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SUMMARY

Better understanding of the progression of neural stem cells (NSCs) in the developing cerebral
cortex is important for modeling neurogenesis and defining the pathogenesis of neuropsychiatric
disorders. Here, we use RNA sequencing, cell imaging, and lineage tracing of mouse and human
in vitro NSCs and monkey brain sections to model the generation of cortical neuronal fates. We
show that conserved signaling mechanisms regulate the acute transition from proliferative NSCs to
committed glutamatergic excitatory neurons. As human telencephalic NSCs develop from
pluripotency /n vitro, they transition through organizer states that spatially pattern the cortex
before generating glutamatergic precursor fates. NSCs derived from multiple human pluripotent
lines vary in these early patterning states, leading differentially to dorsal or ventral telencephalic
fates. This work furthers systematic analyses of the earliest patterning events that generate the
major neuronal trajectories of the human telencephalon.

In Brief

Micali et al. report that human telencephalic NSCs /n vitro transition through the organizer states
that pattern the neocortex. Human pluripotent lines vary in organizer formation, generating
divergent neuronal differentiation trajectories biased toward dorsal or ventral telencephalic fates
and opening further analysis of the earliest cortical specification events.

Graphical Abstract

INTRODUCTION

Defining how cell types emerge in the forebrain is central to understanding the origins of
normal and pathological function in the cerebral cortex (Geschwind and Rakic, 2013; Kwan
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etal., 2012b; Lein et al., 2017; Nowakowski et al., 2017; Sandberg et al., 2016; Wamsley
and Fishell, 2017). The neocortex in mammals, including rodents and humans, is the product
of fate transitions of radial glial cells (RGCs), which function as neural stem cells (NSCs),
sequentially generating waves of post-mitotic neurons that migrate superficially from the
ventricular germinal zones (VZs) to form the ontogenic columns of the cortical layers
(Angevine and Sidman, 1961; Malatesta et al., 2000; Noctor et al., 2001; Rakic, 1974,
1988). This evidence has led to a sustained interest in defining how the commitment and
transition from proliferative RGCs to excitatory cortical neuronal fate are controlled.

In the developing mammalian telencephalon, organizer centers secreting morphogenic
signals emerge to pattern the cortical field before neuron specification (Geschwind and
Rakic, 2013; Grove and Fukuchi-Shimogori, 2003; O’Leary et al., 2007; Sur and
Rubenstein, 2005). Moreover, the excitatory and inhibitory neurons of the cortex emerge in
two different zones, the dorsal and the ventral telencephalon (Kwan et al., 2012b; Sandberg
et al., 2016; Wonders and Anderson, 2006). In spite of the central importance of this very
early period, many features of it, when telencephalic regional identities are first acquired, are
not well understood, particularly in humans. Recent reports of species-specific differences in
corticogenesis are often focused on relatively late neurogenic stages in which there is an
enhanced genesis in humans of superficial neurons from the outer subventricular zone
(0SVZ) (Hansen et al., 2010; Namba and Huttner, 2017; Nowakowski et al., 2016; Zhu et
al., 2018). However, the evolutionary expansion of the human cerebral primordium is
evident from the earliest stages and is already prominent when RGCs produce the first
glutamatergic neurons (Bystron et al., 2008; Geschwind and Rakic, 2013). Thus, there is a
clear interest in defining how the early patterning mechanisms are coordinated to achieve
discrete waves of neurogenesis.

Evidence of the genetic risk for neuropsychiatric disorders has been found in the patterns of
genes expressed in the neurogenic fetal cortex (de la Torre-Ubieta et al., 2018; Gulsuner et
al., 2013; Parikshak et al., 2013; State and Sestan, 2012; Willsey et al., 2013; Xu et al.,
2014). Moreover, risk-associated genes have been identified in the /n vitro functional
phenotypes of NSCs derived from patient-specific induced pluripotent stem cells (iPSCs)
(Brennand et al., 2015; HD iPSC Consortium, 2017; Fujimori et al., 2018; Lang et al., 2019;
Madison et al., 2015; Marchetto et al., 2017; Mariani et al., 2015; Schafer et al., 2019).
These studies, which define the molecular and developmental origins of risk for brain
disorders, point to the importance of early telencephalic fate transitions in the onset of
pathogenic mechanisms.

In vitro neural systems are central in modeling these early events in neurogenesis. The
growth factors FGF2, insulin, and other extracellular ligands, acting through the mitogen-
activated protein kinase-extracellular signal-regulated kinase (MAPK-ERK) and
phosphatidylinositol 3-kinase-protein kinase B (PI3K-AKT) pathways on the expression of
cell-cycle regulators, control the critical transition when proliferating cortical NSCs initiate
neurogenesis, both during brain development and in cell culture (Adepoju et al., 2014;
Androutsellis- Theotokis et al., 2006; Cattaneo and McKay, 1990; Johe et al., 1996;
Lehtinen et al., 2011; Qi et al., 2017; Rash et al., 2011; Ravin et al., 2008; Vaccarino et al.,
1999). Lineage analysis of rodent NSCs differentiating /n vitro directly demonstrated a rapid
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commitment of multipotent cells to neuronal or glial fates (Ravin et al., 2008). However, we
still lack a comprehensive view of the molecular events regulating human NSC (hNSC)
progression to post-mitotic cortical glutamatergic excitatory neurons.

Here, we modulated FGF2-MAPK signaling to control the developmental progression of
mouse and hNSCs toward neurogenesis /n vitro. We strictly define the acute molecular
events as NSCs commit to excitatory glutamatergic fates. Then, building on previous work
(Edri et al., 2015; Sakaguchi et al., 2015), we show that when hNSCs derived from PSCs
were serially passaged /in vitro, they self-organized to transition through a sequence of dorsal
telencephalic developmental stages. At early passages, hNSCs expressed genes that are
characteristic of the cortical hem, the dorso-caudal organizer zone of the telencephalon
(Caronia-Brown et al., 2014), progressing later to cortical glutamatergic neuronal fates. We
then derived multiple human iPSC (hiPSC) lines that showed intrinsic variability in this
early organizer state formation and in the consequent differentiation bias to dorsal or ventral
telencephalic fates. This work shows that patterning mechanisms and commitment events
that generate dorsal or ventral telencephalic neuronal fates are coordinated features that
emerge under precise control in hNSCs /n vitro. This 2-dimensional (2D) experimental
system opens to further systematic analysis the early non-linear fate transitions that specify
human cortical fates.

Waves of Transcriptional Dynamics during Mouse In Vitro Neurogenesis Are Regulated by
FGF2 Signaling

To define the events of cortical neuron commitment, we used primary NSC cultures derived
from the mouse dorsal telencephalon at the beginning of neurogenesis, embryonic day 11.5
(E11.5). In vitro, rodent cortical NSCs proliferate maximally in the presence of 10 ng/mL
FGF2 and abruptly differentiate when this growth factor is withdrawn (Adepoju et al., 2014;
Cattaneo and McKay, 1990; Ravin et al., 2008). Here, we modulated FGF2 signaling to
assess the differentiation trajectory of NSCs. NSCs were exposed to a range of FGF2 doses
(0.1, 1, or 10 ng/mL) for 48 h after passage, and their later differentiation was monitored on
day /n vitro (DIV) 15 (Figure 1A). Consistent with a known role for FGF2 in antagonizing
neurogenesis (Rash et al., 2011), the cultures exposed to the lower (0.1 or 1.0 ng/mL) rather
than the higher (10 ng/mL) dose of FGF2 generated more glutamatergic excitatory neurons
of every subtype, as defined using established cortical layer-specific markers (Kwan et al.,
2012b; Molyneaux et al., 2007; Shen et al., 2006) (Figures S1A and S1B), and expressed
significantly higher levels of the pre- and post-synaptic proteins Synapsin 1 (SYN1) and
Homerl (HOM1) (Figures 1F, i and iii, and S1C). Electrophysiological data also show the
regulation of the neuronal activity induced by early FGF2 treatment (Figure S1D). These
results confirm that the FGF2 signaling status of NSCs exiting the cell cycle regulates the
production and the functionality of glutamatergic neurons many days later. This in vitro
experimental system is used here to explore cellular progression during neurogenesis, from
proliferation to the post-mitotic state.

To gain insight into the transcriptional dynamics of NSCs progressing to excitatory neuron
fates, mouse cortical NSCs were exposed to varying doses of FGF2, and total RNA was
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collected for RNA sequencing (RNA-seq), from 6 h to 12 days of differentiation (Figure
1A). Principal-component analysis (PCA), which identifies major axes of variation among
the samples, defined progressive differentiation across the time in PC1 (Figure S1E),
indicating that NSCs exposed to lower FGF2 concentrations moved more rapidly through
this transition in gene expression. To explore these transcriptional dynamics at higher
resolutions, we used the genome-wide Coordinated Gene Activity in Pattern Sets
(GWCo0GAPS) non-negative matrix factorization (NMF) method. This method assigns
weights for the contribution of every gene to a set number of patterns representing dominant
changes in gene expression across all of the /n vitro samples (Fertig et al., 2014; Stein-
O’Brien et al., 2017). GWCo0GAPS analysis, identifying 11 patterns (p1—p11), defined
sequential waves of transcriptional extinction and induction as NSCs differentiated.
Hierarchical clustering ordered these patterns into 3 groups associated with (1) NSC
expansion (p5 and p6), (2) initiation of neural differentiation (p1, p11, p7, p9, and p10), and
(3) further maturation (p9, p10, p4, and p8) (Figures 1B, S1F, and S1G). The early patterns
(p5 and p6) were maintained in high FGF2 doses and enriched in cell-cycle regulator genes,
defined by Gene Ontology (GO) analysis. The initial FGF2 condition controlled sequential
waves of gene expression in the first 6 days of differentiation (patterns p1, p11, p7, and p9).
GO analysis defined distinct endpoints for low and high FGF2 conditions that reflect either
terminal neurogenesis (p8; low FGF2) or gliogenesis- (p4; high FGF2) (Figure 1B). Hence,
NSCs passaged into low FGF2 downregulated cell-cycle genes and traversed later steps of
neuron differentiation more efficiently than in high FGF2 (Figures SIH-S1K). This high-
resolution analysis defines dynamic waves of transcription initiated by variation in FGF2
signaling as NSCs exit the cell cycle, distinguishing differentiation trajectories that from the
earliest times were biased toward either cortical neurons or glia.

