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SUMMARY

Despite heterogeneity across the six layers of the mammalian cortex, all excitatory neurons are generated from a single founder popula-
tion of neuroepithelial stem cells. However, how these progenitors alter their layer competence over time remains unknown. Here, we
used human embryonic stem cell-derived cortical progenitors to examine the role of fibroblast growth factor (FGF) and Notch signaling
in influencing cell fate, assessing their impact on progenitor phenotype, cell-cycle kinetics, and layer specificity. Forced early cell-cycle
exit, via Notch inhibition, caused rapid, near-exclusive generation of deep-layer VI neurons. In contrast, prolonged FGF2 promoted pro-
liferation and maintained progenitor identity, delaying laminar progression via MAPK-dependent mechanisms. Inhibiting MAPK
extended cell-cycle length and led to generation of layer-V CTIP2* neurons by repressing alternative laminar fates. Taken together,
FGF/MAPK regulates the proliferative/neurogenic balance in deep-layer corticogenesis and provides a resource for generating layer-spe-

cific neurons for studying development and disease.

INTRODUCTION

Neuroepithelial stem cells (NESCs) of the developing telen-
cephalon give rise to the diverse populations of neurons
and glia within the cortex. NESCs divide symmetrically to
generate daughter radial glia (RG) and asymmetrically to
generate neurons directly (Betizeau et al., 2013; Lui et al.,
2011; Nowakowski et al., 2017). As development proceeds,
RG within the ventricular zone (VZ) preferentially divide
asymmetrically to generate a neuron and an intermediate
progenitor cell (IPC). IPCs migrate basally to populate the
superficial germinal zones of the inner and outer subven-
tricular zones (ISVZ/OSVZ), where they undergo further
rounds of division before terminal neurogenesis (Lui
et al., 2011). The expansion of progenitor diversity under-
lies the complexity and enlargement of the primate cortex,
particularly in the upper layers (Betizeau et al., 2013). Dur-
ing development, apical RG (aRG) undergo transcriptional
changes that alter their developmental potential from
deep- to upper-layer fates (Nowakowski et al., 2017; Telley
et al., 2019). These spatiotemporal events during cortico-
genesis are tightly orchestrated, resulting in early-born
neurons becoming deep-layer (DL) infragranular neurons
(layers V/VI), while later-born precursors become upper-
layer (UL) supragranular neurons (layers I-III) (Lui et al.,
2011). Our understanding of human cortical development
has been bolstered by differentiation of human pluripotent
stem cells (hPSCs) into cortical progenitors (Espuny-Cama-
cho et al., 2013; Shi et al., 2012). However, despite signifi-
cant advances over the past two decades (Lui et al., 2011),
how progenitor diversity and neuronal identity are linked
remains elusive and is complicated by the lack of synchro-
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nicity across progenitor populations and the ability of hu-
man cortical progenitors to fluidly transition between
NESC and IPC states.

Fibroblast growth factor (FGF) signaling has pleiotropic
roles in cortical development (Iwata and Hevner, 2009).
In rodents, Fgf2 signaling shortens G, length and increases
proliferative divisions (Lukaszewicz et al., 2002), while Fgf
receptor (Fgfr) loss can lead to premature exhaustion of the
proliferating progenitor pool and acceleration of neurogen-
esis, partly via loss of Notch (Rash et al., 2011). Strikingly,
this loss of Fgf signaling alters the timing but not the com-
petency of progenitors to form both DL and UL neurons
(Rash et al., 2011). In addition, FGF-MAPK (mitogen-acti-
vated protein kinase) signaling is enriched in human
cortical development compared with rodents and may
play a role in formation of the OSVZ (Heng et al., 2017).
Notch signaling also regulates self-renewal, via Notch
ligand Delta-like 1 (DLL1)-induced upregulation of cyclin
D1 and suppression of pro-neural genes. Notch pathway
activation is mutually active and oscillatory among aRG,
later shifting to a lateral inhibition mode in the neurogenic
state. Taken together, FGF and Notch signaling act in con-
cert to maintain RG fate and regulate the progression from
proliferative to neurogenic divisions, modulating the size
of the cortex via the cell-cycle program. However, if and
how these extrinsic cues influence the shift in layer compe-
tence during human development remains unknown.

