmed that anterior progenitors (SL) were positive for OTX2 and
posterior neural progenitors (SLC) were positive for HOXA3 by immunofluorescence (Figure
3B) and qRT-PCR (Figure 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 during
mouse CNS development (Parras et al., 2002). We hypothesized that those drastically different
starting populations would present NGN2 to different chromatin environments affecting
neurotransmitter subtype specification.

All three starting populations [H9-hES, anterior (SL) or posterior (SLC) neural progenitor
cells] produced mature iN cells with elaborate processes upon NGN2 induction (Figure S3B).
To investigate how these different starting populations affect subsequent 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 phenomenon: The stronger first principal component (explaining
69% of the variance) expectedly indicated the cell maturation (Figure 3C). However, the

second, weaker principal component (explaining 8% of the variance) accounted for the different
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starting populations irrespective of differentiation stage (Figure 3C). This indicates that certain
features of the starting cell population (and the most prominent different features between SL
and SLC neuroectoderm is their regionalization) is not affected by NGN2 and remains
throughout NGN2-mediated neuronal differentiation.

To further investigate this possibility, we inspected expression of region-specific genes.
Analysis of differentially expressed genes among the three starting cell populations (padj<0.05,
2-fold) showed genes involved in forebrain development are enriched in the anterior population
and genes for hindbrain and cranial development are enriched in the posterior population
(Figure 3D). Classic anterior (FOXG1 and OTX2) and posterior (CDX2) marker genes were
among the differentially expressed genes as expected with minimal expression of midbrain
markers such as EN2 and GBX2 (Figure 3E). To understand whether the regional identity of the
pre-patterned neural progenitor cells is maintained during NGN2-mediated differentiation, we
inspected differentially expressed genes among the three populations two days after NGN2
expression (padj<0.05, 2-fold). We found that the pre-established regional identities were
preserved in these immature neuronal cells reflected in the rhombomere development GO term
enrichment in the posterior cells and a forebrain regionalization GO term in the anterior cells
(Figure S3D). This suggests that the NGN2-induction of neuronal specification does not
overwrite the pre-established regional identities and that NGN2-iN cells can be endowed with
more refined regional identities by patterning neural progenitor cells (Figure S3D, 3H).
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 neural stem cells, anterior progenitor markers LHX2/5 and SIX3 are higher
compared to that from H9 and the posterior neural stem cells; meanwhile for day 2 NGN2 iN
cells derived from posterior neural stem cells, different spinal cord progenitor domain markers
IRX3, LBX1 and PAX2 are higher compared to that from H9 and the anterior neural stem cells
(Figure 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 maintained (Figure 3G, H). For example, telencephalic development genes (SIX3, FEZF1)
were induced in SL-NGN2-28d iN cells and inner ear receptor cell genes (HEY2, ATOH1) were
induced in day 28 SLC-NGN2-28d iN cells. While the H9-derived iN cells expressed genes
involved in cerebellar, cranial and sympathetic neuron development, the iN cells derived from
the two pre-patterned neural stem cells downregulated those genes precipitously (Figure 3G).

Next, we addressed our initial hypothesis and investigated the neurotransmitter subtype
specification of day 28 NGNZ2-iN cells derived from the three different starting populations.

Contrary to our expectation, the patterning did not fundamentally affect the induction of a
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cholinergic program which remained partial in all three conditions (Figure 3l). In particular the
posterior condition yielded rather a decreased than increased expression of cholinergic genes
and failed to induce CHAT. Western blot analysis confirmed noticeable decrease of CHT in SL-
NGN2-28d (SLC5A7) protein level compared to the other two populations (Figure S3F).
Although none of the three different conditions eliminated the cholinergic program completely or
induced a full cholinergic subtype, quantitative expression differences were observed. For
example, ISL1 and vVAChT (SLC18A3) is lowest in SLC-NGN2-28d, and PHOX2A/B as well as
ChT (SLC5A7) are low in both SL-NGN-28d and SLC-NGN-28d compatible with our previous
finding that ChT (SLC5A7) is most induced by PHOX2B and that vVAChT (SLC18A3) is most
induced by ISL1 (Figure 2D, Figure 3lI).

Similar to cholinergic subtype specification, we found no clear pattern between the three
groups when we plotted the expression of marker genes for different neurotransmitter
phenotypes (Figure S3E). On the other hand, excitatory genes are prominently expressed in iN
cells from all three cell types, although somewhat reduced in SL and SLC conditions (Figure
S3E). Electrophysiology confirmed a glutamatergic specification since both SL-NGN2-28d and
SLC-NGN2-28d iN cells exhibited exclusively miniature excitatory postsynaptic currents
(EPSCs) which could be blocked by the AMPA receptor blocker CNQX (Figure S3G). The
excitatory phenotype was further corroborated by homogeneous expression of the glutamatergic
marker vGLUT1 as determined by immunofluorescence (Figure S3H).

To examine whether regionalizing stimuli after NGN2 induction would alter
neurotransmitter subtype specification, we systematically added agonists and antagonists
targeting major signalling pathways (TGFB, BMP, Wnt, FGF, RA, SHH) after doxycycline
induction for 7 days and examined the level of cholinergic genes of the H9-iN cells at day 7. We
observed no significant upregulation or downregulation of ISL1, ChT (SLC5A7), VGLUT1 with
the exception of CHIR99021 (Wnt agonist) and Trametinib (FGF antagonist) which induced
immature/stressed neuronal cells and cell death, respectively (Figure S3l). Thus, regionalizing
factors after neuronal induction has even less effect on neuronal subtype-specification than
regionalizing the progenitor cells.

In summary, our findings showed that the regional identity of the starting cell population
is stably inherited by neurons after NGN2 induction, and thus is unaffected by NGN2. At our
level of sophistication, the broadly defined anterior and posterior differentiated progenitor

populations used are insufficient to induce complete neurotransmitter subtype specification.

Genomic binding of NGN2 is dependent on the chromatin configuration
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We next sought to molecularly explain the context-specific effects of NGN2 and asked whether
the chromatin state affects the physical binding of NGN2. The genomic binding of Ascll, the
other prominent proneural bHLH factor, was shown to be similar between cell types (Wapinski
et al., 2013). We performed ChIP-sequencing of NGN2 and found 2625, 706 and 770 high-
confidence peaks in H9, SL and SLC cells, respectively, two days after NGN2 induction.
Removing the peaks that are also present in rtTA control, we obtained 2018 sites among H9-
NGN2-2d, SL-NGN2-2d and SLC-NGNZ2-2d. 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 (Figure 4A). The bHLH motif (CANNTG) was most significantly enriched in all cell
types (E-values: 1.0E-676, 1.9E-682, 8.9E-319, respectively) (Figure 4B, C) with most peaks
harboring more than one bHLH motif (Figure 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 (Figure S4B). When we compared the peak classification in all three
conditions, the majority of the peaks were located in intergenic and intronic regions and only a
small subset of the peaks in promoter regions (Figure S4C).

Given the surprising differential binding of NGN2 we next sought to better characterize
these differences. Hierarchical clustering of NGN2 peak intensity (+/- 50bp from the peak
summits) showed that in fact the majority of sites (about 60%) are commonly bound by NGN2 in
all three cell types (Figure 4A, 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 5 clusters that show preferential binding in one or two
cell types. Notably, the majority of such sites comprising the 3 largest clusters show NGN2
binding in H9 cells with co-enrichment in SLC (Figure 4A, turquois cluster), co-enrichment in SL
(Figure 4A, blue cluster), or no co-enrichment in either SL or SLC (Figure 4A, orange cluster).
Only few sites are depleted in ES cells and enriched in both SL and SLC (Figure 4A, red
cluster) or enriched in SLC only (Figure 4A, yellow cluster). Thus, unlike what we found for its
closely related factor Ascll, NGN2 genomic binding is clearly chromatin context dependent.

PCA analysis of the three ChlIP-seq samples showed that H9-NGN2 and SL-NGN2
cluster more closely together than SLC-NGN2 (Figure 4D). When we performed differential
NGN2 binding analysis among the three samples, we found that there 186, 509 and 322 peaks
differentially occupied when comparing H9-NGN2 vs SL-NGN2, H9-NGN2 vs SLC-NGN2 and
SL-NGN2 vs SLC-NGN2 (FDR <0.1) (Figure 4E). For example, NGN2 binds in all three
conditions in the proximity of HES6 while only NGN2 in SLC-NGNZ2 condition bound to the distal
region from the LHX3 promoter (Figure S4G, H).
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NGN2 directly binds and regulates ISL1 and cholinergic genes

The prominent ISL1 expression in NGN2-iN cells was a surprising result, since NGN2
expression does not correlate well with Isl1 during development as only a small subset of NGN2
expressing progenitor cells give rise to Isl1+ neurons and not all cholinergic neurons are derived
from NGN2+ cells. Moreover, we had found no correlation between the protein levels of NGN2
and ISL1 in human iN cells by immunofluorescence (Figure S1E). However we were surprised
to find NGN2 bound at the ISL1 and the combined CHAT and vAChT (SLC18A3) loci (Figure
4F, right traces). NGN2 binding strength correlated with the expression level of ISL1, CHAT and
VAChT (SLC18A3) between the three cell types (Figure 4F, compare expression left with
binding right).

A combination of chromatin accessibility and signaling pathway-induced transcription
factors may guide NGN2 binding

To characterize the chromatin state at differential NGN2 binding sites, we performed
ATAC sequencing in the three populations (H9, SL and SLC) before and after NGN2
expression. Confirming the proper regionalization, the promoter region of the anterior gene
FOXG1 was most accessible in anterior (SL) cells and the posterior gene CDX2 more
accessible in posterior (SLC) cells (Figure S4E). Using PCA, we found that the neural SL and
SLC cells cluster closer together than undifferentiated ES cells (Figure S4D). Following NGN2
expression all three populations shifted remarkably similarly into the same direction suggesting
that the effects of NGN2 on chromatin is similar between the three cell types.

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 (Figure 4A). 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 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 (Figure 4A) nor the types of E-boxes alone (Figure S4F). We thus
performed motif enrichment analysis on these two clusters and found an additional enrichment
of ZNF281 motif and SMAD4 motif adjacent to the bHLH motif in the H9-NGN2 and SL-NGN2
specific peaks (blue) and H9-NGN2 and SLC-NGN2 (green) respectively (Figure 4C). It was
previously reported that both TCF and ZNF281 motifs are co-enriched in B-catenin ChlP-seq,
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suggesting ZNF281 might be downstream of Wnt signalling (Kjolby and Harland, 2017). This
shows that the downstream effectors TGFR/BMP and WNT (SMAD4 and ZNF281, respectively)
may guide NGN2 to these differential sites even though they are in a less accessible state.

EMX1 and FOXG1 cooperate with NGN2 to induce homogeneous forebrain excitatory
neurons
In the mammalian brain, OTX2, OTX1, EMX2 and EMX1 show a nested and progressively
restrictive expression pattern with OTX2 expression extending from the telencephalon to mid-
hindbrain boundary and EMX1 limiting within the glutamatergic neurons, astroglia and
oligodendrocyte of most pallial structures (Gorski et al., 2002; Yoshida et al., 1997) (Figure 5A).
In our quest to further improve neuronal specification, we thus wanted to explore the effects of
coexpressing these spatially restricted transcription factors together with NGN2. To this end, we
cloned multiple forebrain and fore-/midbrain transcription factors (EMX1, EMX2, OTX1, OTX2,
TBR2, LHX2 and FOXG1) and co-expressed them with NGN2 (Figure 5B, S5A) (Hébert and
Fishell, 2008). All transcription factors, except OTX1 and TBR2, produced iN cells upon
overexpression with NGN2 (Figure S5A, S5C). We first used ISL1 expression to assess
whether the addition of forebrain transcription factors would focus the cellular subtype
specification of NGN2-only iN cells. Indeed, when characterized on day 28 after infection, the
additional expression of EMX1, EMX2 and FOXG1, but not OTX2, greatly reduced the
percentage of ISL1-positive neurons (Figure 5C, S5D). In all conditions, the overwhelming
majority of iN cells expressed the excitatory marker vGLUT (Figure S5B, S5C). We then
performed RNA-sequencing. The PCA showed that NGN2:EMX1, NGN2:EMX2 and
NGN2:FOXG1 are similar to each other and distinct from both NGN2 and NGN2 OTX2 (Figure
5D). Hierarchical clustering based on the genes that are significantly changed at least 2-fold
within the different transcription factor combinations shows that both NGN2 with EMX1 and
EMX2 overexpression induced genes that are involved in cerebral cortex development (FOXP2)
and anterior specification (BTG2, EMX2, NEUROD1) and NGN2:OTX2 overexpression
upregulated a large number of progenitor transcription factors (NKX2-1, MEIS2, SOX6, NR2F1)
(Figure 5E). Furthermore, we found that all three cholinergic genes (ChT (SLC5A7), vVAChT
(SLC18A3), and CHAT) as well as ISL1, PHOX2B were repressed in NGN2:EMX1,
NGN2:EMX2 and NGN2:FOXG1 compared to NGN2 or NGN2:0TX2 (Figure 5F). This result is
confirmed in an independent cell line (Figure S5H). gRT-PCR for ISL1, ChT (SLC5A7) and
vGLUT1 confirmed the sequencing results (Figure S5E).