Early Endogenous BMP Signaling Is Required for Mouse Cortical Neurogenesis

To address the events initiating the differentiation of dorsal telencephalic neurons, we
focused on bone morphogenetic protein (BMP) signaling that is known to oppose FGFs both
in patterning the telencephalon /n vivo and in regulating NSC differentiation /n vitro
(Lehtinen et al., 2011; Lillien and Raphael, 2000; Mabie et al., 1999; Tiberi et al., 2012).
When hierarchical clustering was used to analyze the dynamics of BMP signaling during /n
vitro neurogenesis, distinct waves of expression of BMP-responsive genes correlated with
particular BMP ligands were initiated by the early exposure to FGF2 (Figures 1B, p7, 1C-
1E, S1L, and S1M). Nuclear phosphorylated SMAD1/5 (pSMAD1/5) signal monitored a
rapid transient induction of endogenous BMP in low FGF2 doses (Figure S1N), which
paralleled the induction of mMRNA expression for BMP4 and the BMP-induced antagonist
Noggin (Figures 1D and S1M).

To determine whether this early BMP signaling had a significant effect on neurogenesis and
neuronal maturation, we perturbed it 12 h after plating NSCs, before BMP4 transcription
(Figures 1A and S1M). The early inhibition of BMP signaling by the BMP type | receptor
(BMPR1) inhibitor LDN193189, applied to NSCs exposed to low FGF2 doses, blocked both
pSMAD1/5 induction at DIV 2 and the subsequent neurogenesis and synaptic maturation
seen at DIV 15 (Figures 1F, S10, and S1P). Exposing NSCs to high FGF2 doses plus
exogenous BMP4 boosted pSMAD1/5 levels but did not rescue the compromised
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synaptogenesis, suggesting that a specific BMP-responsive cell state must be induced before
the neuronal differentiation program (Figures 1F, iii, and S10). We previously demonstrated
that rodent telencephalic NSCs consist of a heterogeneous and dynamic population with
rapidly varying lineage potential (Ravin et al., 2008). These data indicate that low FGF2
induces response to an endogenous and transient wave of BMP signaling that is required for
cortical excitatory neuron commitment of NSCs /n vitro.

Mouse Cortical NSC Subtypes Show Selective FGF2-Induced BMP Signaling Activation
and Distinct Fate Bias

To further explore NSC diversity during cortical neurogenesis, we interrogated the surface
expression of the tyrosine kinase receptors platelet-derived growth factor receptor a
(PDGFRa) and epidermal growth factor receptor (EGFR), which identify subsets of
embryonic dorsal telencephalic NSCs generating neurons and glia i vivoand in vitro
(Andrae et al., 2001; Lillien and Raphael, 2000; Park et al., 1999; Sun et al., 2005). The
proportion of PDGFRa hjgh and EGFRyjgh cells was regulated by FGF2 dose in the first 2
days /n vitro, and moreover, the expression of the receptors was mutually exclusive before
decreasing at DIV 6 (Figures 2A and S2A). These data indicate that transient waves of
EGFR* and PDGFR* cell states occurred during the differentiation progression of NSCs /n
vitro.

Time-lapse recording and lineage analysis showed that FGF2 signaling controlled the cell-
cycle duration of EGFRpgh cells in a dose-dependent manner (Figure S2B), inducing in
these cells higher levels of phosphorylated FGF receptor (p0FGFR) and ERK1/2 (pERK1/2)
across all of the doses (Figure S2C). However, no differences in FGFR2, FGFR1, and
FGFR3 expression were seen between PDGFRa high and EGFRygh cells (Figure S2C; data
not shown). These data suggest that FGF2 induced asymmetric signaling in the two
subtypes. Higher expression of the neural fate transcriptional regulators HES1 and PAX6
was seen in EGFRhigh cells, while the levels of the precursor marker SOX2 were higher in
PDGFRayigh cells (Figure S2D). Extending the above data showing that early induction of
endogenous BMP signaling was required for cortical neurons to efficiently differentiate,
higher BMPR1A expression and pPSMAD1/5 signal was found in EGFRhigh cells in low
FGF2 (Figure 2B). These results indicate that BMP signaling was initiated in a transient
EGFRhigh NSC state.

The fate bias of these NSC subtypes was assessed by time-lapse recording to create lineage
dendrograms linking EGFRpjgn or PDGFRayign founder cells at DIV 1 to the derived
neurons, oligodendrocytes, and astrocytes identified at DIV 6 by the expression of TuJ1, O4,
or glial fibrillary acidic protein (GFAP) (Figure S2E, i; Videos S1, S2, and S3).
PDGFRayjgn progenitors committed with similar proportions to oligodendrocytes or
neurons in low FGF2, and predominantly to oligodendrocytes at the higher FGF2 dose.
EGFRygh cells were tripotent, both in 1 and 10 ng/mL FGF2 (Figure 2C). Consistent with
the transcriptomic data (Figures 1 and S1), the lineage analysis showed that faster cell-cycle
exit correlated with early neuron specification of the EGFRpgp, cells (Figures 2C and S2E,
ii). These results suggest that efficient neurogenesis was associated with an early wave of
differentiating EGFRpgh cells becoming acutely postmitotic in low FGF2 conditions.
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To lineage trace neurons at more mature stages of differentiation (DIV 15), we used adeno-
associated viruses (AAVs) encoding green fluorescent protein (GFP) with preferential
tropism for cells expressing either PDGFRa (AAV5) or EGFR (AAV6) (Di Pasquale et al.,
2003; Jackson et al., 2006; Weller et al., 2010) (Figures S2F and S2G). AAV6-infected
NSCs preferentially generated CUX1*, FOXP2*, or TLE4™" glutamatergic neurons, while
AAV5-infected NSCs were more prone to produce GADG65 expressing putative GABAergic
neurons with less complex morphologies (Figures 2D and S2H). These results define an
EGFRpigh BMP responsive cell state that efficiently produces cortical glutamatergic
neuronal fates.

Cortical Neuron Differentiation Bias Varies with the Passage of hNSCs

Having defined the events of the transition to glutamatergic neurons from mouse cortical
NSCs, we investigated neuronal commitment mechanisms in human dorsal telencephalic
NSCs derived from PSCs /n vitro (Edri et al., 2015; Mariani et al., 2012; Shi et al., 2012).
Using standard neural induction protocols (Chambers et al., 2009; Edri et al., 2015),
telencephalic NSCs were generated from the widely used human embryonic stem cell (ESC)
line H9, which were then serially passaged in high FGF2 (Figure 3A). From passage (PS) 2
to 5, hANSCs were analyzed for the expression of the fate regulators SOX2, HES1, HESS5,
OTX2, PAX6, and SOX21 (Figures S3A and S3B). The spontaneous emergence of the
neural rosette-forming state at PS3 and PS4 and its subsequent decline provided a system to
define the dynamics of neurogenic fate mechanisms in humans.

The neurogenic potential of the hNSCs was explored using FGF2 signaling modulation, as
with the mouse system. Following expansion, hNSCs from PS2 to PS8 were exposed to
varying concentrations of FGF2 for 6 days before RNA collection for RNA-seq (Figure 3A).
PC1 revealed transcriptional progression across passages that was independent of the FGF2
dose (Figure S3C, i). Gene expression data can be visualized or “projected” into a low-
dimensional space defined by another dataset, allowing the exploration of the transcriptional
modules defined in one dataset as they change in the other. To relate the dynamics of hNSCs
in vitroto in vivo cortical development, we projected gene expression data from the
developing human (Jaffe et al., 2018) or macaque neocortex (Bakken et al., 2016) into the
transcriptional space defined by the individual gene weights from PC1, using projectR
(Figure S3C, ii and iii) (Stein-O’Brien et al., 2019; see Method Details). The projection
analysis indicated that the transcriptional dynamics identified by PC1 /n vitro parallel human
and macaque development as neurogenesis peaks /7 vivo.

To characterize these transcriptional dynamics at a more granular level, we explored a set of
24 patterns (p1-p24) defined by the GWCoGAPS algorithm in this in vitrohNSC RNA-seq
data (Figure S3D). Three of these patterns (p5, p6, and p22) showed transcriptional
differences across the FGF2 dose that peaked at PS4, when neural rosettes were most
abundant (Figures 3B, i and S3D). Projection of the developing macaque cortex gene
expression data (Bakken et al., 2016) into these patterns shows that p5 specifically identifies
a gene signature more highly expressed in the forming cortical plate (CP) than in the
germinal SVZ and VZ domains throughout this neurogenic period (Figures 3B, ii and S4A).
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To more precisely relate these /n vitro transcriptional dynamics to discrete cell types of the
developing primate neocortex, we generated a single-cell mMRNA-seq (scRNA-seq) dataset
from 2 macaque fetal visual cortex (V1) samples collected at E77 and E78, using the 103
Genomics platform. Data from 17,161 single cells passed quality control measures and were
included in the present study. Using unsupervised clustering, we identified major cell
clusters including RGCs, intermediate neuronal precursor cells (IPCs), excitatory neurons
(ExNe), and interneurons (InNe) (Figures S4D and S4E). Projection of this monkey fetal V1
or human developing cortex scRNA-seq data (Nowakowski et al., 2017) into the hNSC
GWCO0GAPS patterns confirmed that p5 correlates with post-mitotic IPC and excitatory
neuron signatures /n vivo (Figures 3B, iii and S4F). Pattern p22 induced by high FGF2 was
not associated with an excitatory neurogenic signature in either projection (Figures 3B, S4A,
and S4F). These results indicate that the /n vitro appearance of newborn cortical neurons
was favored specifically at PS4 by the acute reduction of FGF2 and, more important, that
gene expression dynamics occurring during /n vitro neurogenesis parallel those in the
neurogenic primate neocortex.