Here, we assessed the impact of Notch and FGF signaling
on laminar fate using a PAX6 hPSC reporter line to specif-
ically identify changes within the committed dorsal fore-
brain progenitor population. Our results show that Notch
inhibition in early PAX6" progenitors led to the rapid
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Figure 1. PAX6" cortical progenitors form both deep- and upper-layer cortical neurons

(A) Schematic showing dual-SMAD neural induction and FGF2 expansion to generate dorsal telencephalic progenitors from hPSCs.
HES3:PAX6™ "™ progenitors were FACS isolated at day 20 (D20) and matured until D55 for analysis.

(B) H9-derived cortical progenitors express forebrain (0TX2") and dorsal (PAX6") markers and self-organize into rosettes with Z0-1* lu-
mens and basal PH3" mitoses.

(C) Asynchronous maturation generates cultures of SOX2™ progenitors and TUJ1* neurons.

(D) Quantification of TBR1* (layer VI), CTIP2* (layer V), and BRN2* (layers II-IV) neurons for two hPSC lines (n = 3-4 independent ex-
periments, data are mean + SEM).

(E) The HES3:PAX6™"™ reporter mirrored PAX6 protein expression in vitro.

(F) FACS isolation and quantification of PAX6™ cortical progenitors at D20 (n = 5).

(G-I) Long-term culture (D55) yielded cortical neurons expressing markers of layers VI (G), V (H), and II-IV (I).

(J) Glial differentiation (GFAP/SOX2) was observed after extended culture (>D80).

Scale bars, 100 pum.

generation of functional TBR1* DL neurons. Continued
FGF2 exposure maintained early progenitor identity, giv-
ing rise exclusively to TBR1" neurons when cells exit the
cell cycle. In contrast, inhibition of FGF signaling (via
MEK inhibition) biased CTIP2*, layer-V neurons. Together,
these results shed light on the pathways involved in the
sequential generation of cortical neuron subtypes and pro-
vide a platform for the in vitro derivation of homogeneous
human cortical layer populations.

RESULTS

PAX6" cortical progenitors generate deep-layer and
upper-layer neurons

We first validated that both DL and UL neurons could be
generated using traditional two-dimensional (2D) mono-

layer culture conditions (Figure 1A). Dual-SMAD differenti-
ation of H9 embryonic stem cells (ESCs) robustly induced
neuroectodermal specification, shown by the expression
of forebrain (OTX2) and dorsal (PAX6) markers, and the
appearance of rosettes with basal mitoses (PH3*) following
FGF2 addition (Figure 1B). By day 25 (D25), heterogeneous
cultures of SOX2" progenitors and TUJ1* neurons were
observed, indicating that a subset of cortical progenitors
was capable of terminal neurogenesis at this time (Fig-
ure 1C). Replating of these cultures at D35 for terminal dif-
ferentiation yielded both DL and UL neuronal identities as
shown by TBR1", CTIP2*, and BRN2* expression at D55. H9
human ESCs (hESCs) consistently generated mixed popu-
lations, albeit with low expression of TBR1 (Figure 1D).
We hypothesized that the low proportion of TBR1" neu-
rons within H9 cultures was due to the mixed nature of
the progenitor pool, which may be too mature at D20 to
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consistently generate these earliest born layer-VI neurons.
Therefore, to select a specific progenitor population, we uti-
lized a HES3:PAX6™C™ reporter line (Figures 1E and 1F).
PAXG6 is limited to the VZ, ISVZ, and OSVZ during primate
neurogenesis, allowing for specific analysis and isolation of
dorsal forebrain progenitors from heterogeneous cortical
cultures (Manuel et al., 2015). mCherry expression was
readily observed in rosettes, and reporter specificity was
validated by staining with a PAX6 antibody (Figure 1E).
At D20, PAX6™ progenitors were isolated for further differ-
entiation and analysis (Figure 1F). As expected, PAX6" pro-
genitors gave rise to both DL and UL neurons, including
layer-VI TBR1", layer-V CTIP2", and layers-II-IV BRN2" by
D55, as well as GFAP" astrocytes following extended
(beyond D80) culture (Figures 1G-1J), similar to previous
studies (Espuny-Camacho et al., 2013; Shi et al., 2012).
Common to these differentiations was a residual popula-
tion of SOX2" progenitors (Figure 1J), highlighting
the asynchronicity of cortical differentiation. By DSS,
mCherry* progenitors gave rise to roughly equal numbers
of TBR1%, CTIP2*, and BRN2", in contrast to H9 (Figure 1D),
validating PAX6" isolation to probe the role of signaling
pathways in human DL corticogenesis.