Similarly, inspecting other neurotransmitter subtype specific genes, EMX1, EMX2, and

FOXG1 repressed most monoaminergic subtype specific genes while maintaining the level of
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glutamatergic subtype specific genes (Figure S5I). All three genes critical for GABAergic
identity were even more reduced in NGN2 only cells by co-expression of EMX1 and 2. FOXG1
reduced expression of both Glutamate decarboxylases 1&2 but left vesicular GABA transporter
(VGAT/SLC32A1) unchanged (Figure S5I). Of note, EMX1 is only expressed in excitatory
neurons whereas FOXGL is expressed in both excitatory and inhibitory neurons (Figure S5F).

These data show that in particular EMX1 potently eliminates the cholinergic,
monoaminergic, and GABAergic programs partially induced by NGN2 alone resulting in much
more homogeneous excitatory cells. We therefore wondered whether the failure to eliminate
cholinergic program by anterior patterning (SL vs. SLC cells) that we had observed before could
perhaps be explained by a lack of EMX1 expression. Indeed, while EMX1 was properly induced
in anterior progenitor cells, it was rapidly downregulated during neuronal differentiation and we
found an anti-correlation between EMX1 and ISL1 expression levels in day 2 and 28 cells
(Figure S5G).

Finally, we sought to functionally characterize the newly generated excitatory cells.
While EMX1, EMX2, OTX2 and FOXGL1 are well-characterized developmental regulators, their
expression in adult 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
FOXGL1 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 (Figure S5F). Thus, among those 4 genes, only EMX1 and FOXGL1 are expressed in
cortical excitatory neurons. We therefore tested whether NGN2-iN cells with and without EMX1
and FOXG1 co-expression are glutamatergic by electrophysiology. All iN cells analyzed from
the three groups exhibited miniature excitatory postsynaptic currents (EPSCs) that could be
blocked by the application of an AMPA receptor antagonist, CNQX (Figure 5G). Of note, upon
AMPA receptor blockade no other kinds of postsynaptic currents were detectable showing that
these iN cells are predominantly glutamatergic. The EPSC amplitudes were similar between
NGN2 and NGN2:EMX1 and slightly decreased in NGN2:FOXG1 iN cells (Figure 5H). The
miniEPSC frequency was slightly decreased in NGN2:EMX1 and NGN2:FOXG1 when
compared to NGN2 cells (Figure 5H). The intrinsic membrane properties such as membrane
resistance and capacitance, parameters influenced by overall cell size and ion membrane

permeability, were similar between the different conditions (Figure 5H).

The forebrain transcription factors EMX1 and FOXG1 redirect NGN2 chromatin binding

explaining decreased activation of cholinergic genes
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Next, we wanted to explore the mechanisms how the addition of EMX1 or FOXGL1 restrict
NGN2’s ability to induce neuronal subtypes. There are two non-mutually exclusive principle
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 ChlIP-sequencing with and without co-expression of
EMX1 and FOXG1 (Figure 6A). Remarkably, the NGN2 binding patterns were distinct between
the three conditions with some shared and some condition-specific binding sites (Figure 6A).
Differential NGN2 binding analysis revealed 1603, 2701 and 1525 differential peaks in pair-wise
comparisons of the three conditions (FDR <0.1) (Figure 6B). For example, the distal region of
the FOXO6 locus is bound by NGN2 in ES cells only when co-infected with FOXG1 (Figure
S6D, green highlight) whereas the NGN2 binding site at the HES6 locus is bound in all
conditions (Figure S6E, purple highlight). The FOXG1- and EMX1-induced modulation of NGN2
binding is also reflected in the PCA analysis that shows a clear separation primarily by the
second principal component (Figure S6F). When compared to differential regionalization of
neural precursor cells (SL and SLC cells), EMX1 or FOXG1 co-expression led to a much more
enhanced relocation of NGN2 in ES cells (compare Figures 6B and 4E).

We next wondered whether the altered NGN2 binding pattern may explain the prominent
repression of cholinergic genes. Indeed, a prominent NGN2 peak upstream of the CHAT/VAChT
(SLC18A3) locus was weaker bound by NGN2 when either FOXG1 or EMX1 were co-
expressed (Figure 6G). Then, we wanted to find potential explanations for the differential NGN2
binding. Sites that are unique in NGN2:FOXG1 cells were enriched for regulation of
gonadotropin secretion and compartment pattern specification consistent with the FOXG1
expression pattern (Figure 6A). Sites unique for the NGN2-only condition enriched for the GO
terms negative regulation of glial cell proliferation, regulation of neurotransmitter levels, and
cerebellar cortex development. No GO terms were significantly enriched in sites unique to
NGN2:EMX1 (Figure 6A).

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 centering at
the flagNGN2 peak summits and found that the different clusters are all similarly accessible
(Figure 6A, blue). Thus, the unique NGN2 binding sites in NGN2:EMX1 and NGN2:FOXG1 are
not simply due to inaccessibility in ES cells.

We next performed motif and peak distribution analysis of the NGN2 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 (Figure 6A, S6A). When we further
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subdivided bHLH motifs enriched in the NGN2:EMX1 and NGN2:FOXG1, we found that
NGN2:EMX1 has a higher percentage of the CAGCTG E-box motif and NGN2:FOXG1 has a
higher percentage of the CAGATC E-box motif similar to NGN2 alone (Figure 6C, S6B). The
peak distribution was similar between the samples (Figure S4C, S6C).

The differential E-Box enrichment among different NGN2 peaks suggested potentially
additional sequence similarities among the different NGN2 bound clusters. Indeed, the unbiased
de-novo motif search analysis also produced the canonical Foxgl motif among the
NGN2:FOXG1-unique NGN2 binding sites (Figure 6C). 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 motif was eight times more enriched within the NGN2 peaks specific for the
NGN2:FOXG1 cell compared to the peaks specific for the NGN2-only infected cells (Figure 6D).
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 interact with NGN2, these data suggest that EMX1 and FOXG1 may recruit
NGNZ2 to their own binding sites, even when they contain less preferred E-box motifs.

To explore this idea further, we performed ChlP-sequencing for flaggEMX1 in ES cells co-
infected with flageMX1 and NGN2. We obtained 1393 significant peaks (n=2, idr<0.10) (Figure
S6G) and most peaks contained a homeobox motif (Figure S6G, 1). They are located in the
intergenic, intron and gene body (Figure S6H, J). The peak distribution of EMX1 was slightly
different than NGN2 with a much reduced promoter region localization (Figure S6J, compare to
Figure S6C). When plotting the flaggMX1 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 Figure 6A). This demonstrates that
cooperative binding with EMX1 allows NGN2 to bind 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. In particular we were wondering whether EMX1
may repress the promiscuous activation of neuronal subtypes programs. Therefore, we first
explored the direct transcriptional effects of EMX1. We identified the putative EMX1 target
genes (genes within 10Kb of EMX1 binding) and plotted their average expression level in ES
cells infected with NGN2 or EMX1:NGN2. 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 (Figure 6E). This indicates that EMX1 might have repressive

functions. Repressed genes include posterior genes like HOX genes, ISL1, and PHOX2 genes,
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involved in cranial nerve, hindbrain formation and spinal and sympathetic neuron development.
On the other hand anterior genes involved in forebrain development were upregulated upon
EMX1 co-expression (Figure 6F). In support of this notion, we found that Emx1 binds the ISL1
locus when expressed in ES cells (Figure S6H). Thus, EMX1 acts independently of NGN2 to
repress posterior genes but also influences NGN2 binding to achieve a homogeneous forebrain
glutamatergic neuronal identity.

DISCUSSION
In this study we used NGN2 hES-iN as a platform to systematically investigate the effects of
epigenetic landscapes induced by differentiation and the effects of introducing transcription
factors with a spatially restricted expression pattern. During development, neural progenitor
cells acquire a regional identity via spatially restricted transcription factors induced by
morphogens. The proneural bHLH transcription factor, NGN2 then “primes” the neural
progenitor cells with pan-neuronal genes and a neurotransmitter subtype specific gene program.
When expressed in human ES cells, NGN2 induces neurons of exclusively glutamatergic
subtype specification. However, our single cell characterization here revealed a certain degree
of heterogeneity of NGN2-iN cells with partial expression of cholinergic and monoaminergic
programs among a subgroup of excitatory cells. We found that unexpectedly, cholinergic
programs are directly induced by NGN2 in human ES cells, via direct regulation of cholinergic
effector genes and the developmental regulator ISL1. In the absence of a step to specify
regional identity, the incomplete neurotransmitter programs were retained in addition to the
glutamatergic program in neurons. Therefore, we deduced that adding a step to endow the cells
with a regional identity by differentiation would eliminate the unwanted cholinergic program. We
chose to differentiate human ES cells into anterior and posterior neuroectodermal cells before
NGN2 induction. NGN2 is highly expressed in glutamatergic cortical projection neurons
(anterior) and in the cholinergic spinal motor neurons (posterior) (Parras et al., 2002). In those
experiments, we showed that the incomplete cholinergic and monoaminergic programs can be
modified but not eliminated with a more defined starting population. For example, iN cells
obtained from the anterior neural stem cells have a higher level of vGIuT1 (SLC17A7) (a
glutamatergic marker) and a low level of ChT (SLC5A7) (a cholinergic marker) when compared
to the posterior neural stem cells, fitting the neuronal population NGNZ2 is expressed (Figure 3l).
However, not all cholinergic genes were completely downregulated. iN cells derived from the
anterior and posterior neural stem cells have similar expression levels of two cholinergic genes,
VAChT (SLC18A3) and CHAT. This could be due to the two starting populations we used. The

anterior neural stem cells we used in this paper express OTX2 whose expression span
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telencephalon, diencephalon and mesencephalon (Figure S4l). Thus, we cannot rule out further
refinements in the differentiation protocol (instead of only anterior and posterior neural cells)
may affect the neurotransmitter identity and further specify a more homogeneous neuronal
subtype.

Unlike neurotransmitter phenotype specification, we found that the regional identity of
mature iN cells is highly dependent on that of the starting population. This finding is significant
as it opens up the NGN2 iN cell platform to generate glutamatergic neurons with different
regional identities by merely changing the starting population. More importantly, the regional
identity of the starting population instructs which sets of genes are upregulated or
downregulated (Figure 3F, G). We think that different regional identities of the starting
population might present NGN2 with different chromatin landscapes, resulting in different
lineage specification genes being regulated. Indeed, we found regions that are differentially
bound by NGN2 among the three starting cell populations (Figure S4l). A subset of the
differentially bound regions can be attributed to chromatin accessibility alone. The other
differentially bound regions could be explained by the secondary motifs found which we
attributed to the downstream effectors of TGFR/BMP and WNT pathways. Moreover, even for
the commonly bound sites, the peak height might be different. We found that the NGN2 peak
height correlates with the expression of the closest genes. Given that peak height is a proxy to
estimating the proportional of the cells having the peak and that NGN2 binds mostly to enhancer
regions, chromosome conformation assays could be used in the future to examine this
hypothesis. Summing up, we have shown NGN2 binds differently in different starting
populations, inducing vastly different downstream genes.