Immunofluorescence was used to further explore the differentiation of PS4 hNSCs into post-
mitotic neurons. The data show that low FGF2 favored a switch from proliferating (EDU™)
SOX2* hNSCs to SOX2, PAX6, TuJ1*, EGFRpjgh, and DCX* post-mitotic (EDU) newborn
neurons (Figures 3C, i and iii, S4B, iii-v, and S4C). Elevated pSMAD1/5 immunoreactivity
showed that this transition from dividing precursors to young neuroblasts induced by low
FGF2 was associated with a burst of endogenous BMP signaling occurring most efficiently
at passage PS4 (Figures 3C, ii and S4B, vi). These results suggest that post-mitotic neurons
with cortical glutamatergic features were specified by a conserved mechanism in human and
mouse NSCs and that hNSCs differ across the passages in the generation of pertinent
intermediates as excitatory cortical neuronal fates were specified (Figure S4B, i—iv).

EGFR-BMP Signaling Interaction Defines a Neurogenic Transition State in RGCs of the
Developing Primate Cortex

Next, we investigated whether the progression of the NSC states seen /n vitro recapitulates
fundamental events of RGC development in vivo. In primates, the expression of PAX6
defines the neurogenic potential of RGCs in the VZ and marks committed neurons in the
0SVZ (Hansen et al., 2010; Mo and Zecevic, 2008). In the E70 macaque dorsal parietal
cortex, we detected EGFR and PAX6 co-expression in RGCs of the VZ/iSVZ (inner SVZ)
and in committed neurons delaminating through the oSVZ (Figures 3D and S4G, i). The
induction of nuclear pPSMAD1/5 detected in EGFRyjgn expressing RGCs indicates the BMP
signaling response, suggesting the transition of these cells to neurogenic precursors
(Lehtinen et al., 2011; Li et al., 1998; Saxena et al., 2018) (Figure 3D). Moreover, we found
EGFRypigh precursors expressing the neurogenic transcription factor EOMES/TBR2 in iSVZ,
confirming the neuronal commitment of these cells (Figure S4G, ii and iii) (Arnold et al.,
2008; Englund et al., 2005; Pollen et al., 2015). EGFR staining was not detected in CP cells
expressing later neuronal markers such as TBR1 (Figure S4G, i, ii, and iv).

We explored this transition further in the monkey fetal V1 scRNA-seq data and identified a
population of early neuronal IPCs progressing from RGCs, expressing EGFR, TBR2, SOX2,
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and NEUROG1 (Figures 3E and S4E). These results are consistent with the hypothesis that
hNSCs /n vitro model a mid-neurogenic phase of primate cortex development, when an
EGFRpign expressing the RGC population uses BMP signaling in a transition state from
proliferative cells to committed glutamergic cortical neurons.

Early Passage hNSCs Show Cortical Organizer ldentities

To understand the origins of the neurogenic peak, we focused on NSC states before PS4.
Five GWCOGAPS patterns from the /n vitro hNSC data showed the highest gene expression
at PS2 and PS3 (p8, pl1, p2, p4, and p19) (Figures 4A, i and S5A, i). Of these, p2, p11, p4,
and p19 but not p8 were dependent on the initial FGF2 status of the cells. These
transcriptional dynamics suggest that these early stages of hNSCs also undergo an FGF2-
regulated developmental progression that we explore further here.

Projection of the developing macaque cortex gene expression data (Bakken et al., 2016) into
these early passage hNSC GWC0GAPS patterns showed that p8 and the low FGF2 patterns
p11 and p2 expressed genes characteristic of the cortical hem domain (Figures 4A, ii and
S5B). Neither the early high FGF2 patterns p4 and p19 nor the later patterns p5 and p22
(described above) showed an enrichment of genes of the cortical hem domain (Figures 3B, ii
and S5A, ii). This analysis indicates that low FGF2 conditions at early passages induced
elements of the hem transcriptional signature. The cortical hem is a source of BMP and
WNT morphogens that pattern the dorso-caudal domain of the telencephalon (Caronia-
Brown et al., 2014; Grove et al., 1998). To monitor the emergence of this cellular organizer
identity across the hNSC passages, we used the gene expression data from the developing
macaque cortex (Bakken et al., 2016) to generate a list of hem-specific genes of the primate
telencephalon (Figure 4B; see Method Details). PS2 and PS3 were enriched in these genes,
including LMX1A, WNT8B, WNT3A, BMP2/4/6/7, RSPO2/3, and BAMBI, indicating
coordinated transient expression of the cortical hem transcriptional signature, sensitive to
FGF2 dose, at early passages of in vitrohNSCs. The expression patterns of genes such as
FGF8, TTR, and SFRP2 at these early passages suggest that other organizer states, including
rostral patterning center (RPC), choroid plexus, and antihem, were also represented
(Assimacopoulos et al., 2003; Sakaguchi et al., 2015; Storm et al., 2006) (Figure S5C).

Consistent with the known function of LMX1A in the specification of neural organizers,
including the cortical hem in the mouse (Chizhikov et al., 2010), the expression of this
transcription factor was highest at PS2 in low FGF2 and subsequently decreased (Figure 4C,
i and iv). In contrast, FOXG1 and LHX2, which are required in the mouse to form the
medial pallium and lateral cortex and to repress the formation of the cortical hem (Bulchand
et al., 2001; Hanashima et al., 2007; Mangale et al., 2008; Molyneaux et al., 2007; Monuki
et al., 2001), were expressed more prominently at later passages (Figure 4C, i, ii, iv, and v).
At PS3, the majority of cells expressed LMX1A or LHX2, suggesting co-emergence of the
caudal hem organizer and precursor cells of the cortical field, which then become dominant
in PS4 (Figure 4C, iv). The progressive appearance of cells co-expressing OTX2, a
transcriptional regulator of the choroid plexus and cortical hem (Sakaguchi et al., 2015), and

V), is consistent with the progression of hNSCs from a hem to a cortical neurogenic identity
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(Figures 4C and 4D). This coordinated change indicates that cortical patterning and dorsal
excitatory neuronal specification mechanisms are efficiently executed across early passages
of hNSCs generated /n vitro.

hNSC Line Variation in Organizer States Results in Divergent Neuronal Fate Trajectories

To address the stability of these early telencephalic differentiation steps, we analyzed
multiple hiPSC lines. Six hiPSC lines (2063-1, —2; 2053-2, —6; 2075-1, —3) were generated
from the scalp fibroblasts of 3 donors and differentiated toward forebrain fates. Aiming to
probe intrinsic developmental bias in the early steps of telencephalic commitment in
different hiPSC lines, we used a 32-day differentiation protocol that included the DKK1
mimetic XAV939 (X), which inhibits BMP and WNT signaling promoting anterior fates
(Glinka et al., 1998). To limit FGF2-mediated effects on the regional identity of the NSCs
and neurogenesis (Hendrickx et al., 2009; Korada et al., 2002; Raballo et al., 2000; Rash et
al., 2013), the neuronal differentiating conditions X + LSB (XLSB) were applied directly to
the iPSCs, without intervening passages of the NSCs in the presence of FGF2 (Figure 5A).

To analyze the differentiation states induced by this treatment, RNA was collected at
different time points for sequencing analysis. PC1 of the gene expression data showed that
all of the samples progressed with similar kinetics through a common landscape of
differentiation, promoted with similar efficiency in all six lines by growing NSCs either with
or without rat astrocytes, which are known to facilitate neuronal maturation (Figure 5B, i).
NSC fate regulators (SOX21, OTX2, and HES3) had high expression at early time points, in
contrast to the regulators of neuronal function (NEFL, SYP, SYT4, and SNAP25) expressed
at later times (Figure S6A). The projection of gene expression data from micro-dissected
regions of fetal human cortex (Miller et al., 2014) into PC1 demonstrated that the /n vivo
spatiotemporal progression that generates post-mitotic neurons of the CP maps onto the time
course delineated in this PC1 (Figure 5B, i).

In contrast to PC1, in which all 6 iPSC lines progressed equivalently, PC3 identified distinct
patterns of gene expression on days 17 and 30 in 2 groups of cell lines: (2063-1, -2 and
2053-2) and (2053-6 and 2075-1, —3) (Figure 5B, ii). Projection of the fetal human cortex
gene expression data (Miller et al., 2014) into PC3 distinguished cell lines with differential
expression of dorsal pallium (2053-6 and 2075-1, —3) or ventral ganglionic eminence genes
(2063-1, -2 and 2053-2] (Figure 5B, ii). Dorsal telencephalic regulators such as PAX®6,
FEZF2, NEUROD4, and NEUROG2 were highly expressed in 1 group of cells (2053-6,
2075-1 and —-3), while regulators of ventral telencephalic fates such as NKX2-1, FOXG1,
LHX6, LHX8, SHH, and DLX genes (Sandberg et al., 2016) were highly expressed in the
other (2063-1, —2 and 2053-2) (Figure S6B). This analysis suggests that by day 17, these 2
groups of hiPSC lines have accessed dorsal or ventral telencephalic fates with different
efficiencies.