Notch inhibition rapidly initiates cell-cycle exit and
differentiation

Notch signaling regulates proliferative or neurogenic fate
decisions in cortical progenitors and is routinely used to
promote cell-cycle exit in vitro (Borghese et al., 2010; Fiddes
et al.,, 2018; Mizutani et al., 2007; Niclis et al., 2017;
Rash et al., 2011; Suzuki et al., 2018). To identify the
window of DL neurogenesis in our system, we treated ho-
mogeneous PAX6" cultures immediately following fluores-
cence-activated cell sorting (FACS) with the y-secretase
inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phe-
nylglycine t-butyl ester (DAPT). DAPT prevents the final
cleavage of transmembrane Notch, decreasing the level of
the active Notch intracellular domain. Under Basal condi-
tions, mCherry"/SOX2* rosettes appeared rapidly after
sorting (Figure 2A) and the proportion of neurogenic divi-
sions remained low after 6 days (144 h), shown by the
low proportion of MAP2" neurons (11.1% = 4.2% MAP2")
and presence of SOX2* progenitors (Figures 2A-2D).
DAPT-treated cultures did not reform rosettes, lost
mCherry and SOX2 expression, and generated MAP2* neu-
rons (89.8% + 1.9%) (Figures 2B-2D). Repression of the
Notch target gene HES5 48 h after DAPT addition
confirmed inhibition of signaling downstream of NOTCH1
(Figure 2E). To validate the rapid cell-cycle exit of cortical
progenitors, we assessed progenitor cell-cycle dynamics.
The proportion of Ki67* cycling progenitors was reduced
48 h after DAPT addition (DAPT: 15.3% + 4.3%; Basal:
71.2% = 5.3% Ki67*/DAPI) (Figure 2F). Analysis of DNA
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content using FACS (Figure 2G) at defined intervals after
DAPT treatment (0, 24, 48 and 72 h) revealed inhibition
of G1/S-phase transitions as early as 24 h after treatment;
an effect that peaked at 72 h (Figures 2G and 2H, blue
bars; DAPT: 6.4% + 3.3%; Basal: 29.4% =+ 6.2%). An increase
in the proportion of cells in G; was also observed (Fig-
ure 2H, red bars; DAPT: 89.3% + 3.2%; Basal: 58.4% =+
8.6%). Analysis of the identity of DAPT-induced neurons
after maturation (D55) revealed almost exclusive genera-
tion of TBR1" layer-VI neurons (Figure 2I), an effect that
was consistent for both HES3:PAX6™<"™ and H9 lines
(Figure 2I). The loss of other neuronal phenotypes at D55
was confirmed using qPCR (Figure 2J). Taken together,
Notch inhibition efficiently crystallized cortical progenitor
fate, demonstrating that rapid cell-cycle exit of young D20
PAX6" cortical progenitors prevents progression to the
layer-V, CTIP2* identity (Figure 2K).

Loss of FGF signaling induces layer-V-like CTIP2*
neurogenesis

We next sought to investigate the impact of cell-cycle pro-
motion by probing the FGF-MAPK pathway. In contrast to
Notch, FGF2 is routinely used in vitro to promote prolifera-
tion; however, its effect on temporal specification remains
unknown (Espuny-Camacho et al., 2013; Shi et al., 2012).
We first analyzed the acute effect of FGF2 on phosphory-
lated ERK (pERK) and phosphorylated ribosomal protein
S6 (pS6) proteins, downstream elements of the FGF2-asso-
ciated MAPK and phosphatidylinositol 3-kinase (PI3K)
signaling cascades, respectively (Figure 3A). Under Basal
conditions, rare OTX2*/PAX6*/pERK" progenitors could
be observed in cortical rosettes while the majority of pro-
genitors expressed pS6. Extended FGF2 treatment (from
D12 to D20 to D12 to D35, henceforth eFGF2) increased
PERK but not pS6 expression (Figure 3A). MEK inhibition
blocked endogenous pERK expression. Immunoblotting
confirmed FGF2-induced ERK and S6 phosphorylation,
while MEKi blocked ERK but not S6 phosphorylation (Fig-
ures 3B-3D).