We next asked whether region-specific transcription factors can modulate NGN2-
induced neuronal specification. We shortlisted a handful of candidates with varying degree of
restrictive expression in telencephalon and co-expressed them individually with NGN2(Hébert
and Fishell, 2008). EMX1 and FOXG1 gave the clearest results when overexpressed with
NGN2. We observed a precipitous decrease in the level of transcription factors involved in
cholinergic neuron specification (ISL1 and PHOX2B) and all cholinergic rate limiting enzyme
and vesicular proteins (CHAT, ChT (SLC5A7), VAChT (SLC18A3)). During development, EMX1
expression starts in mouse around E9.5 and is expressed in differentiating and mature mostly
glutamatergic neurons and astrocytes in the cortex, hippocampus and olfactory bulb (Briata et
al., 1996; Yoshida et al., 1997). FOXG1 expression begins around E8.5 in the telencephalic
primordium which later becomes dorsal and ventral telencephalon (Tao and Lai, 1992). Dorsal
telencephalon includes neocortex and hippocampus and generates predominantly glutamatergic

neurons. Ventral telencephalon includes medial, lateral and caudal ganglionic eminences and
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generates various populations of mostly GABAergic neurons in the cortex, striatum, basal
ganglia and olfactory bulb. It is thus not surprising to see an additional incomplete GABAergic
program, indicated by the SLC32A1 (or VGAT) expression, in the NGN2 FOXG1 day 28 iN
cells. In the same note, OTX2, albeit lowly expressed in mature cortical excitatory and inhibitory
neurons, induced additional cholinergic and dopaminergic programs when co-overexpressed
with NGN2. OTX2 is believed to be a selector type transcription factor (Arlotta and Hobert,
2015) as conditional deletion OTX2 in the neural stem cells using Nestin-cre led to the formation
of cerebellar-like structure instead of the colliculi and ectopic formation of serotonergic neurons
in the midbrain (Vernay et al., 2005). All these data support the notion that NGN2, when
restricted by other homeodomain transcription factors with distinct A-P expression domain,
upregulates neurotransmitter programs of the neurons later present in that domain and
downregulates unwanted neurotransmitter programs (Figure S6K). The effects of the
homeodomain transcription factors in vitro reported here are in agreement with the role of
“spatial selectors” during development which are defined as factors with defined spatial
expression that instruct/restrict the regional identity of multipotent progenitors and later limit the
subtypes of mature neurons generated from that progenitor domain (Allan and Thor, 2015). This
function is similar to the “many-but-one” cell type specification function of MYT1L. Just like
MYTLL limits the programs of many other lineages except the neuronal, EMX1 represses all
other neurotransmitter subtype programs except the glutamatergic program (Mall et al., 2017).
Given that EMX1 and FOXG1 expression are also detected in adult forebrain projection neurons
as reported in scRNA-sequencing data, we reckon that in an in vitro setting EMX1 and FOXG1
might also have terminal selector functions where it actively promotes the correct
neurotransmitter subtype genes and limits the promiscuous neurotransmitter subtype genes in
mature iN cells from NGN2 protocol (Figure 6F, S6K) (Arlotta and Hobert, 2015; Hobert, 2008).
In summary, these spatially defined homeodomain transcription factors present in neural
progenitors thus restrict the promiscuity of NGN2 binding and assist in the generation of
different neurotransmitter subtypes from a limited number of bHLH proneural transcription
factors.

In this paper, we outlined the transcriptional neuronal input-output codes by modulating
the chromatin environment of the starting populations or by pairing NGN2 with homeodomain
transcription factors which are expressed in the progenitors and mature neurons. This protocol
coupled with pre-differentiated neuronal progenitors using established protocols followed by
overexpression of proneuronal factors or subsequent expression of subtype specific POU or
homeodomain transcription factors would vastly generalize the utility of NGN2 iN cell protocols

(Fattahi et al., 2016; Tchieu et al.,, 2017; Tsunemoto et al., 2018). This paper serves as a
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blueprint to generate not only bona fide neurons of different neurotransmitter subtypes and
neurons of the same neurotransmitter subtypes residing in different anterior-posterior levels but

also various cell types in the other organ systems (Guo and Morris, 2017).
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MATERIALS AND METHODS

Reprogramming of human embryonic stem cells to induced neurons (iN)

We followed the protocol previously described (Zhang et al., 2013). Human embryonic stem
cells (H1 and H9, University of Wisconsin) were plated single cell and infected the next day with
TetO-FLAG-NGN2-T2A-PUROR and FUW-rtTA. Doxycycline was added to the wells the next
day. To select for only NGN2 transducing cells, puromycin (Final concentration: 2pg/ml, Sigma)
was added in addition to doxycycline the next day and kept for 3 days. 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 14d and removed for the last 14d.

For the knock-down experiment, shRNAs obtained from Sigma (ISL1: TRCN0000014893,
TRCN0000014897; PHOX2B: TRCNO0000358499, TRCNO0000358500) were packaged into
lentiviruses and co-infected with TetO-FLAG-NGN2-T2A-BLASTR and FUW-rtTA. Doxycycline
was added to the wells the next day. To select for only NGN2 transducing cells, puromycin
(Final concentration: 2ug/ml, Sigma) and blasticidin (Final Concentration: 10ug/ml, Sigma) was
added in addition to doxycycline the next day and kept for 3 days

For the forebrain transcription factors experiments (EMX1, EMX2, FOXG1, OTX2), they were
first cloned into TetO-IRES-HYGROR plasmid and coinfected with TetO-FLAG-NGN2-T2A-
PUROR and FUW-rtTA. In the case of forebrain transcription factor experiment, hygromycin
(150ug/ml, Roche) was added to select for the additional transcription factor.

For all NGN2 ChIP-sequencing experiment (NGN2 in different chromatin environments and
NGN2 with EMX1/FOXG1), FUW-rtTA and TetO-FLAG-NGN2-T2A-PUROR were used. For the
EMX1 ChiIP-sequencing experiment, FUW-rtTA, pTight-NGN2-PGK-puro and TetO-flagEMX1-
IRES-HYGROR were used instead. The cells were dox induced for 2d before they were
harvested and used for ChlP-seugencing

The experiments were performed in accordance with California State Regulations, CIRM
Regulations and Stanford's Policy on Human Embryonic Stem Cell Research.

Differentiation of human embryonic stem cells into human anterior and posterior neural stem
cells

We followed the protocol previously described (Du et al., 2015). Human embryonic stem cells
were plated in clumps in the presence of Y27632 (10mg/ml, 1000x, Axon MedChem). The hES
colonies were allowed to grow in mTESR for another day before the media was switch to
differentiation media (1X N2, 1X B27, DMEM/F12: Neurobasal=1:1 (Invitrogen), 0.1mM
Ascorbic acid (Sigma)) with small molecules [SB431542, LDN193189 and CHIR99021 (Final
concentration: 10uM, 100nM and 3uM from Stemgent and Tocris)] and the cells were allowed to
differentiate in the media for 6 days before they were dissociated with Accutase and plated at
the density of 1 million cells per well of 6 wells for infection.

Single cell RNA sequencing library preparation
We followed the Smart-seq2 protocol outlined (Picelli et al., 2013). iN cells at 4d and 28d were
sorted in fluorescence activated cell sorter (BD FACS Aria) in the single cell mode into 96 well
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plates containing lysis buffer. The plates were snap frozen in dry ice for future processing.
Poly(A)+ mRNA was enriched using an oligo(dT) primer in the first strand synthesis. PCR
amplified cDNA for each cell was examined using fragment analyzer (Advanced Analytical) and
the concentration was normalized before it was used for library preparation (Nextera XT Kit,
lllumina). Primers were removed using AMpure XP beads (Beckman Coulter) and the resulting
library was sequenced paired ends and 150bp in the HiSeq 4000 platform.

Single cell RNA sequencing analysis

Raw reads were processed as follow: adapter sequences were trimmed, and poor-quality score
were removed using Skewer using the following settings (-q 21 -l 21 -n -u). Groomed reads
were mapped to hgl9 using STAR in a 2-pass setting (https://github.com/alexdobin/STAR). The
FPKM values were obtained using Cufflinks [Cuffquant: using default settings and a hgl9 gtf
file, Cuffnorm: default settings]. Cells with <400000 reads were excluded from subsequent
analysis. PCA and tSNE analysis were performed in R using FactorMineR and Seurat (y-
cutoff=0.75, x-cutoff=0.5) respectively. Violin plots were drawn using ggplot2 in R.

Bulk RNA sequencing

Total RNA_was collected using Trizol (Invitrogen) followed by cleanup using RNA Clean and
Concentrator (Zymo) using the manufacturer’s protocol. Samples were then QCed using
bioanalyzer and subjected to paired end sequencing (BGI platform).

Bulk RNA sequencing analysis
Raw reads were mapped to hgl9 and counts were obtained using STAR with the following

settings (--runThreadN 16 --outSJfilterReads Unique --outFilterType BySJout --outSAMunmapped Within --
outSAMattributes NH HI AS NM MD --outFilterMultimapNmax 20 --outFilterMismatchNmax 999 --alignintronMin 20 --
outFilterMismatchNoverReadLmax 0.04 --alignintronMax 1000000 --alignSJoverhangMin 8 --alignSJDBoverhangMin
1 --sjdbScore 1 --outSAMtype BAM SortedByCoordinate --outBAMcompression 10 --limitBAMsortRAM 60000000000
--quantMode TranscriptomeSAM GeneCounts --quantTranscriptomeBAMcompression 10 -outSAMstrandField

intronMotif) (Dobin et al., 2012). TPM were obtained from the mapped by using RSEM with the
following settings (--paired-end --seed-length 21 --no-bam-output --calc-pme --calc-ci —alignments). Differential
analysis was performed using DESeq2 in default settings (Love et al., 2014). Gene ontology
analysis was performed using PANTHER and only GO terms that are significant (corrected p-
value) were listed.

ATAC sequencing analysis

Libraries were made following the protocol by Buenrostro and coworkers (Buenrostro et al.,
2013) and sequenced paired ended in the Next-seq platform. Reads were trimmed using in-
house scripts and mapped to the reference genome (hg19) using bowtie2 using the following
additional option (--very-sensitive). Mitochondrial reads were then removed (awk \$3!="chrM"). Reads
were subsequently deduplicated using Picard (MarkDuplicates.jar). Mapped reads were
examined to ensure enrichment in the transcription start sites and gave a characteristic
fragment size distribution as described in the paper above.

Chromatin immunoprecipitation followed by sequencing (ChIP-seq)
NGN2 with a N-terminal FLAG-tag was used. hES or anterior/posterior neural stem cell was
infected with freshly purified viruses (TetO-FLAG-NGN2-T2A-PURO and FUW-rtTA) at day O.
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After 48 hours post doxycycline induction, cells were dissociated with Accutase, crosslinked in
1% formaldehyde (Thermo Scientific) for 10min, quenched with 0.125mM glycine (Sigma, final
concentration) for 5min and snap frozen in liquid nitrogen. 60-100 million cells were used per
replicate. Flag and mouse IgG beads (Sigma) were washed with IP dilution buffer (1% Triton X-
100, 2mM EDTA pH8.0, 20mM Tris-HCI pH8.0, 150mM NaCl, 1mM DTT, 100uM PMSF),
blocked overnight at 4°C in IP dilution buffer with 0.1% BSA and 0.06% sheared salmon sperm
DNA before use.

Nuclei were isolated by incubating with cell lysis buffer (5mM HEPES pH7.9, 85mM KCI, 0.5%
NP40, 100uM PMSF, protease inhibitors from Roche) for 10min on ice and centrifuged at
5000rpm for 5min at 4°C, then lysed with nuclear lysis buffer (50mM Tris-HCI pH8.0, 10mM
EDTA pH8.0, 1% SDS, 100uM PMSF, protease inhibitors) for 10min on ice. Chromatin was
sheared using Covaris sonicator until DNA was fragmented to 200-500bp (Settings: 10 min,
duty cycle =5%, intensity=4, cycle/burst=200). Sheared chromatin was diluted using 3X volume
of IP dilution buffer and pre-cleared for at least 4hr at 4°C using IgG beads (Sigma A0919). 1%
of pre-cleared chromatin was kept as input, and the remainder was incubated with FLAG beads
overnight at 4°C. Beads were washed 8 times with IP wash buffer (20mM Tris-HCI pH8.0, 2mM
EDTA pH8.0, 250mM NacCl, 1% NP40, 0.05% SDS, 100uM PMSF) and once with TE buffer with
100uM PMSF. Beads and 1% input samples were reverse cross-linked overnight in IP elution
buffer (50mM NaHCO3, 1% SDS) at 65°C.

ChIP-seq sequence alignment and peak calling

Reads were aligned to the hgl9 reference sequence using Bowtie 2.1.0 (Langmead and
Salzberg, 2012) with an additional -5 10 parameter to remove the low quality initial read. Peak
calling was performed using MACS 2.1.1 (Zhang et al.,, 2008). For experiments with two
replicates, reproducible peaks were selected using IDR 2.0.2 (Li et al., 2011) with cutoff of idr <
0.1 using the recommended pipeline for MACS2. For experiments with more than 3 replicates,
pairwise IDR was performed and reproducible peaks (idr < 0.1) for each pair were merged into a
single peak list using Bedtools merge. Differential peak binding and principal component
analysis were performed using Diffbind with summit=50 at q<0.10(Ross-Innes et al., 2012).
Peaks were considered differential bound if they have g<0.10 by DiffBind. The profile of peaks
that are differently expressed were then plotted using deeptools suite following the vignette.
Motif enrichment analyses were performed in the MEME-ChIP online suite using default settings
with the following changes (MEME options: Any number of repetitions, No of motifs should
MEME find: 10). Gene ontologies for the genes cis to the ChlIP peaks were performed using
GREAT.

Western blotting

In order to measure the protein levels 10ul of sample buffer was added for every 50000 cells
and 1ul of benzonase was added to the samples. The samples were placed on a heat block
(55°C) for 10-15 minutes. A precast 8-12% bis-tris gel was then loaded into the chamber, filled
with MES buffer containing 50 mL of running buffer (Invitrogen) and 950 mL of deionized H2O.
10ul of the denatured sample and a protein ladder was added per well. The gel was run at 200V
and then transferred onto a PVYDF membrane by running the transfer at 40V for 2 hours on ice
in a transfer buffer (850 mL deionized H20, 100 mL methanol, and 50 mL of transfer buffer)
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(Invitrogen). The membrane was then blocked with 5% milk in phosphate buffer saline with
0.1% Tween-20 for 30 minutes and stained with a primary antibody overnight. The gel was then
stained with a secondary antibody, imaged, and scanned for analysis. Antibodies used: goat-
OTX2 (1ug/ml. R&D), rabbit-HSP90 (1:2500, Cell Signaling), rabbit-FLAG (1:500, Sigma),
mouse-FLAG (1:1000, Sigma), mouse-ChT (1:500, Synaptic System). Goat and rabbit
conjugated horseradish peroxidase (1:5000, Jackson ImmunoResearch).