To gain a higher-resolution view of transcriptional change in this system, we decomposed
the RNA-seq data of the 6 hiPSC lines with the informatic tool GWCoGAPS, identifying a
set of 30 gene expression patterns (GWCoGAPS-I11 p1-p30) (Figure S6C). Among these,
patterns of genes restricted to the 2 groups of cell lines were identified. GWCoGAPS-111
patterns p3, p14, and p15 showed differential expression in the 2 groups of cell lines at days
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17 and 30 (Figures 5C and S6C), again involving dorsal versus ventral telencephalic genes,
as indicated by the projection of the macaque developing cortex gene expression dataset
(Bakken et al., 2016) into GWC0oGAPS-III patterns using projectR (Figure 5C, i and ii). The
GWCOoGAPS-III p3 revealed enhanced expression of genes promoting dorsal telencephalic
fates, including FEZF2 and PAX6 (p = 5.0el1 and p = 9.0e13 in DESeq2 on day 17). In
contrast, the top weighted genes in the GWCoGAPS-I11 p15 included regulators of
inhibitory neuron differentiation and function (ASCL1*, NKX2-1*, LHX6, LHX8, GAD1,
DLX1*, DLX2*, DLX5%*, and DLX6%*; *p = 1.0e5 in DESeq?2 analysis of differential
expression on day 30) (Figure S6D).

These data raise the question of whether the differential bias toward dorsal or ventral
telencephalon shown by these hiPSC lines emerges from an earlier fate segregation process.
GWCOoGAPS-III p2 and p16 distinguished the 2 groups of cell lines already at day 8 (Figure
5D, i). The projection of macaque developing cortex gene expression data (Bakken et al.,
2016) into the GWCoGAPS-111 patterns indicates that cortical hem genes, including OTX2,
WNTB8B, RSPO2, and WLS were highly weighted in p2 more than in p16 (Figures 5D, i and
S6E). These dynamics were confirmed by the high expression of LMX1A at day 8 followed
by the induction of EGFR at later time points in the lines with dorsal bias, which is
consistent with the appearance of cortical excitatory neuronal precursors following
patterning states (Figure 5D, ii). These data indicate that the three lines that most efficiently
generate cortical excitatory neurons were biased toward dorso-caudal organizer fates at
earlier steps. The generality of the emergence of early organizer states /n vitrowas
confirmed in the public sequencing data of differentiating cortical neurons derived from
hiPSCs (Edri et al., 2015; van de Leemput et al., 2014; Ziller et al., 2015) by projection into
the hem-associated GWCoGAPS-I1I p2 (Figure S6F). NKX2.1 and SHH, well-known
ventral fate regulators (Sandberg et al., 2016), were maximally expressed in the cell lines
with ventral bias on days 17 and 30 (Figures 5D, ii and S6G). Before this, on day 8, FGF8,
which is known to pattern the antero-ventral telencephalon (Storm et al., 2006), was
maximally expressed in the cell lines with ventral bias (Figure 5D, ii). These data indicate
that the divergent neuronal trajectory bias of hNSCs was coordinated with early mechanisms
regulating the emergence of distinct organizer signals in the generation of forebrain NSCs
from pluripotent states. The molecular and cellular bases for this variation may be readily
probed further across many human pluripotent lines, progressing in vitro, as we describe
here.

DISCUSSION

In the present study, we defined the transcriptional progression of mouse and human cortical
NSCs transitioning to glutamatergic excitatory neuronal fates /n vitro. Our understanding of
the cellular dynamics across dorsal telencephalic neuronal commitment was extended by the
analysis of mouse NSC populations transiently expressing distinct levels of EGFR or
PDGFR. We showed that FGF2 signaling generates asymmetry within NSC progenitors
instructing a wave of EGFRpjg, cells that take on cortical excitatory neuronal fates. Mouse
and human EGFRpjgh NSCs in low doses of FGF2 initiated an endogenous BMP signaling
cascade as cortical glutamatergic neurons first differentiated. In higher FGF2 concentrations,
we observed compromised neurogenesis that we attribute to a delayed BMP activity and
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differentiation of EGFRygp cells, preferentially generating glia fates in these conditions. The
different neuronal trajectories traversed by /n vitro NSCs exposed to varying FGF2 doses are
consistent with previous /in vivo results, indicating that FGF2 signaling perturbation during
mouse embryogenesis affects neurogenesis in the dorsal telencephalon specifically (Korada
et al., 2002; Raballo et al., 2000; Rash et al., 2011, 2013). It has been shown in the mouse
that PDGFRa marks dorsal telencephalic NSCs that differentiate into neurons /n vivo
(Andrae et al., 2001) and in vitro after exposure to PDGF ligands (Johe et al., 1996; Park et
al., 1999). We showed that PDGFRapjgn NSCs do not respond to FGF2-induced BMP and
generate GABAergic inhibitory more efficiently than cortical excitatory neurons in our in
vitro system. A subpallial origin of these NSCs seems unlikely, as fluorescence-activated
cell sorting data in our lab (not shown in this work) indicate that the discrete PDGFRapjgn
and EGFRpjgn subtypes become one population that is double positive for both receptors in
suspension, suggesting that these are two states of the same precursor that probably reset
potency with passage, as previously reported for NSCs (Ravin et al., 2008). It has been
shown in the mouse that olfactory bulb (OB) interneurons generated postnatally share
common embryonic progenitors with cortical projection neurons /7 vivo (Fuentealba et al.,
2015) and /n vitro (Cai et al., 2013). It will be interesting to determine whether the
embryonic PDGFRapjgh NSCs defined in this work share features with other previously
identified adult mouse telencephalic precursors expressing PDGFRa, including a subset of
B type NSCs in the SVZ generating OB interneurons and oligodendrocytes (Jackson et al.,
2006), or others defining the oligodendrocyte lineage (Marques et al., 2016). Extending
previous work identifying EGFR-expressing cells as astro-glial precursors of the late SVZ in
rodents and monkeys (Burrows et al., 1997; Lillien and Raphael, 2000; Rash et al., 2019;
Sun et al., 2005), our work defines a transient population of neurogenic EGFRpjgh RGCs
responsive to BMP signaling undergoing acute neuronal commitment during cortical
development /n vitro.

From the first generation of neurons from mouse pluripotent sources /in vitro (Kim et al.,
2002; Okabe et al., 1996) to the many recent studies of the transcriptomic and epigenetic
landscapes of the developing human cerebral cortex (de la Torre-Ubieta et al., 2018;
Nowakowski et al., 2017; Zhu et al., 2018), it has been shown that neuronal differentiation
from NSCs requires transitions through a series of cellular intermediates. Here, after
defining the acute transition events leading to post-mitotic excitatory neuron fates, we
explored /n vitrothe intrinsic patterning mechanisms that coordinate corticogenesis before
the ingrowth of thalamic afferents /n vivo (Armentano et al., 2007; Bishop et al., 2000;
Cholfin and Rubenstein, 2007; Fukuchi-Shimogori and Grove, 2001; Miyashita-Lin et al.,
1999; Nakagawa et al., 1999; Shimogori and Grove, 2005). Hence, we demonstrate the
sequential appearance of organizer and cortical neuron precursor domains /in vitro. Previous
work has demonstrated the presence of organizer structures in cerebral organoids derived
from human iPSCs (Renner et al., 2017). We show that the earliest events in human
telencephalic patterning and neurogenesis may be systematically analyzed with PSCs using
this 2D in vitro system, which gives different advantages compared to 3D cultures (Pasxca,
2018), and is where we can observe the emergence of competing cortical patterning signals
that determine regional neuronal fates.
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The variation in the organizer states and subsequent divergent telencephalic trajectories
revealed in the newly generated iPSC lines validates this concept, providing an opportunity
to define how morphogenetic spatial patterning is coordinated with the specification of
excitatory or inhibitory neurons in the human telencephalon. Consistent with these data,
another recent study shows variation in dorso-ventral telencephalic fate bias across cerebral
organoids derived from multiple donor iPSCs (Kanton et al., 2019). We also observed that
replicate lines from same individual (2053-2, —6) can traverse divergent telencephalic
regional fates under the same differentiation conditions. Previous reports have shown that
transcriptional heterogeneity or differentiation capacity variability of multiple donor iPSC
lines are under both genetic and epigenetic control (Carcamo-Orive et al., 2017; Nishizawa
et al., 2016). Future studies will link genetic and epigenetic mechanisms to the divergent
transcriptional phenotypes and fate bias we observed here.

The developmental mechanisms controlling these early telencephalic fates are of great
interest as they are proximal to genetic risk for many neurodevelopmental disorders,
including autism spectrum disorders (ASD) (HD iPSC Consortium, 2017; Kwan et al.,
2012a; Madison et al., 2015; Marchetto et al., 2017; Mariani et al., 2015; Schafer et al.,
2019) and brain cancers (Crawley et al., 2016; Ernst, 2016). Progress continues in defining
disease-relevant /n vitro phenotypes using genetically distinct hPSC lines as a central tool in
the development of novel therapeutic interventions (Fujimori et al., 2018; Hubler et al.,
2018; Lang et al., 2019). Our study suggests that to achieve accurate models of risk for
neuropsychiatric disease, it will be necessary to more powerfully assess the extent and origin
of the developmental variation in patient-specific iPSCs, as they progress through the non-
linear transitions described here. Defining, as we described, cell state transitions and
subsequent distinct neuronal differentiation trajectories will be central in selecting optimal
lines for specific fates and designing cell assays that more efficiently reveal phenotypes of
interest across a more precisely controlled neurogenic landscape /n vitro. When integrated
with the unprecedented transcriptomic and epigenetic mapping of the human forebrain
(Amiri et al., 2018; de la Torre-Ubieta et al., 2018; Li et al., 2018; Wang et al., 2018; Zhu et
al., 2018), the neural cell state transitions defined in this study will yield functional insights
into the origin of developmental risk for neuropsychiatric disorders.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Ronald D. McKay
(ronald.mckay@libd.org) or (ronaldmckay@me.com).

Materials Availability—All unique/stable reagents generated in this study (6 hiPSCs
lines) are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—The RNA-sequencing data generated in this study are
available at GEO Accession #: GSE144158; GSE144156; GSE144157; GSE144508.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse NSC culture and differentiation—Embryonic day (E)11.5 embryos were
isolated from pregnant C57BL/6 mice (Charles River) following the LIBD/Johns Hopkins
University School of Medicine’s Institutional Animal Care and Use Committee (IACUC)
guidelines. Dorsal cortices were collected in DMEM/F12 medium with N2 supplement
(described below) and by mechanical trituration separated into single cells, as previously
described in (Androutsellis-Theotokis et al., 2008; Ravin et al., 2008). 1 x 10° cells were
plated over 10 cm culture plates (Falcon, 35-3003), previously coated with poly-L-ornithine
(PLO) (Sigma, P3655) and fibronectin (FN) (R&D Systems, 1030FN), and incubated at
37°C, 5% O, and 5% CO, for 5 days in DMEM/F12 medium (Mediatech 16-405-CV) plus
N2 supplement, containing 25 pg/ml bovine insulin (Sigma, 16634), 100 pug/mL
apotransferrin (Sigma, T2036), 20 nM progesterone (Sigma, P8783), 100 mM putrescine
(Sigma, P5780), 30 nM sodium selenite (Sigma, S5261), penicillin/streptomycin (Life
Technology, 15140-122). We refer to DMEM/F12 medium with N2 supplement as N2
medium, hereafter. 10 ng/ml bFGF (R&D Systems, 4114-TC) was added daily and the
medium was changed every other day. NSCs were lifted with HBSS (Thermo Fisher
Scientific, 14185052) and aliquots of 1 x 108 cells/ 100 pl of N2 were frozen at —~80°C.
Thawed NSCs were expanded in presence of 10 ng/ml FGF2 for 5 days until confluence (we
indicated this as passage 1, PS1). Then NSCs were dissociated with HBSS and passaged
(PS2) into PLO/ fibronectin-coated 24 well plates (IBIDI, 82406), at a density of 50.000/
well in N2 medium + FGF2. For FGF2 modulation experiment, NSCs were exposed to
varying doses of FGF2 (0.1, 1, 10 or 100 ng/ml) on DIV 1 and 2. FGF2 was added daily. For
differentiation experiments, NSCs were plated at PS2 over primary E18 rat astrocytes (see
below) or, as indicated in the experiment description, without astrocytes. Differentiation of
NSCs was induced 2 days after plating, by FGF2 withdrawal. At DIV 4, N2 was replaced
with NeuroBasal medium (NB) (Life Technology, 12348-017), containing 25 pg/ml insulin,
30 nM sodium selenite, Glutamax (Life Technology, 35050061), 1x B27 (Life Technologies,
17504-044), 10 ng/ml BDNF (R&D Systems, 248-BD) and 10 ng/ml NT-3 (R&D Systems,
267-N3) until the end of experiment.

Treatment with LDN193189 (100 nM) (Stemgent, 04-0074) or BMP4 (10 ng/ml) (R&D
System, 5020-BP-010/CF) was performed 12 hours after NSCs were plated with different
FGF2 doses and repeated 24 hours later. LDN193189, BMP4 and FGF2 were withdrawn 48
hours after cell plating (DIV 2), and differentiation was induced as described above.

hPSC culture and neural differentiation—For maintenance of H9 human pluripotent
stem cells (hPSCs) in feeder-free condition, cells were dissociated to single cells with
Accutase (Life Technologies, A11105), plated at a density of 1 x 10° cells/cm? in a Matrigel
(BD, 354277)-coated 6 well plates (Falcon, 35-3046) with mTeSR1 (Stem Cell Technology,
05850) containing 5 pM Y 27632, ROCK inhibitor (Sigma-Aldrich, Y0503) at 37°C, 5%
CO»,. ROCK inhibitor was removed from the medium 24 hours after plating and cells were
cultured for another 4 days before the next passage (Chen et al., 2012). Neural
differentiation from hPSCs was induced using dual SMAD inhibition protocol (Chambers et
al., 2009). Cells were plated at a density of 6x10% cells in Matrigel-coated 24 well plates
(IBIDI, 82406) or (Corning, 3526), with mTeSR1 plus ROCK inhibitor at 37°C, 5% CO,.
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Cells were switched to Aggrewell medium (Stem Cell Technology, 05893) for 2 days and
then to N2+ B27. 100 nM LDN193189 (Stemgent, 04-0074) and 2 uM SB431542 (Sigma-
Aldrich, S4317) were added in the medium after ROCK inhibitor withdrawal for 8 days
(passage 1). Passage (PS) 1 hNSCs were passaged using Accutase. For expansion, hNSCs
were plated at a density of 4x10° cells (from PS1 to PS2) or 2x10° cells (from PS3 to PS8)
in a PLO/Fibronectin-coated 24 well plates, cultured in N2 medium with 20 ng/ml FGF2 at
37°C, 5% O, and 5% CO» and serially passaged every 6 days, after dissociation with HBSS.
NSCs were PFA-fixed or RNA was collected at the end of every passage from PS1 to PS8.
For FGF2 modulation experiments, at each passage from PS2, parallel hNSC cultures were
exposed to different FGF2 doses (0.1, 1, 10 and 20 ng/ml) for 6 days and then PFA-fixed or
processed for RNA extraction.

The 6 human iPSC lines (2063-1, —2; 2053-2, -6, 2075-1, —3) were differentiated into
forebrain NSCs as previously described (Maroof et al., 2013). hNSCs were cultured in N2-
B27 medium supplemented with 2 UM XAV939 (Stemgent, 04-0046), LDN193189 (100
nM) and SB431542 (10 uM) (XLSB) for 12 days. mTesR medium was gradually switched to
N2-B27 in the first 7 days as following: day 0 100% mTesR + ROCK inhibitor, day 1 75%
mTesR + 25% N2-B27, day 3 50% mTesR and N2-B27, day 5 25% mTesR + 75% N2-B27,
day 7 100% N2-B27. NSCs were passaged on day 8 in N2 + B27 +XLSB; XLSB was
withdrawn on day 12. On day 17, NSCs were passaged over astrocytes or without astrocytes
and terminally differentiated in Neurobasal medium (NB) + B27 until day 32. RNA was
collected on day 30 from neurons without astrocytes, on day 32 from neurons co-cultured
with astrocytes.

Generation of human induced pluripotent stem cell (hiPSC) lines—Human
fibroblasts (Donor 2075, 2053, and 2063) were seeded at 5 x 103 cells/cm? in a Matrigel-
coated plate and cultured with DMEM medium supplemented with 10% FBS (Life
Technologies, 16000-044) and 2 mM L-glutamine. After 24 hours (day 1), the medium was
changed to Pluriton human NUFF conditioned media with 300 ng/ml B18R protein. On day
1 and 5, the microRNA booster kit (Stemgent, 00-0073) was used with the StemFect RNA
transfection reagent kit (Stemgent, 00-0069) to enhance reprogramming. On day 2-12, the
OSKML RNAs were transfected. The mRNA reprogramming process was performed at
37°C in 5% O2 and CO2 incubator.

Rat astrocyte culture—Sprague-Dawley rat embryos hippocampi were dissected on E18
and subjected to papain dissociation (Worthington Biochemical, Ls 3126). Astrocytes were
plated at a density of 80.000 cells/ml on glass coverslips coated with Laminin (Life
Technologies, 23017-015) and poly-D-lysine (Sigma-Aldrich, P6407) in 24 well plates with
0.5 mL DMEM (Life Technologies, 11960069) with 10% FBS (Life Technologies, 16000
044), 6 mM Glutamax, at 37°C, 5% O, and 5% CO,, for 2-3 weeks before over-seeding
with mouse or human NSCs. After astrocytes seeding, medium was replaced every 7 days.
The Johns Hopkins University School of Medicine’s Institutional Animal Care and Use
Committee approved all the experimental protocols involving rats.

Cell Rep. Author manuscript; available in PMC 2020 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Micali et al. Page 16

METHOD DETAILS

Immuno-fluorescence—For immuno-fluorescence (IF) cells were fixed with 4%
paraformaldehyde for 15 min and permeabilized 1 hour using 0.1% Triton X-100 (Sigma-
Aldrich)- PBS plus 10% donkey serum (Sigma-Aldrich, D9663) or 3% BSA, then incubated
with primary antibodies overnight 4C. The following primary antibodies were used at the
concentration indicated by manufacturer’s protocol: CaM Kinase 11 alpha (6G9) (NB100-
1983), LMX1A (NBP1-81303) Novushio; SYNAPSIN (106 001), HOMER (160 003)
Synaptic System; EGFR (Ab231), FGFR1 phosphoY 654 (Ab59194), TBR1 (Ab31940),
REELIN (Ab18570), CYCLIN D1 (Ab10540), FGFR2 (Ab10648), BMPR1A (Ab38560)
Abcam; HES1 (11988), p-SMAD1/5 (9516), CYCLIN D1 (2926), pERK1/2 (4370), FGFR1
(9740) Cell Signaling Technology; PAX6 (PRB-278P) BioLegend; NESTIN (MAB1259),
OTX2 (AF1979), PDGFR alpha (AF1062; AF307), SOX2 (AF2018; MAB2018), SOX21
(AF3538), TuJl (MAB1195), EGFR (AF1280), 04 (MAB 1326) R&D Systems; GFAP (Z
0334) DAKO; HES5 (sc-13859), CUX1 (sc-13024), TLE4 (sc-9125), FGFR3 (s¢-9007),
LHX2 (sc-19344) Santa Cruz Biotechnology; FOXP2 (ABE73), TBR1 (AB2261), REELIN
(MAB5366) Millipore; FOXG1 (M227) Takara/Clontech; anti GAD65/67 was kindly gifted
by Dr. Christian Geis, Hans Berger Department of Neurology, Jena University Hospital,
Germany (Hansen et al., 2013). Secondary antibody incubation was performed 1 hour RT
with Alexa conjugated antibodies (Life Technologies). Nuclei were counterstained with
DAPI (Sigma, D8417). Detection of EGFR and PDGFRa in mouse NSCs was performed
without permeabilization, using fluorochrome-conjugated anti EGFR (AF1280) (1:100) and
anti PDGFRa (AF1062) (1:500) primary antibodies (R&D System), prepared with Alexa
Fluor antibody labeling kit (Life Technologies, A20181; A20184; A20186). Detection of a
third marker was performed after fluorochrome-conjugated EGFR and PDGFRa antibodies
incubation. When cell permebilization was required, cells were post-fixed, permeabilized
and incubated with a primary antibody and Alexa conjugated secondary antibody, as
described above. Edu incorporation assay was performed with hNSCs at PS4, 6 days after
plating, using Click-iT EdU Cell Proliferation Kit (Invitrogen), as previously reported
(Adepoju et al., 2014). Images were captured with Zeiss LSM780 microscope or Image M1
microscope fitted with Apotome2 confocal (Zeiss) and finally assembled with ImageJ.