Quantitative RT-PCR

Total RNA_was collected using Trizol (Invitrogen) followed by cleanup using RNA Clean and
Concentrator (Zymo) using the manufacturer’s protocol. cDNA was obtained with reverse
transcription using SuperScript I kit (Invitrogen). gPCR was performed using primers list below
(SYBR, Invitrogen)

A list of primers used in the paper

Forward Primer Reverse Primer
hGAPDH TTG AGG TCA ATG AAG GGG TC GAA GGT GAA GGT CGG AGT CA
hISL1-2 TCC CTATGT GTT GGT TGC GG GCA TTT GAT CCC GTA CAACCT GA
hPHOX2B-2 ACG CCG CAG TTC CTT ACA AA CTG GTG AAA GTG GTG CGG AT
hOTX2-2 AAA TTG CTA GAG CAG CCC TCA GGG TTT GGA GCAGTG GAACTT A
hHOXA3-1 CAG CTC ATG AAA CGG TCT GC GAG CTG TCG TAG TAG GTC GC
hSLC5A7-3 CAC TGC TGT GCATGC CAA AT TCC ACC CAG CAT CAACAACA
hSLC18A3-2 GGC ATA GCC CTA GTC GAC AC CGT AGG CCA CCG AAT AGG AG
hCHAT-1 TGG CCT TCT ACA GGC TCC AT GGC CGA TCT GAT GTT GTC CA
hVGLUT1-2 CAG CCAACAGAGTTT TCG GC CGA CTC CGT TCT AAG GGT GG

Immunofluorescence Staining

The cells were fixed by adding PFA for 15 minutes. The cells were then washed in 1.5 mL of
PBS and then lysed and blocked in a blocking buffer containing PBS, 0.1%Triton-X, 0.1% NaNs,
and 5% CCS for 30 minutes. The cells were stained with the corresponding primary antibodies
diluted in blocking buffer 30 minutes at room temperature or 4C overnight. The cells were then
washed three times with blocking buffer before addition of the corresponding secondary
antibody in blocking buffer for 1 hour. The cells were then washed three times with blocking
buffer before the addition of DAPI (Invitrogen) in PBS for 1 minute. The cells were washed three
times and then imaged. Antibodies used: mouse-ISL1 (1:100, DSHB), goat PHOX2B (1:100,
Santa Cruz), rabbit-TUJI (1:1000, Covance), goat OTX2 (1:100, R&D), mouse HOXA3 (1:500,
R&D), mouse TUJI (1:1000, Covance), mouse MAP2 (1:500, Sigma), rabbit VGLUT1 (1:1000,
Synaptic system) and mouse Flag (1:1000, Sigma).

Image analysis

For the analysis of the IF staining MetaMorph® Microscopy Automation & Image Analysis
Software was used. To properly analyze the cells a minimum width of 15um and a maximum of
30pm was used. The DAPI channel was used as a positive control and the intensity above the
local background was manually adjusted for each sample such that only true positives were
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considered. After computation the nuclear intensity and counts were checked manually for any
false positives or counts which included more than one cell per count.

Electrophysiology

Recordings of the intrinsic and active membrane properties were performed as previously
described (Zhang et al., 2013). Briefly, cells were recorded in a bath solution containing (in mM):
NaCl 140, 10 HEPES, 10 Glucose, 5 KCI, 3 CaCl,, 1 MgCl, (pH adjusted to 7.4, 300 Osm).,
along with 1 pM Tetrodotoxin (American radiolabeled chemicals). 10 pM CNQX (Tocris) was
applied to block a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-receptor
excitatory postsynaptic currents (EPSCs), The miniEPSC recordings were performed in voltage-
clamp mode with internal solution containing (in mM): 135 CsMeSOs, 10 HEPES, 8 NaCl, 0.25
EGTA, 2 MgCl,, 4 MgATP, 0.3 Na.GTP, 5 PO4-creatine, 1 QX134 (pH adjusted to 7.3, 304
Osm).

Datasets used

SCRNA sequencing for H9 cells used: SRR2977655, SRR2977656, SRR2977657,
SRR2977658, SRR2977659, SRR2977660, SRR2977661, SRR2977662, SRR2977663,
SRR2977664, SRR2977665.
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FIGURE LEGENDS

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 represent immature postmitotic neurons and day 28 represent 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
component are shown in Figure S1A.

(D) Hierarchical clustering of genes that are changed at least four-fold among the three time
points. Group 1 contain 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 Figure 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 (Ycuto=0.75, Xcuo=0.5, variable genes=1144)

(F) Key for specific cell populations described in Figure 1G and 1H.

(G) t-SNE pilot for two ES cell markers (POU5F1 and SOX2) and neuronal markers (TUBB3
and MAP2). Grey and purple representing 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. Grey and purple

representing 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 percentage of all DAPI positive cells (n=3). Error bars = s.e.m.

(J) Quantification of ISL1 and PHOX2B positive cells as in | (n=3). Error bars = s.e.m.

(K) Immunofluorescence images of ISL1 (Left) and FLAG (Middle) and the overlay (Right).
White triangles: ISL1:FLAG double positive cells. Scale bar: 50um

(L) Immunofluorescence images of ISL1 (Left) and PHOX2B (Middle) and the overlay
(Right). White triangles: ISL1 and PHOX2B double positive cells. Scale bar: 50um

Fig. 2. ISL1 and PHOX2B is 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 B-1ll-tubulin (TUJI) staining of day 4 Ngn2 iN cells alone
or coexpressing ISL1, PHOX2B and ISL1 PHOX2B. Scale bar: 100um

(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, SLC5A7)
and a glutamatergic marker (vGLUT1). (N=3, error bars = s.e.m. ANOVA. Exact adjusted
p-values are marked in the graph)

(E) Outline to generate day 4 iN 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), Isll, and HSP90 as loading control. 14893 (93) and 14897 (97)
denotes two different hairpins.
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(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: 100um

(H) Repression of cholinergic genes by ISL1 knock-down as shown by qRT-PCR of day 4
Ngn2 iN cells infected with control or two ISL1 shRNAs. (N=3, error bars represent
s.e.m. ANOVA. Exact adjusted p-values are shown in the graph). 14893 and 14897
denotes two different hairpins.

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 Figure 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 post
differentiation. Scale bar: 50um

(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, CDX2) in the
starting populations (H9, SL, SLC) and their corresponding day 2 iN cells. Error bars =
s.e.m.

(F) Expression of different downstream transcription factors in different starting populations.
Error bars = s.e.m.

(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-NGNZ2-28d (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, HOXA3) in day 28 Ngn2 iN cells derived
from different starting populations (H9, SL, SLC). Error bars = s.e.m.

() Expression of a glutamatergic gene (SLC17A7), cholinergic genes (SLC5A7, SLC18A3,
CHAT) and cholinergic transcription factors (ISL1, PHOX2A, PHOX2B) in day 28 Ngn2
iN cells derived from the three starting populations (H9, SL, SLC). Error bars = s.e.m.

Fig. 4. Genomic binding of NGN2 is chromatin dependent

(A) Left (red heatmap): NGN2 ChIP sequencing profile two days after infection with Ngn2 in
three different chromatin states (H9, SL, SLC) or with rtTA only infection (Ctrl) (n=2).
Corresponding peaks are displayed +/- 1kb from the peak summit. Right (blue heatmap):
ATAC sequencing profile for the three starting populations (H9, SL, SLC) for the
corresponding NGN2 ChIP-seq regions. The gene ontology terms were inferred using
GREAT using genes within 500kb from the peaks (FDR p-value <0.10).

(B) Top two motifs significantly enriched in the three populations (H9, SL, SLC) using
sequences peaks called by MACS2

(C) Primary and secondary motifs with defined gaps from the primary motif significantly
enriched in the sequences within +/- 250bp from the peak summit in four clusters (H9-
NGN2MhSLC-NGN2M9",  H9-NGN2MI"SL-NGN2M9",  SL-NGN2""SL.C-NGN2Meh  H9-
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NGN2"9") highlighted in Figure 4A. The number of sites with the motif was included in
brackets. 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.

(D) Principal component analysis of the NGN2 ChIP in three different chromatin
environments. The first principal component separates the different starting populations
and the second principal component separates the control from the NGN2 treated three
starting populations

(E) Differential binding of NGN2 in three different chromatin environments analyzed by
DiffBind (FDR p-value<0.10). There are 186, 506 and 322 differentially bound peaks
when comparing NGN2 vs SL, NGN2 vs SLC and SL vs SLC, respectively.

(F) 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 = s.e.m. Right:
Genomic tracks showing the NGN2 ChIP- and ATAC-seq signal at the CHAT/SLC18A3
and ISL1 loci. Note the correlation between the NGN2 ChIP peak heights and
expression of corresponding genes shown on the left.

Fig. 5. EMX1 and FOXG1 eliminate neurotransmitter subtype heterogeneity of Ngn2 iN
cells

(A) Nested expression pattern of OTX2, OTX1, EMX2 and EMX1 during development
(Tele=Telencephalon, Di=Diencephalon, Mes=Mesencephalon, Met = Metencephalon
and Mye=Myelencephalon).

(B) Protocol to generate Ngn2 iN cells co-expressing individual candidate forebrain
transcription factors (TF).

(C) Quantification of ISL1+ cells among all GFP/NGN2-infected iN cells on day 28.
Representative fluorescence images are shown in Figure 5SD. (N=3, error bars = s.e.m.
ANOVA statistical test was used. Exact adjusted p-values are shown above graph)

(D) Principal component analysis of RNA-seq results of day 28 iN cells generated with
NGNZ2 alone or in combination with EMX1, EMX2, FOXG1, or OTX2.

(E) 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:OTX2. Significant gene ontology terms for the
corresponding highlighted regions are listed. (P adj <0.05)

(F) Bar graphs showing expression values of RNA-seq (TPM) for the two cholinergic
transcription factors (ISL1, PHOX2B), three cholinergic genes (SLC18A3, SLC5A7,
CHAT) and the glutamatergic marker (SLC17A7) of day 28 iN cells generated with
NGNZ2 alone or in combination with EMX1, EMX2, FOXG1, or OTX2.

(G) 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).

(H) Quantification of miniature EPSC amplitude and frequency and the two intrinsic
membrane properties input resistance and capacitance of NGN2, NGN2:EMX1, and
NGN2:FOXG1 iN cells. (P-values using the ANOVA test are shown above bars. N=17,
16, 11 cells measured in 3 independent batches in NGN2, NGN2:EMX1 and
NGN2:FOXG1 28d iN cells plated on glia. Error bars = s.e.m.)

Fig. 6. EMX1 and FOXG1 change NGN2 chromatin targeting
(A) Left three columns: flagNGN2 ChIP-seq profile within +/- 1kb from the peak summit (red
signal) in ES cells two days after infection with flagNGN2 alone or with EMX1 or FOXG1
(n=2). 4™ column: Corresponding genomic regions as in left 3 columns showing the
flagEMX1 ChIP-seq profile 2 days after infection with flagEMX1 and NGN2. All ChiIP-seq
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peaks are displayed +/- 1kb from the peak summit. 5" column (blue signal):
Corresponding genomic regions showing ATAC-seq signal in ES cells (H9). The ATAC-
seq peaks are displayed +/- 500bp from the respective flagNGN2 ChIP peak summit.
Gene ontology terms for various genomic clusters called significant by GREAT analysis
are shown using genes within 1000kb 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:FOXGL1 infected cells considering all significant peaks
(+/-50bp from the peak summit)

(B) Pairwise comparison of differential NGN2 binding in three different conditions
(flagNGN2, flagNGN2:EMX1, flagNGN2:FOXG1 infection) analyzed by DiffBind (FDR p-
value<0.10). There are 1603, 2701 and 1525 differentially bound peaks when comparing
flagNGN2 vs flagNGN2:EMX1, flagNGN2 vs flagNGN2:FOXG1 and flagNGN2:EMX1 vs
flagNGN2:FOXG1.

(C) 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:FOXGL1 infected cells (blue cluster). Sequences +/-
500bp from the peak summit were used. The number of sites with the motif was included
in brackets.

(D) Reverse motif search for EMX1 and FOXG1 maotifs 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 total number of genomic sites
in the respective cluster. Numbers in bars show the actual nhumbers. The positional
weight matrix used for EMX1 and FOXG1 motifs were obtained from Jaspar.