High-content imaging analysis—Images were acquired with the Operetta automatic
microscope (Perkin Elmer). Quantification of the cell fluorescence signals were performed
by analysis of the images in batch mode with custom building blocks on a Columbus server
(Perkin Elmer). Data were visualized with Spotfire (TIBCO). To facilitate cell-object
identification, in addition to DAPI nuclei counterstaining, HSC-Cell Mask blue (Life
Technology, H32720) or DRAQ5 (Cell Signaling Technology, 4084) labeling was performed
according to manufacturer’s protocol.

Electrophysiological recordings—Coverslips were transferred to a recording chamber
perfused at a rate of 2 ml/min at 32°C with ACSF containing 140 mM NacCl, 5 mM KClI, 2
mM CaCl,, 2 mM MgCl,, 10 mM HEPES, and 10 mM glucose (pH 7.3 adjusted with
NaOH). Recordings were performed with an Axopatch 700b amplifier equipped with
Digidata 1440 digitizer and pClamp210 software (Molecular Devices). Whole cell voltage
and current clamp recordings were performed with borosilicate glass pipettes (4-6 MQ)
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backfilled with a solution containing 135 mM K-gluconate, 20 mM KCI, 10 mM HEPES, 4
mM Mg-ATP, 0.3 mM Na,GTP, and 0.5 mM EGTA. Traces were analyzed offline using
Clampfit software (Molecular Devices). Whole-cell voltage clamp recording were performed
at a holding potential of =70 mV in neurons cultured over E18 rat astrocytes. Action
potentials were induced by a series of 100 mS, 10 pA depolarizing current injections under
current clamp configuration. Data are presented as means = the standard error of the mean.
For statistical analysis, a Student’s t test was performed using GraphPad Prism 6 unless
otherwise noticed.

Time-lapse micro-recording—Passage 1 mouse NSCs were passaged onto coverslip-
bottom, PLO-fibronectin-coated, dishes (Advanced TC 35 mm, Greiner Bio-one, 627965)
for imaging, in N2 medium at the density of 100.000 cells/well and the indicated FGF2
dose, and incubated as above. 16—24 hours later, plates were etched with a custom etching
device, to create an array of restricted growth areas of 300 x 300 um, as described in Ravin
et al. (2008). Imaging was performed on a Zeiss 780 LSM microscope with scanning stage
and 20x 0.8 NA objective inside an environmental enclosure (PECON) set to 37°C, 5% CO,
and 5% O». Each of 20 restricted growth areas was imaged every 2 minutes using the 633
nm laser, DIC optics, and T-PMT detector. PDGFRa and EGFR expression was measured 1
hour after plate etching, by live labeling with fluorochrome-conjugated anti EGFR and
PDGFRa antibodies, in N2 + FGF2, for 10 minutes at 37°C, 5% CO, and 5% O,. Unbound
antibody/fluorophore was removed with a N2 + FGF2 wash and labeled cells were imaged.
Cells were continuously imaged with DIC optics for 48 hours (short-term lineage analysis)
for cell cycle length assessment, or 120 hours (long-term lineage analysis) when
differentiated. At the end of the time series, cells were fixed with 4% paraformaldehyde for
15 min, stained and imaged. Neurons, oligodendrocytes and astrocytes were identified by
immuno-fluorescence using antibodies specific for TuJ1, O4 and GFAP. Movies were
exported and assembled using ImageJ.

Lineage analysis—From each time-lapse micro-recording, complete lineage dendrograms
were derived using BioCell (SIMI Reality Motion Systems), linking EGFR and PDGFRa
expression in founder cells to terminal fates.

48 hours (2 days) lineage analysis: individual cell cycle lengths were determined by
measurement of the time difference between the 15t and 2"d mitoses (generation 1) during
the 48-hour observation window. When the cycle of a founder cell lasted more than 24 hours
from the beginning of the recording and before the first mitosis, this time was considered as
generation 1 and plotted. Aggregate statistics (mean, SD, p value Mann-Whitney U test)
were calculated with GraphPad (Prism).

120 hours (5 days) lineage analysis: individual cells in the dendrograms are colored to
reflect terminal fates. Cell lineage specification was defined by labeling retrospectively the
ancestors of every generation as in Ravin et al. (2008). Briefly: if siblings share the same
fate, the parent cell takes their same color; if they have different commitment, or one of them
is not determined or lost, then the parent cell is marked as not specified; if one cell dies, the
parent cell is defined with the fate of the other daughter. Commitment was considered as the
point beyond which all the progeny of a cell belonged to the same determined lineage. These
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events were tallied and displayed as histograms across generation in Figure 2C, and as
density plots across time in Figure S2E. Number of cells traced: 1106 in 10 ng/ml FGF2;
646 in 1 ng/ml FGF2; 202 in 0.1 ng/ml FGF2.

Adeno-associated virus (AAV) infection—AAV5-CMV-eGFP (Lot Number
RVCO0041; titer: 2.62E+13 vg/ml) and AAV6-CMV-eGFP (Lot Number RVCO0065; titer:
1.98E+12vg/ml) were provided by Children’s Hospital of Philadelphia, Viral Vector Core.
5.2 x1010 vg AAVS or 1.98 x 10° vg AAV6 were used to infect NSCs. NSCs were cultured
in 1 ng/ml FGF2 on 24 wells plates (IBIDI, 82406) with or without rat astrocytes, as
indicated in the experiments, and infected in distinct wells with AAV5 or AAV6, 24 hours
after seeding. Then, NSCs were fixed at DIV 2, or at DIV 15 after differentiation, and
stained. Images were captured with the 40x 0.8NA objective-Zeiss LSM780 microscope.
Fluorescence signal intensity was calculated as pixel intensity in each nucleus. High-content
analysis was performed using custom blocks on a Columbus server (Perkin Elmer) and t
tests were performed using GraphPad (Prism 6).

Neuro-morphology—AAV5- and AAV6-GFP* neurons were imaged with 10x 0.45 NA
objective using an Image M1 microscope fitted with Apotome2 confocal (Zeiss). Structural
analysis was performed on single neurons using Neurolucida software (MBF Bioscience).
GFP signal was used to guide the morphological tracing of the neurons randomly picked in
the field. For the statistical analysis, Student’s t test was performed using GraphPad (Prism
6).

Bioinformatic and Statistical Analysis—Genome-wide CoOGAPS (GWCo0GAPS)
analysis in parallel sets was run using default parameters as previously described (Fertig et
al., 2010, 2012), for a range of k patterns (k = 11, 24 selected for mouse and human,
respectively) and uncertainty as 10% of the data. Briefly, whole transcriptomic data was
parallelized into seven sets. GWC0GAPS decomposes a matrix of experimental
observations, D—here, log2 RNaseq RPKMs—with genes as rows and samples as columns,
into two matrices, by the following equation:

D™N(AP,X)

Where, A is the amplitude matrix indicating the strength of involvement of a given gene in
each pattern, P is the pattern matrix defining relationships (i.e., patterns) between samples. N
and S are both functions of each element of AP and represent the Normal distribution and
the standard deviation, respectively. Principle component analysis of gene-level RPKM from
RNaseq data was done using the prcomp() function in R. Projection of GWCoGAPS and
principal components gene weights defines patterns of relationships between samples in a
new data associated with the gene expression signatures of the patterns from the primary
data. These were achieved using the default projectR function in the projectR package
available at https://github.com/genesofeve/projectR and (Sharma et al., 2020; Stein-O’Brien
et al., 2019). Enrichment was calculated via either the calcCoGAPSStat function in the
CoGAPS Bioconductor package or the geneSetTest function in the limma Bioconductor
package in R. Agglomerative hierarchical clustering of genes using gene-level RPKM from
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RNaseq data or GWC0GAPS genes weights was performed using hclust() and cutree() with
correlational distance (dist = 1-r) in the R statistical language.

To generate the list of genes specific to the cortical hem we used /n vivo data from laser
microdissected tissue from the developing macaque cortex (Bakken et al., 2016). Note that
in Bakken et al. (2016) the designation of a sample as coming from the hem or other cortical
regions is given in the primary data associated with this reference. In order to distinguish the
hem from other regions of the developing cortex, we used t tests to contrast the
microdissected hem tissue versus the ventricular zone, and hem versus all other developing
cortical samples. For each gene we selected the maximum p value of these two contrasts.
Then, we ranked all genes by this maximum p value, selecting the top genes from this list to
create the heatmap in Figure 4B.

RNA-sequencing library preparation—2.5 x 10° PS2 mouse NSCs were plated over
PLO/ fibronectin-coated 6 wells culture plates, as described above, with no astrocytes, and
exposed to different doses of FGF2 (0.1, 1, 10 or 100 ng/ml). Human NSCs were plated over
24 well plates (IBIDI, 82406), as described above, and after PS1 serially passaged in 20
ng/ml FGF2 up to PS8, or exposed to different doses of FGF2 (0.1, 1, 10 or 20 ng/ml) for 6
days. At the indicated time points, total RNA was extracted from at least 3 different wells/
condition using RNeasy Mini Kit (QIAGEN, 74106), according to manufacturer’s protocol.
RNA quality control was performed using the Agilent 2100 Bio-analyzer System. RNaseq
libraries were constructed using Illumina TruSeq Stranded Total RNA Ribo-Zero sample
Prep Kit (for strand-specific libraries) following the manufacturer’s protocol. Briefly,
ribosomal RNAs were removed using Ribo-Zero beads from ~800 ng DNase treated total
RNA. Following purification, the resulting RNA was fragmented into small pieces using
divalent cations under elevated temperature at 94°C for 2 min. Under this condition, the
range of the fragment length obtained was 130-290 bp, with a median length of 185 bp.
Reverse transcriptase and random primers were used to copy the cleaved RNA fragments
into first strand cDNA. The second strand cDNA was synthesized using DNA Polymerase |
and RNase H. These cDNA fragments then went through an end repair process using T4
DNA polymerase, T4 PNK and Klenow DNA polymerase, the addition of a single ‘A’ base
using Klenow exo (3’ to 5’ exo minus) and the ligation of Illumina PE adapters using T4
DNA Ligase. An index was inserted into Illumina adapters so that multiple samples can be
sequenced in one lane of 8-lane flow cell if necessary. The concentration of RNA libraries
was measured by Qubit (Life Technologies). The quality of RNA-seq library was measured
by LabChipGX (Caliper) using HT DNA 1K/ 12K/HiSens Labchip. The final cDNA
libraries were sequenced using HiSeq 3000 for high throughput DNA sequencing.

RNA-sequencing data processing—After sequencing run the lllumina Real Time
Analysis (RTA) module was used to perform image analysis, base calling, and the BCL
Converter (CASAVA v1.8.2) were followed to generate FASTQ files which contain the
sequence reads. The sequencing depth was over 80 million (40 million paired-end)
mappable sequencing reads. Read-level Q/C was performed by FastQC (v0.10.1). Pair-end
reads of cDNA sequences were aligned back to the human genome (UCSC hg19 from
[llumina iGenome) or to the mouse genome (UCSC mm10 from Illumina iGenome) by the
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spliced read mapper TopHat (v2.0.4) with default option with “~mate-innder-dist 160” and
“—library-type fr-firststrand” options. The alignment statistics and Q/C was achieved by
samtools (v0.1.18) and RSeQC (v2.3.5) to calculate quality control metrics on the resulting
aligned reads, which provided useful information on mappability, uniformity of gene body
coverage, insert length distributions and junction annotation, respectively. To achieve gene-
level expression profile, the properly paired and mapped reads were achieved by “samtools
sort —n” option, and these reads were counted by htseg-count v0.5.3 (with intersection-strict
mode and stranded option for RiboZero samples) according to gene annotation (Illumina
iGenome), and RPKM was calculated. This provided 23,368 gene-level expression profiles.

Monkeys tissue processing—All animal procedures were performed in accordance
with the policies of the Yale Institutional Animal Care and Use Committee. Rhesus macaque
monkeys were bred in Rakic primate breeding colony at Yale and timed pregnant females
underwent caesarian section at the required embryonic age. Macaque fetal brains were
dissected, divided into coronal blocks, and immerse fixed in 4% paraformaldehyde
overnight. Fixed brain blocks were cryoprotected in step-gradients of up to 30%
sucrose/PBS for several days and then frozen. Sections were prepared at 30 um on a Leica
CM3050S cryostat. For single cell RNA-sequencing, fetal Visual cortices (V1) were isolated
from one E77 and one E78 monkeys and mechanically triturated in single cell suspension as
described below. The Yale University IACUC approved all experimental protocols involving
monkeys.

Monkey single cell dissociation—One E77 and one E78 fetal rhesus macaque brain
were sectioned. V1 cortex was placed in a tube containing HBSS. The sample was incubated
with HBSS-Papain (2 mg/ml) (BrainBits)-DNase | 0.1mg/ml (StemCells) solution 25 min at
37Co. The solution was removed and the tissue was mechanically triturated in HBSS and
filtered using a 30 um cell strainer. Samples were diluted to 1000 cells/micro-liter and
processed for single cell RNA-seq analysis within 20 min at Yale Center for Genome
Analysis (YCGA) core facility.

Single cell RNA-sequencing—Single cell RNA-sequencing was performed using the
10X Genomics Single Cell 3° RNA-Seq V2 libraries and sequencing protocol.

GEM Generation and Barcoding: Single cell suspension in RT Master Mix was loaded on
the Single Cell A Chip and partition with a pool of about 750,000 barcoded gel beads to
form nanoliter-scale Gel Beads-In-Emulsions (GEMSs). Gel beads have primers containing
(i) an lumina R1 sequence (read 1 sequencing primer), (ii) a 16 nt 10x Barcode, (iii) a 10 nt
Unique Molecular Identifier (UMI), and (iv) a poly-dT primer sequence. Upon dissolution of
the Gel Beads in a GEM, the primers are released and mixed with cell lysate and Master
Mix. Incubation of the GEMs then produced barcoded, full-length cDNA from poly-
adenylated mRNA.

Post GEM-RT Cleanup, cDNA Amplification and library construction: Full-length,
barcoded cDNA was amplified by PCR to generate sufficient mass for library construction.
R1 (read 1 primer sequence) were added to the molecules during GEM incubation. P5, P7, a
sample index, and R2 (read 2 primer sequence) were added during library construction via
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End Repair, A-tailing, Adaptor Ligation, and PCR. The final libraries contained the P5 and
P7 primers used in Illumina bridge amplification.

Sequencing libraries: A Single Cell 3’ Library comprises standard Illumina paired-end
constructs which begin and end with P5 and P7. The Single Cell 3* 16 bp 10x Barcode and
10 bp UMI were encoded in Read 1, while Read 2 was used to sequence the cDNA
fragment. Sequencing a Single Cell 3’ Library produces a standard Illumina BCL data
output folder. The BCL data include the paired-end Read 1 (containing the 16 bp 10x
Barcode and 10 bp UMI) and Read 2 and the sample index in the i7 index read.

Single Cell RNA-seqguencing analysis: The Cell Ranger pipeline was used to perform the
reads alignment, barcode counting and UMI counting. Macaca mulatia genome (Mmul_10)
and annotation (release 103) were downloaded from https://www.ncbi.nIm.nih.gov/
genome/215 and were provided for the reads alignment to gain better mapping quality
(Pruitt et al., 2014). The filtered cells from Cell Ranger were not used, instead, real cells
were recovered by EmptyDrops (Lun et al., 2019). Furthermore, iteratively clustering was
used to remove low-quality clusters or clusters with high doublet scores, which were
calculated via Scrublet package (Wolock et al., 2019). After quality control, 17161 cells with
average 2216 detected UMIs from two samples were obtained for downstream analysis. The
R Seurat package was applied to integrate the two datasets (Butler et al., 2018; Stuart et al.,
2019). More specifically, 25 CCA dimensions were used for anchor finding and top 2500
highly variable genes were used for PCA and clustering analysis after data integration. For
projection of single cell RNA-seq data into human H9 ESC derived NSC GWCo0oGAPS
patterns (Figure 3), homolog genes expressed in at least 10 cells were included for the
projection analysis.

Immuno-histochemistry—Immuno-histochemistry (IHC) was performed using methanol
permeabilization (incubation in 100% methanol for 10 min at —20°C) after initial
rehydration in PBS, followed by antigen retrieval via incubation in 0.01M Na citrate pH 6.0
at 95°C for 7 min. Blocking in 10% normal donkey serum (NDS)/PBS included 0.1%
tween-20 and 0.2% Triton X-100, as did all subsequent steps. Primary and secondary
antibody incubations included 5% NDS. Primary antibodies and dilutions for monkey tissue
were: chicken anti-TBR2 (Millipore, AB15894, 1:200), rabbit anti-TBR1 (Abcam,
AB31940, 1:750), rabbit anti-PAX6 (Millipore, AB2237, 1:750), goat anti-EGFR (R&D
Systems, AF1280, 10 pg/mL), rabbit anti-pSMAD1/5 (Cell Signaling, 9510, 1:800).
Secondary antibodies were Jackson DyLight donkey anti-(species) 488, 543, 647, and DAPI
nuclear staining was provided by Vector mounting medium H-1200. Confocal imaging was
performed on a Zeiss LSM 510 coupled with a Chameleon titanium sapphire 2-photon laser
by Coherent. Large strips of macaque tissue were imaged with automated z stack tile
scanning. Slight tile stitching defects or misalignments, and DAPI intensity artifacts were
manually corrected in Adobe Photoshop or ImageJ. In Figure S4G i, two panels, each of 3
sequential images, were acquired. One from VZ to intermediate zone, and another from
intermediate zone to CP. Then, the 2 panels were stitched. Slight low DAPI intensity artifact
in CP tile was corrected.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and significance levels can be found in the figure legends. High-
throughput image quantification of individual cell fluorescence was performed acquiring
50-100 fields per cell culture well of at least 3 replicates followed by analysis with
Columbus server (Perkin Elmer). After a first analysis and visualization with Spotfire
(TIBCO), the data were exported and re-elaborated with GraphPad Software Prism (6.0 or
7.0) for statistical analysis. Statistical analysis of the percentage of DIV 15 TuJ1 neurons/
field, synaptic puncta/neurite length and EPSC frequency among the different FGF2 doses,
shown in Figures 1 and S1, was performed employing unpaired nonparametric Mann-
Whitney test with 95% confidence. Significance is indicated with *, ** or *** meaning p-
value < 0.05, £0.01, or £ 0.001, respectively. Statistical analysis of marker fluorescence
intensity across time and FGF2 doses (CUX1, TLE4, pERK, CycD1, CAMK2a,
pSMAD1/5), shown in Figure S1, was performed using one-way ANOVA and Tukey test.
Notice that only significance between FGF2 doses at a specific day is shown, not between
each dose across the days. Significance is indicated for every p < 0.05 as as *: 0.1 versus 10;
#: 1 versus 10; +: 0.1 versus 1 ng/ml FGF2. For statistical analysis of the quantification of
the markers expressed in EGFRpjgp versus PDGFRpgh, cells shown in Figures 2 and S2
(BMPR1A, pSMAD1/5, FGFR2, pFGFR1, pERK1/2, SOX2, PAX6, HES1), thousands of
cells from each well were individually segmented using Columbus. EGFRpg, and
PDGFRyigh cells were identified and the fluorescence intensity of a given marker was
quantified in every cell, obtaining mean value and SD of its expression in each population
and condition. The analysis was done for 3 replicates. Then, unpaired multiple t-test was
used. Significance is indicated as * for every p < 0.05. For statistical analysis of EGFRpjgh
versus PDGFRpjgh cell cycle length, neuromorphology and layer marker fluorescence
intensity in AAV5-GFP* versus AAV6-GFP* neurons, shown in Figures 2 and S2, unpaired
nonparametric Mann-Whitney Test was employed. Significance is indicated with *, **, ***
or **** meaning p-value < 0.05, < 0.01, < 0.001, or < 0.0001, respectively.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
EGFR and BMP signaling define the transition of cortical NSCs into neurons
In vitrohNSCs differ between passages in generating cortical neuronal fates