(E) Boxplot showing the expression fold change of all genes and predicted Emx1 target
genes by RNA-seq in NGN2 vs. NGN:EMX1 infected cells. Plotted are
TPM+1nen2emx/ TPM+1nen2 Of all genes and genes within 10kb 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.

(G) Genomic tracks showing the ATAC and NGN2 binding peaks at the CHAT/SLC18A3
locus in different conditions. Note the NGN2 peak height in the three different conditions
(green highlight) corresponds to the gene expression levels shown in Figure 5F.

Fig. S1 — supplementary to Figure 1.

(A) The gene ontology terms for genes enriched in the first and second principal component
shown in Figure 1C.

(B) The gene ontology terms for genes enriched in the three groups described in Figure 1D

(C) Heatmap showing the expression of different cortical layer markers during the process of
reprogramming.

(D) Heatmap showing the expression different transporters and channel proteins for different
neurotransmitter subtype markers during the process of reprogramming.

(E) Correlation plot of the nuclear intensity of ISL1 and FLAG (NGNZ2) of 676 nuclei of day 4
NGNZ2 iN cells. There is no observed correlation between the two variables.

(F) Correlation plot of the nuclear intensity of ISL1 and PHOX2B of 369 nuclei of day 4
NGN2 iN cells. There is no observed correlation between the two variables.
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(G) Single cell RNA-seq data from primary human neurons reveals little co-expression of
excitatory markers with cholinergic genes in cortex. Graph showing the fraction of cells
and its corresponding log(CPM+1) value for the individual population of neurons and
non-neuronal cells in human medial temporal gyrus. Data was obtained from
celltypes.brain-map.org.

Fig. S2 — supplementary to Figure 2

(A) Quantitative RT-PCR examining the day 4 NGN2 iN cells infected with a control, or two
different Phox2b short hairpins (termed 499 and 500). Shown is expression for PHOX2B,
two cholinergic markers (CHAT, SLC5A7), transcription factor (PHOX2B, ISL1) and a
glutamatergic marker (vGLUT1). 499 and 500 denotes hairpin id outlined in the method
section (N=3, error bars = s.e.m. ANOVA. Exact adjusted p-values are shown in the
graph)

(B) Immunofluorescence images of 3-1ll-tubulin staining of day 4 NGN2 iN cells infected with
a control, Phox2h-499 or Phox2b-500 short hairpin virus.

(C) Quantitative RT-PCR examining the day 4 NGN2 iN cells alone or coexpressing ISL1
and PHOX2B derived from another human embryonic stem cell line (H1 hESC) for three
cholinergic markers (SLC18A3, SLC5A7) and a glutamatergic marker (vVGLUT1). (N=3,
error bars = s.e.m. Statistical testing was performed using ANOVA. Exact adjusted p-
values are indicated in the graph)

Fig. S3 —supplementary to Figure 3

(A) Schematics showing (top) the conventional protocol to differentiate iN cells from hES
cells and differentiation of iN cells from anterior and posterior neural stem cells (bottom).

(B) Immunofluorescence images of B-lll-tubulin staining of day 28 NGN2 iN cells generated
with the conventional protocol from hES cells and from anterior and posterior neural
stem cells. Scale bar=100um. (red: B-lll-tubulin and blue: DAPI)

(C) Quantitative RT-PCR validation of the expression of anterior (FOXG1, OTX2) and
posterior (HOXB1) genes in neural progenitor cells patterned with SL or SLC. Error bars
=s.e.m.

(D) Hierarchical clustering of differentially expressed genes (>2-fold change and p adj<0.05)
two days after NGN2 expression in the three starting populations (H9, SL and SLC).
Significant gene ontology terms and the genes contributing to them for each highlighted
cluster are listed (p adj<0.05).

(E) A summary of the regional identity and subtype specific marker expression for each of
the three populations (H9-NGN2-28d, SL-NGN2-28d, SLC-NGN2-28d). The box was
colored using the z-normalized log2(TPM+1) and the number of the box represents the
TPM+1 value. Note that SL-NGN2-28d, SLC-NGN2-28d silenced majority all other
neurotransmitter programs albeit incomplete.

(F) Western blot analysis of whole cell lysates from day 28 iN cells derived from H9, SL or
SLC (pre-differentiated and patterned for 6 days) using the ChT and HSP90 antibodies.

(G) Representative traces of miniature excitatory postsynaptic currents (EPSCs) for SL-
NGN2-42d and SLC-NGN2-42d iN cells in the presence of the Na* channel blocker
tetrodotoxin (TTX) (top traces) or both TTX and the AMPA receptor blocker CNQX
(bottom traces).

(H) Graph showing the fraction of VGLUT1 among MAP2" iN cells at day 28. In both
conditions > 90% of MAP2" neurons expressed the excitatory marker vGIuT. Error bars
=s.e.m. (N=2, 10 visual fields per replicate)

() gRT-PCR gene expression analysis for Isl1, Scl5a7, and vGIuT of Ngn2 iN cells treated
for the first 7 days in the presence of small molecules indicated. Small molecules
represent activators and inhibitors of the signaling pathways shown in the table (top left).
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CHIR99021 produced only immature neurons and Trametinib induced significant cell
death. Error bars = s.e.m.

Fig. S4 — supplementary to Figure 4

(A) bHLH motif occurrence in each consensus NGN2 ChlP-sequencing peak (idr g<0.10,
n=2) for H9-NGN2, SL-NGN2 and SLC-NGN2. The NGN2 ChIP peaks with one bHLH
motif were most frequent followed by 2,3,4, and 5 motifs in an exponentially decreasing
manner.

(B) Types of E-box motif classification (GC, GA or TA) enriched under NGN2 ChIP-seq
peaks in ES cells (H9), anterior (SL), and posterior (SLC) neural progenitors 2 days after
NGNZ2 infection. The vast majority of E-box motifs found are either of the GA or GC type
in all three conditions.

(C) Genomic distribution of NGN2 peaks is similar between ES cells (H9), anterior (SL), and
posterior (SLC) neural progenitors 2 days after NGN2 infection. Promoter = 2000bp
upstream and 1000bp downstream of TSSs, enhancer = 2000-10000bp upstream of
TSSs, the remaining sequences are classified as intergenic.

(D) Principal component analysis of ATAC sequencing for the three starting cell populations
(H9, SL and SLC) with and without NGN2 expression for 2 days. Note that all six
populations cluster and their replicates cluster closely in groups.

(E) Genomic browser tracks showing ATAC sequencing signals for the three starting
populations (H9, SL and SLC) in the FOXGL1 (left) and CDX2 (right) locus. The dotted
boxes highlight the differentially accessible areas.

(F) E-box maotif classification for each of the clusters in Figure 4A. No obvious difference in
E box motifs among the different groups

(G) Genomic browser tracks showing a NGN2 binding site highly enriched in SLC neural
progenitor cells (slim grey highlight) far upstream of the RBSG2/LHX3 locus.

(H) Genomic browser tracks showing a shared NGN2 site in H9-hES cells, SL and SLC
neural progenitor cells at the HES6 locus.

() Schematic showing the regional identity of the SL (anterior) and SLC (posterior) neural
progenitor cells (highlighted in blue) projected onto the mouse brain. The tree highlights
the neurotransmitter subtype programs in the resulting d28 iN cells from SL (anterior)
and SLC (posterior) neural progenitor cells. Green represents full, green-red partial, and
red represents no neurotransmitter programs. The color intensity represents the level of
expression based on the table in Figure S3E. Compared to H9-NGN2 28d iN cells, iN
cells from SL and SLC have global downregulation of GABAergic, monoaminergic and
cholinergic genes (Figure S3E). The resulting SL and SLC d28 iN cells still have partial
neurotransmitter programs, however.

Fig. S5 — supplementary to Figure 5

(A) Table summarizing the results of the transcription factors co-expressed with NGN2. With
the exception of OTX1 and TBR2, all transcription factors produced neurons with NGN2
at day 28.

(B) Graph showing the fraction of VGLUT1 among MAP2 positive IN cells at day 28
generated with NGN2 alone or in combination with EMX1, EMX2, FOXG1, and OTX2.
All conditions generated > 90% vGIuT* neurons. Error bars = s.e.m.

(C) Representative immunofluorescence micrographs of neurons generated with indicated
transcription factors for vGIluT1 (green) and MAP2 (red). Scale bar: 50um

(D) Representative images of GFP (top) and Isl1 (bottom) immunofluorescence for iN cells
generated with indicated transcription factors. Scale bar: 50um
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(E) Quantitative RT-PCR validation of the expression of ISL1, SLC5A7 and VGLUT1 in iN
cells generated with indicated transcription factor combinations. Error bars = s.e.m.

(F) Single cell RNA expression of EMX1, EMX2, OTX1, OTX2 and FOXGL1 in cells from
human medial temporal gyrus. The circle size indicates the fraction of cells expressing
the gene and the color indicates expression level of indicated group of cells measured
by logCPM+1 value. Data was obtained from celltypes.brain-map.org.

(G) RNA sequencing data for indicated genes in H9, SL and SLC before and 2 days and 28
days after NGN2 expression. The day 28 marked with RAPurp were treated for retinoid
acid and purmo-8 erphamine after plating on glia to day 28. Error bars = s.e.m.

(H) Quantitative RT-PCR examining the day 4 NGN2 iN cells alone or co-expressing EMX1
derived from another cell line (H1 hESC) for two cholinergic markers (SLC18A3,
SLC5A7), ISL1, PHOX2B and a glutamatergic marker (vGLUT1). N=3; Student’s t-test,
unpaired, one tailed; p values shown above histograms; error bars = s.e.m.

() A summary of the regional identity and subtype specific marker expression for each of
the five different kind of iN cells generated with the transcription factor combination
indicated. The boxes are colored using the z-normalized log2(TPM+1) and the number in
the boxes shows the TPM+1 value. Note the efficient silencing of cholinergic,
monoaminergic, and GABAergic genes in NGN2:EMX1 iN cells.

Fig. S6 — supplementary to Figure 6

(A) Distribution of NGN2 ChIP-seq peaks based on the number of bHLH motifs under each
peak (idr g<0.10, n=2) in cell infected with flagNGN2:EMX1 or flagNGN2:FOXGL1. Peaks
with one bHLH motif were most abundant in both cases and the frequency distribution
decreases exponentially with the number of motifs within each peak. In flagNGN2:EMX1
cells there were more peaks that contained more than one motif whereas in
flagNGN2:FOXGL1 there were more peaks that contained only one motif than multiple.

(B) Types of E-box motif classification (GC, GA or TA type) for NGN2 peaks in cells infected
with NGN2:EMX1 or NGN2:FOXG1. The tow most prominent E-box motif types by far
are the GA and GC types with a preference of the GC type in flagNGN2:EMX1 cells and
a preference of the GA type in flagNGN2:FOXG1 cells.

(C) Genomic peak distribution of NGN2 peaks in ES cells infected with either NGN2:EMX1
or NGN2:FOXG1. Promoter = 2000bp upstream and 1000bp downstream of TSSs,
enhancer = 2000-10000bp upstream of TSSs, the remaining sequences are classified as
intergenic.

(D) Genomic browser tracks of the human FOXO6 locus showing the flagNGN2 ChlP-seq
signal in ES cells infected with flagNGN2, flagNGN2:EMX1, or flagNGN2:FOXG1. The
light green box highlights the NGN2 peak unique to the cells expressing
flagNGN2:FOXG1.

(E) Genomic browser tracks of the human HES6 locus showing the ChIP-seq signal in the
three cell populations infected with flagNGN2, flagNGN2:EMX1 or flagNGN2:FOXG1.
The purple box highlights the NGN2 peak common in all three populations.

(F) Principal component analysis of the ChIP samples (novirus Ctrl, NGN2, NGN2:EMX1
and NGN2:FOXG1). R1-3=replicate samples.

(G) Top: Heatmaps of two replicates of the flagEMX1 ChlP-seq profile in NGN2:flagEMX1
infected ES cells. ChlP-seq peaks are displayed +/- 1kb from the peak summit. Bottom:
The EMX1 motif was significantly enriched among the sequences of the significantly
called EMX1 ChIP-seq peaks.

(H) Genomic browser tracks showing an EMX1 peak upstream of the ISL1 promoter in both
replicates (0609 and 0610 denote replicates).
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(1) Distribution of EMX1 ChIP-seq peaks based on the number of EMX1 motifs under each
peak (idr g<0.10, n=2) in ES cells infected with NGN2:flagEMXZ1. Unlike for NGN2 peaks
and E-box motifs (Figure S6A), EMX1 peaks had predominantly a single EMX1 motif.

(J) Genomic classification of EMX1 peaks in ES cells infected with NGN2:EMX1. Promoter
= 2000bp upstream and 1000bp downstream of TSSs, enhancer = 2000-10000bp
upstream of TSSs, the remaining sequences are classified as intergenic.