Cortical patterning and neurogenesis are executed across passages of in vitro
hNSCs

Variation in organizer states precedes divergent neuronal bias across human
pluripotent lines
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Figure 1. Transcriptional Dynamics and BMP Signaling across Mouse I n Vitro Neurogenesis
(A) Experimental design. Passage 1 (PS1) NSCs were passaged into N2 + different FGF2

doses (PS2). Differentiation was induced by FGF2 withdrawal at DIV2. Neurotrophins
(NTs) were added from DIV4.

(B) Six of 11 GWC0GAPS patterns shown in Figure S1. p values indicate the enrichment of
GO categories in each pattern.

(C-E) Top: expression dynamics of selected gene clusters annotated by “BMP receptor
signaling” from NCI (full dendrogram in Figure S1), correlating with BMP7 (C), BMP4 (D),
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and BMP6 (E). BMP7-related genes were rapidly repressed in low FGF2. BMP4-related
gene levels increased at the initiation of differentiation. BMP6-related gene levels increased
at late time points. Bottom: gene weights in each GWCoGAPS pattern for the same upper
genes.

(F) Immunofluorescence images of SYN1 puncta in neurons cultured over astrocytes (i) at
different FGF2 doses, or (ii) at 1 ng/mL FGF2 + LDN (100 nM). Scale bar: 10 pm. (iii)
SYN1 and HOML1 puncta counts per 100 mm of neurite length for each condition, assessed
by high-throughput image analysis. Means + SDs, t test, n > 5 fields per measurement. LDN
or BMP4 were added 12 h after NSC plating and withdrawn with FGF2 at DIV2 (see A).
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Figure 2. Mouse Cortical NSC Subtypes Show Selective BMP Signaling Activation and Distinct
Fate Bias

(A) Density plot of PDGFRa and EGFR expression in individually segmented cells from
high-throughput image analysis (images in Figure S2A). Color key: percentile cell counts
per bin.

(B) Top: immunofluorescence images of pSMAD1/5 in EGFRpjgh and PDGFR apjgh cells.
Arrow shows pSMAD1/5 signals. Scale bar: 20 um. Bottom: mean signal intensity of
BMPR1A or pSMADL/5 in EGFRpjgh and PDGFRapjgh, cells at DIV 2 from high-
throughput image analysis + SD, t test. Significance is indicated as * for every p < 0.05.
(C) Lineage analysis (see Videos S1, S2, and S3). Commitment events plot across cell
generations from PDGFRapjgh (top) or EGFRpjgh (bottom) founder cells. An event is given
by an initial progenitor generating offspring with the same fate (see Method Details). As,
astrocytes; D, death (apoptosis); Ne, neurons; Ol, oligodendrocytes. n = total commitment
events.

(D) Fluorescence intensity of each marker in individual AAV5-GFP- or AAV6-GFP-TuJ1*
neurons at DIV15. Mean values (lines), t test.
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Figure 3. Cortical Excitatory Neuron Fate Bias at a Specific Passage of Human NSCs
(A) Scheme of H9 hESC differentiation into NSCs. N2 + LSB (LDN193189 + SB431542)

was applied at PS1, then hNSCs were serially passaged in N2 + 20 ng/mLFGF2. FGF2
modulation was applied at specific passages for 6 days before RNA collection.

(B) GWCOGAPS patterns p5 and p22 (i). FGF2 doses indicated. O refers to PS1; 20r are
replicates for 20 ng/mL FGF2. (ii) Projections of macaque cortex microarraydata from
(Bakken et al., 2016). CP, cortical plate; Hem, cortical hem; SVZ, subventricular zone; VZ,
ventricular zone. (iii) Projection of macaque V1 scRNA-seq data.

(C) Immunofluorescence images of EGFR and TuJ1 (i), or pPSMAD1/5 expression (ii). Scale
bar: 50 um. (iii) Mean fluorescence intensity of EGFR or SOX2 from high-throughput image
analysis. Proportion of EDU* or pPSMAD1/5* cells over total cells at DIV 6 for different
FGF2 doses. Mean values + SD.
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(D) Immunohistochemistry images of E70 macaque cortex sections for EGFR (red; all
panels) with pPSMAD1/5 (i) or PAX® (iii). Scale bar: 50 mm. Arrows indicate some positive
cells. (ii) Higher magnification from the dashed area in (i). Scale bar: 20 pm. Nuclei stained
with DAPI. LV, lateral ventricle; o0SVZ/iSVZ, outer/inner subventricular zone; VZ,
ventricular zone.

(E) t-Distributed stochastic neighbor embedding (t-SNE) plots colored by annotated cells
and indicated markers of macaque V1 scRNA-seq data. All majorclusters are in Figure S4.
EGFR*, TBR2*, and NEUROG1™* IPCs transitioning from RGCs are evident in the insets.
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Figure 4. Cortical Organizer Identities of Early Passage hNSCs
(A) GWC0GAPS patterns p8, pl1, and p2 (i). FGF2 doses indicated. O refers to PS1; 20r are

replicates for 20 ng/mL FGF2. (ii) Projections of macaque cortex datafrom Bakken et al.
(2016).

(B) Expression of hem-related genes. Gene list derived from (Aii) contrasting hem with
other cortical regions from Bakken et al. (2016). BMP2, -4, and -7, not derived from the
gene list of (Aii), are in a separate heatmap at the bottom.
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(C) Immunofluorescence images of (i) LMX1A and LHX2, (ii) FOXG1, and (iii) EGFR and
OTX2, in cells cultured with 0.1 ng/mL FGF2 for 6 days from PS2 to PS4. FOXGL1 (ii) and
EGFR/OTX2 (iii) are from the same field. Dashed lines enclose OTX2™ FOXG1™ EGFRpjgh
cells. Scale bar: 50 pm. (iv and v) From high-throughput image analysis: (iv) proportion of
LMX1A and LHX2; (v) scatterplot of EGFR versus OTX2 expressing cells, colored by
FOXG1 level.

(D) Model of the hNSC state progression in vitro. (Left) View of a coronal section of the
developing mammalian telencephalon. CP, cortical plate; DM/DL, dorsomedial/-lateral; GE,
ganglionic eminence; LV, lateral ventricle; MP, medial pallium; SVZ, subventricular zone;
VZ, ventricular zone. (Right) Distinct states of /n vitrohNSCs indicated by markers. State
transition of hNSCs induced by low FGF2, revealing lineage progression from hem state at
PS2 to cortical neurogenic identity at PS4. The transition from NSCs to newborn post-
mitotic neurons is defined by EGFRygh cells responsive to BMP signaling.
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Figure 5. Human NSC Line Variation in Organizer States Results in Divergent Neuronal Fate

Trajectories

(A)Left: six hiPSC lines from 3 donors. Colors indicate divergent neuronal trajectory bias
(see below). (Right) Experimental design. hiPSC lines were passaged inmTesR + Rock
inhibitor, then differentiated into NSCs in N2-B27 + XLSB medium for 12 days (Maroof et
al., 2013). Sample collection and passages are indicated. On day 17, NSCs were passaged
and terminally differentiated with or without astrocytes. RNA was collected on day 30

(=Astro) or 32 (+Astro).
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(B) Distinct forebrain trajectories within 6 lines. (Left) Progression of neural differentiation
represented by PC1 (i) and emergence of divergent trajectories represented by PC3 (ii).
(Right) Projection of human cortex data (Miller et al., 2014). CP, cortical plate; oSVZ/iSVZ,
outer/inner subventricular zone; VZ, ventricular zone.

(C) Left: Dorsal or ventral trajectories revealed by GWCoGAPS-I1I p3 (i) and p15 (ii).
Right: Projection of macaque cortex data (Bakken et al., 2016).

(D) Hem genes are highly expressed in lines with dorsal lineage bias. (i) Left: divergent bias
of lines at day 8 revealed by GWCoGAPS-III p2 and p16. Right: projection of macaque
cortex data. (ii) Expression of the indicated genes across neural differentiation of the 6
hiPSC lines.
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