(K) Schematic outlining the expression pattern of EMX1 and FOXG1 (highlighted in blue)
projected onto the mouse brain. Note that EMX1 is not expressed in inhibitory neurons
(denoted by blank circles). The trees below the drawings indicate the neurotransmitter
subtype programs in the resulting d28 iN cells from NGN2, NGN2:EMX1 and
NGN2:FOXG1 expression in human ES cells (green represents full, green-red partial,
and red represents no neurotransmitter programs).
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Heatmap showing the differential binding of Ngn2 in different contexts
ChIP-seq ATAC-seq
H9 SL SLC

SL-Ngn2

bio&xiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint

Figure

Top two motifs enriched in each context

SLC-Ngn2

bHLH: 1.0e-676

bHLH: 1.9e-682

...... K1V ] TAAA A Contributing sequence: 3
) |bHLH: 466227 [ o cX|A C ~_ Gap: 68
Ngn2hiSLChi (337) Yhi\gs
180 sites j Usf1: 5.3%e-3
*ECCCQICQCQQCGQ CA T Contributing sequence: 5
ZNF281:2.1e-13 (41) [ | VASY | | ACC Gap: 117

bHLH: 8.9e-319

o, (AGaT6

C Primary and secondary motifs enriched in each clusters

Primary motif Recurrent motifs with defined gap from bHLH

Foxf2: 4.84e03

Ngn2hiSLhi

Unknown: 2.78e-3
Contributing sequence: 14

Ngn2hi .0
101 sites i 2 de-2
(495

342 sites | e ;
bHLH: 5.06-507(782)| 17 £ Y5 1 V2 Gap: 2
|C¢ CT
SMAD: 1.6¢-5
(177)
SLhiSLChi }ACA alue
36 sites bHLH: 1e-27
Sry: 2.89e-3

Contributing sequence: 5
Gap: 114

Znf713: 6.33e-3
Contributing sequence:2
Gap: 75

Sox17: 5.65e-3
Contributing sequence: 4
Gap: 113

Differential Ngn2 binding in different starting cell populations
Binding Affinity:

Binding Affinity:

Binding Affinity:

Ngn2 vs. SL (186 FDR < 0.100) Ngn2 vs. SLC (509 FDR < 0.100) SL vs. SLC (322 FDR < 0.100)

log fold change: SL - SLC
123 4

-8 -7 6 ~5 -4 -3 -2 —1 0

2 3 4 5 6
log concentration

chr5:

25 _

Ngn2_ChIP_win1
2

SL_ChIP_win1

25

SLC_ChIP_win1

100 -

H9 ATAC

100 ~

SL_ATAC
100

SLC_ATAC

LOC642366 |

e ©® SL-Ngn2 R7
] <]
0.4 { SL-Ngn2_R6 Z .
:,f oHI-Ngn2_R2 SLC-NgnZ;R1 # G o
! [
~ 024 @ H9-Ngn2 R1 SLC-Ngn2_R2 | ¢ ] o
..qf ) ZU’ 0 Zm 1
% o <1 s
c g g _|
8 0.0 4 g ] ]
g S AR
e 2,
g0 Ctrl_R1 e 2.
8 T e 1 7
T 3 <]
-0.4 ci_R2| o .
) +] o]
01 0-2 0.3 0.4 0.5 ! log concentratign 0
Principal Component #1 [36%]
F Isl1, SLC18A3 and CHAT expression follow Ngn2 ChIP binding intensity
1 —
% chr0: 50,780,000 50,800,000 50,820,000
[JH9_Ngn2 28d ’ s50_ ! : : ! ‘ ‘ '
,. i Ho s 26 Ngn2_ChiP_win' L ‘
[TIsLc_Ngn2 28d 50 _‘ ik " R T Y
100 SL_ChIP_win1
o 50 - e - Lo
- C SLC_ChIP_win1
é 100 ke gl Ll " s
g H9_ATAC -
50_ A A AJJ.L L
* SL_ATAC B
L]
Li Loaiaike i
fIW SLC_ATAC -
0 * *-~ T - Li Lk
A N Gl H
v N e CHAT gy
g5 @ SLC18A3

RS
SY“

5

7 8 0

2 3 4 5 6 7 8
log concentration

50,679,000 50,680,000 50,681,000 50,682,000
I | | |

._....._A:‘. - -

- Y it
-
SL1


https://doi.org/10.1101/2020.12.02.398677

Fi u rebi5?xiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
g (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A Forebrain TF: Emx1, Emx2, Otx2, Foxg1 c Immunofiuorescence of Isl1 D PCA for the RNA sequencing
positive neurons samples
100 <o ® ®Ngn2
T = 450
[ ] Otx2 ° 80 ° qé
| —— Otx1 2 ° 8
I Emx2 3 60 g 25
 — | Emx1 g 2
Otx2
= 40+ @ Emx1
B % % § 00 o
2 -1 01 4 = o ° & ¢
-2.5] Emx2 Foxg1
0- 4
Q@ N a9, N 9
§ & F O P 0 10 20
Q\r‘zy@ $ &2\?,%‘2‘:03 (@Q’& &Qf&qfo &O\ ® PC1: 84% variance
S
SR KOS
E Regulation of ion transmembrane transport F RNA-sequencing shows drastic downregulation of cholinergic
(CACNA2D3, CACNA1G, KCNF1, KCNA3) transporter (corr)
Chemical tic t ission (GRIA1
emical synaptic transmission ( ) ISL1 PHOX2B SLCBA7
2001 150~ 30 (CHT)
Extracellular matrix organization
(Cdh1, Col genes, HSPG, integrin genes) 150 - L d
Mitotic nuclear division 100 20 T
(Cdk1, Kif11/15/20B/22/2C) s 'f i
Notch signaling pathway (DII1/3, Neurod4) & 1004
Cerebral cortex development (Foxp2, L
PAX5, CCDC85C, MDK) 50 10+
Anterior posterior specifcation (BTG2, 504
EMX2, NEUROD1)
oLt nn e [ 0 0- S
N N N N N N
Axon guidance (DCC, ROBO1/2/3, SLIT1) & @‘3' s o&eo}a' & @*g' e o&ééa' & @.{_Lo*g O&éq‘&
AJP pattern specification (GLI3, LHX1, OO < & o© ¢ & & o© € C &
NR2F2) V\.oﬁ\ eé‘ %0“’0 I %é\ ecf éq(‘ ¥ ecf erQ éé\ ¥
SLC18A3 CHAT SLC17A7
200- (VACHT) 20+ 150 (VGLUT1)
15 - T
1504 1004
sczo-re E 100+ 104 T
3 Positive Regulation of transcription RNA = 50
polll promoter (NKX2-1, SIX3, SOX2/6/9, 50 5
0TX2)
Negative Regulation of transcription RNA
polll promoter (MEIS2, SOX6, NR2F1, 0 - 0- 0-
OLIG2
. &S P F ISP SIS
3 CLC 9T S S E O g0 F IO
¢ & O ¢ & oS NI
OIS $<§ < S © eq‘\ < P © égo S
q/
&
G Electrophysiological recording reveals that the iN cells are glutamatergic 10 pA |_
-Ngn2 TTX  Ngn2 + Emx1 TTX  Ngn2 + Foxg1 TTX
TTX+CNQX TTX+CNQX TTX+CNQX
H miniEPSC Intrinsic membrane properties
.0041 .
0.00. 2500- 50 - 0.00389
<0.0001
. ~2000- . . ~ 40
[
21500{ 3 & f  230-
. " 1000 N F20
1, - 4, 020 -
H 500+ ® 10 -
I - I -
9 x x
Q Q& Q %
Q ©) N
N < SN é‘zoﬁ



https://doi.org/10.1101/2020.12.02.398677

Fig

A

4663 binding peaks

(which

not certjfied
Heatmap showing thewci}?ferenﬁa/l llnin

JhGSt Ko n'dife

author/funder. All rights reserved. No reuse
rent transcription factors

In each clusters

Rxiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The co W fi i 0t - .
ure'§ s O R RS Worifs enriched

ChlIP (flag indicates ChlIP target) ATAC : Primary motif
flagNgn2..
flagNgn2  flagNgn2 Ngn2 s ma Emx] .82 Allg N2 Emt
ARSIALE gn2 Emx
flagNgn2 Emx1 Foxg1 fIaqE_[nx1 H9 & H H bHLH: 7.1e-686 specific sites Ié ? 1 @)
P . flagNgn2 .. 187 sit ae
= - o Us Lo Foggg IA‘ECA é]._ o
= bHLH: 1.1¢-557 ) ,
— GREAT (1000kb, B
= = default sig settings) ICAQTY *AAAQA
: — . Ngn2 Foxg1 | bHLH: 2.0e-307 (695) Foxg1: 1.2e-29
= MF: Rho guanyl-nucleotide exchange [ ciic sites |
= factor activity (Arhgef1/10l) 533 sites TeleTer. TeTerel st Jersels
Rab GTPase binding (Kif16b, Myo5b) TGTG: 1.2e-399 (217)
= BP: Positive regulation of cyclin-
f_ : = = dependent protein kinase activity ";'g::fm’” };CA?&T ]AACA A
i ; = (Akt1, Cend1/2/3, Egfr) spoctic sites| PHLH: 196534 (801)  bHLH like/
;- ® = 734 sites LT et Ter, T, Lreye, 2NC finger
: 3 =3 ——— No enriched GO term (App, Dcc, TGTG: 4.9e-144 (33) ' 20e-52(221)
* 2 = Etv1/5, Fezf2, 1d1/3 . .
: : = D Co-enrichment of Emx1 or Foxg1 motif
2 ; = =2 —— No enriched GO term (Lhx2, Lmo1, 9, N Ngn2 binding sites
i -3 Pax6, Prox1, Rcor2) 8
; Negative regulation of glial cell "g =9
. t proliferation (Ascl2, Hes1, Notch1) Eg
f § Cerebellar cortex development (Gli2, fcj g 6
= 2 Lhx1, Lhx5) £ %
L s == Regulation of neurotransmitter levels 20 5
= i -~ = (Slc18a3, TH) T = 4
T : = QT
= BP:Notch signalling pathway (Ncor2, g 2
3 == Tle1/2/3, Mami2/3, Lfng) gy 3
== Regulation of Rho protein signal § g 2
= transduction (Efna5, Epha4) oo}
= = Compartment pattern specification o 1
: (DII1, DII3, Lfng) 0
Regulation of gonadotropin secretion
- (Inha, Inhba, Inhbb) e
mx1 Foxg1 only
-1.0 1.0-1.0 1.0-1.0 05 05

w

10410  1.0-
gene distance (kb)

only only

Differential binding of Ngn2 in different transcription factors
Binding Affinity: Ngn2 vs. Ngn2Emx1
(1603 FDR < 0.100)

Binding Affinity: Ngn2 vs. Ngn2Foxg1
(2701 FDR < 0.100)

Binding Affinity: Ngn2Emx1 vs. Ngn2Foxg1
(1525 FDR < 0.100)

0 © 1 — W01
- < - 0 2 o
L x T D o] =Y
O £ ™ o X oL 7
W 2 1 oY o
c N S N o =i
c £ c c ] ~—
oD o D v cZ
o< 2] - Z of N
3L iy 2% &
oS 4 oY ‘{‘_ e 1A
So® S5 & Qui @
Z X7 Z 1 2o L]
I j: S 17
o)
[ . i z P
0 1 2 3 4 5 6 7 8 0o 1 2 3 4 5 6 7 8 0o 1 2 3 4 5 6 7 8
log concentration log concentration log concentration
E Emx1 putative target F Transcription factors list up- and down-regulated G Ngn2 binding strength affects Isl1 expression level
genes are most/y after Emx1 OE
downregulated ) 50 kb :
Ngn2 Eg&a Ngn2 Eﬁ:ﬁ chr10: 100 50,800,000 50,850,000
NEUROD2 HOXB9 Ngn2 -
3004 . HEYL POL%% GO for upregulated genes
T NEoRe2 HoXB8 -Regulation of forebrain neuron ATAC 100 ik Y W ; -
200 L e differentiation (GATA2, HES1) -
RREB1 IRX5 -Notch signalling pathway ( Ngn2Emx1 ‘
UNCX
13?((; NEURODA NAER HEYL, NEUROD4, SNAI2, HES1)  ATAC 50 1 LL ke L m _ -
ZFPM2 —
o} POt GO for downregulated genes Ngn2Foxg1
S 95 myoe -Cranial nerve formation (PHOX2A,  ATAC ‘ . ‘ ‘
g Lo PAX2, MAFB, HOXA1, TFAP2A) 50 MMMWMMM
PITX 1 -Hindbrain formation (PHOX2B, -
22001 71 g PHOX2A, HOXA2, LHX5, LHx1,  1NdN2 I
v cespo GBX2, MAFB) ChiP
1.51 ETV4 -Spinal motor neuron specification —
EGR1 (LBX1, ISL2, NKX6-2, NKX6-1, fNgn2Foxg1
1.0{ 2 B3 ISL1) ChiP ool o
-Sympathetic neuron development 5 —
0.5 (PHOX2B, PHOX2A, ASCL1) fNgn2Emx1
. chip Nl Y S
0.0 L log2(normalized
N & FPKM) CHAT IS bt
Q(b & o [ | SLC18A3 = JB0226941
(.3\0 @ QQ; 5 5
LX) PHOX2B
@“\‘ S


https://doi.org/10.1101/2020.12.02.398677

Eio§<j" preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
FlGU R (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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PC1 (32.34%) PC2 (10.36%)

rRNA processing cell division

nervous system

.~ development
negative regulation of

neuron apoptotic process
G1/£ transition of

mitotic cell cycle
negative regulation

of catalytic activity
15

mitotic nuclear division

DNA replication

cell division

G1/S transition of
mitotic cell cycle

0 1 2 3
-log10
GO terms for different groups in the Figure 1D

GROUP 2: Higher in ES-iN 28d

positive regulation of neuron
projection development
negative regulation of neuron
apoptotic process

o

10
-log10

GROUP 1: Higher in ES-iN 4d

positive regulation of
axonogenesis

behavioral response to nicotine

GROUP 3: Higher in ES
DNA repair

sister chromatid cohesion

associative learning glutamate secretion DNA replication

cellular response to UV-B nervous system development mitotic nuclear division

nervous system development neurotransmitter secretion cell division
0 1 2 3 4 0 5 10 0 10 20 30 40
-log10 (g-values) -log10 (g-values) -log10 (g-values)
C Expression (in FPKM) of cortical layer D Expression (in FPKM) of neurotransmitter subtype E Correlation between ISL1 and Flag (Ngn2)
specific TF specific tranporters and rate limiting enzymes nuclear intensity
hES = hESiN-4d hESIN-28d hES hESIN-4d hESiN-28d 60000 , Rz = 0.0002
] mimiu .l [T ] 50000 | Pearson = -0.01
[HIAI | | ] Ty e m i Sensory .
01 1 AT R nedrons 400001 676 nuclei
| | T | AT [ 1 ) :
I II II 1] IIIIIIIIIIIIIIIIII Il IIIIIIII mn III IILITHYT | Cholin 30000
ergic
I l1 IIIIIIIIIII e i 20000 -
11000 10000 4
AR ARCRTERTERRRRRARRA AT RRRORT R 0
l | Mono 0 20000 40000 60000 80000
amine Correlation between ISL1 and PHOX2B
T IIIIII m e mn nuclear intensit
I reririmr 1rn F u ! ity
| 70000 R?= 0.0534
60000 Pearson = 0.23
GABA 50000 369 nuclei
ergic  FPKM 40000
IOLL 0 I i m 100
it | IIIIII "II 30000
e II IIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIII II IIIIIIIIIIIIIIIIII Glutama 20000
W tergic | 10000
0 R
0 . — .
ScRNA-seq of human medial temporal gyrus 0 20000 40000 60000
MAF’T ......O.Q...........O........O...OOO......0..........................0 Q00e
GFAP= ¢ 66 . eco0ssoose oo ceeseecsan T I
SLC17A7= « o« 00 o oo cccce0s0ccso0css o .............. .................
SLC17AG~- . . 000000000 e00 o -
GAD1- 9000000000000000000000000000000000000 1010 R cecec s c@co Fraction
GIQBZ- 0000000000000000000000000000000000°000000000 - - . s s ee e R
PHOX2B = o - 0.01
SLC18A3- e 0.05
SLC5A7 = ) . . . ° . o 0.10
o 0.25
N AL I NONO- Y O~ ANEYTITON > A N<COoONC - O I X OWUN "Ny e INNWNNYNL-O0OO - WO ZZ0 O 0.50
| — - = - - = - — ==
SRR A e EERE IR N T e D Eed b I LS A 1 B R
0IZ 0 E2300E520%003a5000030 LTSk E 08, o220 000 0R nars0noFreR0het  0%0530059% O 1.00
oL RLe S5 X053Legal>0,955,008- 05000 QL g0 alas to< Bl FionnS 00uNNoSaEeaRoSr :
REBS2Z QL Pa5520 Boat 0 Lot 020 tBenT20 5035520502012 0 P 0 ollaslhelie2
2FOZIIE LBl I TEPPS>0 90555000 ronn-L L2353 I 93883 0 BE0EN,23ufONWeoGlo?
(R | OlmS>SailTa>laissdism LoD pnPD DTG50 SEIuoulBryogyx owlSWUo oNAWaLtEY ST L
X cnon >0l = JoVYSSaPes® 2} mpl 10 >7F0n e38TX ooxx ToOoNg oo
RN D D et MRS B i S SRt S L e S R ElE R P i
D Br=p=Sr D5 NI PPl B el S D e D RN iy e LU O g TR bty e L g g peirk of -
£l cEcEfcEceT JEJS £ EEE Sgideges” £l Yol LlRed 2335 odido 8o oneC Lo H2
=5 77 5T E=: g7f € - SggSETE  £ftcfer Ado3WdgeooRd £L9e Yagt e I3
£ = = = == £T5E JOFge RWAGJH WEe % weod o<
< Toge @ W 2 i 3
Wi ] w <
0 101 202 302 403

log10(CPM + 1)


https://doi.org/10.1101/2020.12.02.398677

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
Fi g u r e SZWhiCh was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A qPCR on cholinergic genes for two short B
hairpins targeting Phox2b TUJI staining showing the morphology of the
mPLK day 4 Ctrl vs Phox2b knockdown neurons
Phox2b-500

37 ®shPhox2b-1(499)  ecimeney ANOVA
5 shPhox2b-3 (500) Justed p N2B shCitrl N2B hP:hox2b-499 N2B k
A, .-“. \ - - / ".._ - { ” » ‘

14 i TT 1
e L Ik

PHOX2B SLC5A7 VGLUT1 CHAT  ISL1

0.0051 0.0018 [
0.0028 0.0136 T
° (]

C gPCR on cholinergic genes for Ngn2 or Ngn2 Isl1 and Ngn2 Phox2b dinary one-way ANOVA
4d iN in H1 ESC confirmed the same findings adjusted pvalues
ISL1 PHOX2B SLC18A3 SLC5A7 SLC17A6
0.0017 <0.0001 <0.0001 0.0018 0.0201
400 0.0014 —— 80 7 <o0oi— 0.6 <o.ooo1_. 0.10 7 0.0007 — 0.6 4 00014 —
- L)
300 - . 60 e 0-08 1 $
0.4 - 0.4 -
0.06
200 40
0.2 4 i 0.04 7 0.2 4 :
100 20 0.02 - 3
o - o - ot 0.0 - 0.00 - 0.0 -
N N N N N
eq&m\(o\ & e‘b&m\%\ & @O/m\%\ & éé@f»\%\ & @@m\g\ &
§,Q° S S § $ &
S S S S S


https://doi.org/10.1101/2020.12.02.398677

Figure %xiv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed witho

A Differentiation from hES cells

uboermission.
B-llI-tubulin staining of the neurons gPCR validation of

-2 -1 01 4 28 at day 28d (scale bar 100um) the differentiation protocol
Ngn2 28d
mTESR | 9 SL6d Ngn2 28d -
5 & ¥ O @
& SR ISP S & 0.6 - l ast
R EFSE DD § & mSLC
o TV v % W@ 0.5 -
(5\' q/’ &'\ NG T
F §E & £
3 & 2 0.4 -
<
Differentiation from anterior/posterior patterned neural stem cells SLC6d Ngn2 28d O 0.3 -
2
0.2 -
0.1 -
. 0 T T T
& ; 3 FoxG1 Otx2 HoxB1
o Q:@ Q@Q_Q'Q.\quz\\@ ("Y?"‘O ARs & E RNA sequencing data day 28 iN cells F
© . .
Q\Qfégo}’ _\,}Q & Q'S/\ Q_oQ from three starting populations Western blot confirming
O IS HO-Ngn2-28d |SL-Ngn2-28d |SLC-Ngn2-28d the ChT expression
SLC18A3 81.7 47.9 37.7 < Ngn2 SL6d SLC6d
) ) ACHE | 107.2 138.2 102.0 5 Ngn2 Ngn2
- < £
RNA sequencing for day 2 (2-fold, padj<0.05) CHAT 76 14 13 s 28d 28d  28d
: o SLC5A7 | 256 12.3 °
Regulation of synaptic vesicle priming (NAPA, -
RAB3A, STX1A, STX1B) SLC18A1 1.8 1.4 3.1 -y e HSP90
Synaptic vesicle maturation (ADAM22, LGI1) SLC18A2 6.7 7.4 6.4 ' :
Detection of chemical stimulus involved in SLCBA2 6.2 1.7 “- ChT
sensory perception (CST1, RTP1) SLCBA3 1.6 1.9 1.3 ©
Glutamine metabolic process (ADSSL1, CA, SLC6A4 1.3 1.1 1.1 g
PPAT) SLCBA5 9.7 _ 1.5 E
[%2]
o TH 5.0 9.1 29 g
> Gloopharyngeal nerve morphogenesis ( DDC 15.3 8.5 17.7 =
2 HOXB3, PAX2, HOXB2, EPHB1) DBH 21 16 14
~ Rhombomere development (GBX2, HOX) FEV 17 3.3 1.0
Forebrain regionalization (SIX3, FEZF2, SLC32A1 15.6 18.3 19.1 <
LHX2) , - GAD1 | 104 2238 9.2 S
g$?_mé(::|éily§§;>tlc transmission (SYT17, GAD2 5.7 6.2 6.9
2.0 : SLC1A1 30.2 18.2 18.1
I Semaphorin-plexin in axon guidance (PLXN SLC1A2 40.9 17.4 221 =y
genes, NRP1) SLC1A6 | 254 38.4 385 |2
: : b b b <
20 q, = - Regulation of receptor clustering (LRP4) SLC17A6 150.6 69.4 44.0 g
S 5 S . Zscore SLC17A7 37.8 36.3 &
& "o O - SLC17A8 | 4.9 | 60 |
G Representative traces for SL-Ngn2-42d and H SL/SLC derived Small molecule treatment post Ngn2 treatment does not change
SL-Ngn2-42d iN cells iNs are glutamatergic cholinergic gene expression
TTX , 1009 = —_ :4' Isl1
& 0.98 S
% 0.96+ £34
= 0.94 Activin A83-01 8
SL- 500 BMP4 LDN198198 £
Ngn2- Q% $371 v
424 5 044 CHIR99021 C59 o\"é x
TTX+CNQX £ 0 FGF2 | Trametinib ‘8'1'
= ool L , TTNPB AGN T od
i LR R LR R @A
TTX ﬁ;ﬁg Sr\ll_g(igd SHH Cyclopamine ?S:\\AQ‘?% § \90@ 003( é&@,\\z S ‘?~0 ‘5\2\@ &\E;\ Al
28d 28d & N
SLC- 4+ vglut &
Ngn2— 20= Slc5a7
424 TrxeCNQX 3, a 251 a
;8 z3
Qo
g 210+ % 82- 4
10 pﬁ{ o3 gx M
X = S ®
=g ] €1
2 S g 5 *
2 £
= 04
SRR ERAVORAR @R SRS TR LR FER @ AC
IO P N S A ONEEN
<& *‘}OQ o <@ \\(}o
G


https://doi.org/10.1101/2020.12.02.398677

Figure 7

iv preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A bHLH motif occurences in the Ngn2 bound B . o o
peaks (idr<0.10) Ngn2 motif classification Ngn2 peak classification
H9-Ngn2 SL-Ngn2 SLC-Ngn2 by GC or GA or
2500 0, TA E-boxes 100
300/ 250+ GAm GCm TA® 90
20001 100 80 mintergenic
250 200 20 704 = genetail
80 = intron
3 1500 o) 3
< c 200 c 70 601 exon
g g g 150 S 2 0.
<3 g 150 o3 @ 60 & 50 = genebody
o [ 1 o = =
;= 10004 = = 100 §50 S 40. = enhancer
o <t m promoter
100 ¢ 40 & 301
500 30
| 50 | 204
50 20
0 ] 0 10 107
12345678910 123456 12345 0 6+ !
Bin Bin Bin H9-Ngn2 SL-Ngn2 SLC-Ngn2 H9-Ngn2 SL-Ngn2 SLC-Ngn2
D .PCA shows distinct clgsterlng of E UCSC browser tracks show the chromatin accessibility at Foxg1 and Cdx2 locus
different ATAC-sequencing samples
chri4: 29.234M 29.238M ~ 29.242v  chrid: ~ 28.535M .28.545M
HO9Ngn2 i
H9_1
H9_1107,A... JMK-.‘A“. a - 20 - B - g =
10/ SLNgn2 H9 2 . Ho 2 N
§ HORTTA H9 10 _faef oot M cddis Ho 3 - o
P ) e P e e
>
o L1 SL_1
% 0 Sk 10_‘“,,@-“1-@.4-“ - e 20 - e S
N -5 SL_2 SL_2 G
) SLCNgn2 SL 10 fhaioaadha - e S
* SLC SLC_1 SLC_1 L
-10| o o Y A B T 200 e e b _,ALAJ,‘?_A, ke
-10 0 10 20 SLC_2 SLC_2 ) " N ,.A.J.u
PC1: 27% variance =ty Bk = Ay CDX2 — et
F Motif classification for each of the clusters G UCSC browser tracks for Ngn2 H UCSC browser tracks showing
binding unique to SLC common Ngn2 binding
081 = common
0.7 = Ngn2hiSLChi
.Ngn2hISth 25_ onre: 139‘08‘0‘000 139'08‘5'000 o Chrz:2391A7000 1kb239148000 239?4210?0 239,150,000
> 061 = SLSLChi Cirl 50 0 o TR SRR, TR
£ 05 =Ngn2hi ps L w1 Lo v uy oy Ctd
8_ 04 SLChi Hg N 27 50 —k PP oYy -
g 0.41 -Ngn
w 0.3 o5 Ll b 1. | | ‘ AW H9-Ngn2 '
~] N 50
SL-Ngn2 -
0.2 9 o5 SL-Ngn2
~ 50 —mae el e
SLC-NgnZL T i _ 1 SLC-Ngn2
i —— NN’ P
OO0 0000000000000 RBSG2 LHX3 ===
EFFEFFEREEFEREREFELELEFR HESp ——==——=-a-u—
$2253388688836EL22¢E
S5333338535335333358

Schematics showing the location of SL and SLC hNPC
in mouse brain and the resulting programs when
co-expressed with Ngn2

e £ —

e £

s o

Glutamatergic
GABAergic
Cholinergic

Monoaminergic

Glutamatergic
GABAergic
Cholinergic

Monoaminergic


https://doi.org/10.1101/2020.12.02.398677

Figurebgg
A

Transcription factor cloned
and charaterized

Transcription Factor + Ngn2 Neurons

Ngn2 only Yes
Emx1 Yes
Emx2 Yes
Otx1 No
Otx2 Yes
Tbr2 No
Lhx2 Yes
Foxg1 Yes

Fraction of vGlut+ / MAP2+

Ngn2 Em1

EMX1«
EMX2«
OTX1a
OTX2=

FOXG1=

1.00
0.95
0.90
0.85
0.80
0.75
0.20
0.15
0.10
0.05

0

Neurons are predominantly
glutamatergic

——

——

Sample image of Isl1 staining

Ngn2 Emx2

Ngn2 Foxg1

Ngn2 Otx2

Ngn2 Ngn2 Ngn2 Ngn2
Emx1 Emx2 Foxg1Otx2

Ngn2

Ngn2

Ngn2 Emx1

Ngn2 Otx2

v preprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ngn2 Emx2

Ngn2 Foxg1

gPCR validation of the neurotransmitter identity of the neurons
vGLUT

Isl1 SLC5A7
5 0.8
‘31 0.6 °
T 2 '}1 T 0.4 i
g, £ oo
0.5 X
1\20.4 2\20_01 .
63 0.01 .
0:1 * 0.00
0.0 0.00
NGO N N NOD
Q/@+Q§+(<o+q Od-%q(\ q,<°+<<,<°+<<o+q O“%@Q
P A
SCRIRONES BOE

%GAPDH

Single cell RNA-sequencing of cortex reveals expression of Emx1 and Foxg1 in mature neurons and Emx2 in Astrocyte

© 000000000000000000000000- ¢ ¢
ce@0 -

000000000000000000000000000000000000000000000000000000000000000000000000 -

Inh L1-2 PAX6 CDH12

Inh L5-6 SST TH

Inh L5-6 GAD1 GLP1R

w

2.0

1.5

1.0

0.5

0.0-

Inh L5-6 PVALB LGR5
Inh L4-5 PVALB MEPE
Inh L2-4 PVALB WFDC2

Inh L4-6 PVALB SULF1
Inh L5-6 SST MIR548F2

ONYFOO - S INOUNNYONLT-O©0©0
WENSHdOLX<TE-oX T3S0~ Nmp
oo C-onyanT<aOozzolkdy
Dwdy~SWUNISIS<E,0E<O0
OLOFOE AT S0ma-SRpnE Ty
N e n< Bl FLnnnE cOOnNg
n<25=0592an QL Ans Wi
JJmmEMKmmmmmoome_Eml
IN88Uy EEOOO mD:QOLU—§LU<Q©
SR IXwoxyyO TSI
B oC0FO R YEOC Tt

RZZ o= PO LIPET oo
wN5s B TP I T <R T Rl s
WD < ‘mmﬁ_|JJ><ﬁ"_®‘Qo
N oL RIS oo L95%
dJ 190l 0 052 8xY 0P WL
- Ny o- X2 Qo XndgQ

O X o QUi XX nj B4
£ wx % i = on

[SN3) N w OX

X 2 Qu

W i

Exc L6 FEZF2 SCUBE1
Exc L5-6 SLC17A7 IL15

Exc L6 FEZF2 OR2T8

L0 Z
LIS
PR
505902
Q300
Laneo
W©emkkT
~NlrO—
T
NoG~g
wow .2
$693°
b S
| 2]
o £°
x [2]

w <

Endo L2-6 NOSTRIN
Micro L1-3 TYROBP

Fraction

0.01
0.05
0.10
0.25
0.50
0.75

QOO0 o o

cPm

RNA-sequencing shows Emx1 is not properly upregulated in late time points of SL and SLC-Ngn2 cells
SLC18A3

NN =T NONO— Y~ O~ NS TTON—>ANCONT —©m
émn'm2<"'u'”_‘_<%ZUENE>—§EQOQJOF§D_@!ZOOEDJNEQN
SRR i g R L
IZLW00 o NoloaIGAntSat-ITalskiE
<“wpp T -dekT= Oy=50Ra=0%3 T Shars
LEaSSOS-XP0<LaRa >0 OS> Falag0n, 2y
Zos2Z°0Lh<- 2055 a20>200aPn-22
<<= o Ionw= ® a0 S0
CeII2080LeS T ey Sad>2al oS>0 085 BR800y
%2 N SoASN> == 717 S
AR RN i PR L= P bl N AP i
S 1”54 ‘_Fm_C_C|:|£J£‘|_:_ chcjl Ijj—‘ﬂ'.,_c
NTdccEcE1dLECmTy cEDLT Ecc—EZwW =9 e
| cce=€c=c<cT J€4d == EE€c Ecadccce
- == £—=T¢c¢c =g = = ECCEE=c
z - =T £ € =€ = cc- ~ £
<= < £ £ =
£
EMX1 EMX2

qPCR on cholinergic genes for Ngn2 or Ngn2 Emx

0.0088

ISL1

FOXG1

1 ttest

ired
4d iN in H1 ESC confirmed the same findings  one tailed
0.0054 0.25+ ns 0.0025- 0.0266
. * 0.0020
0.207 0.0015- *
0.0010
0.15-]
2 0.0005-
0.10- 0.0000-
PHOX2B SLC18A3 SLC5A7

150

100

Q
9 BG S T ©
‘3‘/%\%«256/6 vao‘gy

ISL1

> o> od
LoueP ,/,% B P
S IEA R /RIS

0¥ OR

30

20

SLC5A7

Regional identity and subtype specific marker expression

Ngn2 Ngn2 Ngn2 Ngn2

FOXG1
SIX3
EMX1
EMX2
oTX1
oTX2
EN2
GBX2
HOXA2

GRIA1
GRIA2
GRIA3
GRIA4
GRIN1
GRIN2A
GRIN2B
GRIN2C
GRIN2D
GRINSA
GRIN3B

£ CHRNA4

-3

CHRNB2
CHRNA3
CHRNB4
CHRNA7

Ngn2 Ngn2 Ngn2 Ngn2
Emx1 Emx2 Otx2 Foxg1l Ngn2

155.2

21.8

1.0
7.1
1.3

163 | 12.9
19| 27 | 27| 59| 44
14 15[ 16| 13| 12

473 | 404 | 383 | 586 | 466

[128 [48 7.1 | 159 | 114

1| 15| 22| 13| 23
434 | 354 | 348 | 500 | 477
463 | 441 | 429 | 523 | 444
276 | 355 [ 168 | 623 | 21.0

SLC18A3
ACHE
CHAT

SLC5A7
SLC18A1
SLC18A2

SLCBA2

SLCBA3

SLC6A4

SLCBAS

TH
DDC
DBH
FEV

SLC32A1
GAD1
GAD2

SLC1A1

SLC1A2

SLC1A6

SLC17A6

SLC17A7

SLC17A8

Emx1 Emx2 Otx2 Foxg1l Ngn2
27.3 1326 | 224 | 817 |o
66.9 172.0 | 99.7 [107.2 E
2.5 15.5 3.2 76 |'s
16.4 66 | 18.3 256 |©
1.5 2.6 1.0 1.0 1.8
5.8 6.2 7.6 6.6 6.7
1.0 1.0 3.6 1.0 62
58 | 274 4.5
1.3 1.0 1.0 1.2 1.3
1.1 12 1.0 il Nl
1.5 1.8 3.3 16 5.0
6.6 5.0 6.8 | 153

45

1.9

3.6

3.6

21

210 | 175 | 23.6 | 218 | 254
1157 | 64.8 |106.5 | 126.7 | 150.6

72.7 |122.0 | 456 1106.0 | 37.8 |5

239 83 | 134 49



https://doi.org/10.1101/2020.12.02.398677

= bio eprint doi: https://doi.org/10.1101/2020.12.02.398677; this version posted December 2, 2020. The copyright holder for this preprint
F | g u r 6 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A bHLH motif occurences in the Ngn2 bound B Ngn2 motif classification C
peaks (idr<0.10 peaks) in FlagNgn2 Emx1 or Ngn2 peak classification
flagNgn2 Emx1 flagNgn2 Foxg1 Foxg1 :
800 1000 100 - 100
900 - 90 - 90
7001 . 8001 2 80 o 80 u intergenic
& 600- o S ? 70 .
2 s 700 - < 70+ 2 u genetail
8 500 > 600+ 8 60 mGA ol 60 ® intron
o o 500 - o 501 =GC o 907 exon
- 3007 4007 1 genebody
300 38_ 28_ u enhancer
2007 200 10.- 10- = promoter
100 1001 0. ]
- 0- FlagNgn2 FlagNgn2
012345678910 12345678910 E991 Fg 91 FlagNgn2 FlagNgn2
. . mx 0Xg Emx1 Foxg1
Bin Bin
D UCSC browser showing differential Ngn2 binding with E UCSC browser showing common Ngn2 binding with
diff cofactors diff cofactors
chr1: 10 kb chr2: 1kb — o
1.85M 41.86M 100 239.147M 239.148M 239.149M 239.150M
100 _ , , . _ 1 I I I | |
flagNgn2 flagNgn2
100 st ot Lk s e b e s ALt 100 _ _-A_.-—-‘_—‘-A‘_-L-_—-.L-_LA‘_L_“—.
fIagNgn2 fIagNgn2
Emx1 Emx1 |
fIagNgn2 fIagNgn2
Foxg1 | Foxg1
itk “‘___‘_A.A-_..._Mt
FOXO6 HES6
F PCA analysis shows clustering G Emx1 ChlIP profiles H UCSC track showing Emx1 binding distal to ISL1 promoter
of the ChlP-seq samples Ngn2 Ngn2
os _ Flagemx1-09 FlagEmx1-10 10 Kb ! ' hg19
\'? - Ngn2Foxg1R3
I Ngn2Foxg1R1 chrb: 50.67M 50.675M 50.680M 50.685M 50.690M
SN go Ngn2Foxg1R2 i 100 | ) ) | |
N —
3+
g 0.0 Ngn2Emx1R3 _ 25 flagme1 0609
5 * Ngn2Emx1R1 , I
& o2 *Ngn2Emxir2 novirusRT 3 100
8 i novirusR2e o % -
T 04 i 10 N 1010 10 flagEmx10610
S © Ngn2R2 gene distance (Kb) i
£ -0s © Ngn2R1 - . LOC642366
04 03 -02 -0.1 00 01 02 Emx1: £ ISL1
2.2e-666 A A

Principal Component #1 [42%] ~ “- % <o e's

I Emx1 motif J Emx1 peak K Schematics showing the spatial
occurence classification expression of Emx1 and Foxg1
and the resulting programs when

180 7 co-expressed with Ngn2
160 90+ . .
80- H intergenic
1401 = genetail
3 70- g .
e 1 20 7 H Glutamatergic
c ®intron GABAerai
3 60- oo
5100 1 exon . Cholinergic
o 50+ Monoaminergic
O 801 40- genebody
w 60 301 ® enhancer
4 | B promoter
40 20 Glutamatergic
20 7] 1 0 T GABAergic
i | % Cholinergic
0 1 2 3 0 Ngn2 . Monoaminergic
Bin FlagEmx1

Glutamatergic

GABAergic
. Cholinergic

Monoaminergic


https://doi.org/10.1101/2020.12.02.398677