Having established that MAPK signaling could be modu-
lated within these cortical progenitor cultures, we next
examined the consequences on layer specification (Fig-
ure 3E). Neurons born after eFGF2 treatment almost exclu-
sively became early-born layer-VI TBR1" cortical neurons
by DSS (Figures 3F-31, open bars), phenocopying DAPT-
treated D20 progenitors (Figure 2I). Upon forced cell-cycle
exit at D35, both Basal cultures and eFGF-treated cultures
retained their laminar fates (Figures 3F-3I, black bars).
Strikingly, MEKi, targeted at blocking endogenous MAPK
signaling, resulted in a later-born, layer-V CTIP2" pheno-
type, at the expense of TBR1* (Figures 3] and 3K), irrespec-
tive of DAPT treatment. Importantly, the shift from TBR1*
to CTIP2* neurogenesis under eFGF2 or MEKi conditions,
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Figure 2. Notch inhibition of PAX6" progenitors generates TBR1", early-born cortical neurons

(A) Under basal conditions, FACS-isolated progenitors generated PAX6-mCherry*/S0X2" rosettes, which persisted for >7 days and showed
few MAP2" neurons.

(B) DAPT treatment downregulated mCherry, rapidly generated neurons, and depleted SOX2* progenitors.

(C and D) Quantification for MAP2* (C) neurons or SOX2* (D) progenitors + DAPT (n = 3 independent experiments).

(E) DAPT had no effect on NOTCH1 but decreased downstream HES5 expression after 48 h, confirming inhibitor activity (n = 3 independent
experiments).

(F) DAPT rapidly reduced Ki67" cells after 48 h (n = 3 independent experiments).

(G) Example FACS-based cell-cycle analysis in Basal and DAPT cultures (n = 3 independent experiments).

(H) DAPT reduced the number of progenitors entering S phase within 24 h.

(I) Neurons generated after DAPT treatment were almost exclusively TBR1" at D55 (n = 3 independent experiments).

(J) qRT-PCR confirmed that DAPT treatment reduced CTIP2, BRN2, CUX1, and SATBZ expression (n = 3 independent experiments).

(K) Schematic of DAPT-induced cell-cycle exit showing that D20 progenitors are competent to generate early-born, layer-VI TBR1* neurons.
Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars, 100 um.
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Figure 3. eFGF2 or MEK inhibition alters cortical layer phenotype

(A) Under Basal conditions few phosphorylated ERK* (pERK*) progenitors are observed, while the majority of cells are phosphorylated S6*
(pS6™). FGF2 treatment increased pERK expression, while MEK inhibition (MEKi) blocked pERK expression.

(B-D) Western blot showing upregulated pERK and pS6 after 24 h of FGF2 treatment (B). MEKi abolished pERK expression but had no effect
on pS6. Western blot quantification of pERK (C) and pS6 (D) (n = 3 independent experiments).

(E) Differentiation conditions of cortical progenitors showing Basal, eFGF2, and MEKi conditions (£DAPT).

(F-K) Sorted PAX6™ progenitors under Basal conditions (xDAPT) (F and G), or treated with eFGF2 (H and I) or PD0325901 (J and K) were
assessed for laminar fate at D55. (G) Quantification showed that progenitors under Basal conditions generated DL and UL neurons, with DAPT
at D35 biasing TBR1" neurons. (I) eFGF2 treatment generated TBR1* neurons almost exclusively + DAPT. (K) MEKi-treated progenitors pre-
dominantly generated CTIP2* neurons + DAPT, while in the absence of DAPT UL BRN2* cells were observed (n = 3 independent experiments).
(L) gRT-PCR analysis of cortical genes confirmed cell quantifications (n = 3 independent experiments). Relative to Basal, eFGF2 (—DAPT)
increased BRN2 and decreased SATB2 expression, suggestive of an IPC population rather than UL fate. MEKi (+DAPT) decreased the alternative
deep (TBR1) and superficial (BRN2) laminar fates. In contrast, MEKi (—DAPT) increased BRNZ and SATBZ2 expression, reflective of UL fates.
(M) Increased NESTIN and decreased MAP2 gene expression confirmed cell-cycle exit and maturation in DAPT cultures (n = 3 independent
experiments).

Data are mean + SEM, one-way ANOVA with Dunnett’s correction, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 100 um (A) and
50 um (F-J).
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respectively, was reproducible in H9-derived cultures (Fig-
ure S1). Transcriptional analysis at D55 confirmed the
laminar fate biases—notably conserved TBR1 expression
and downregulation of CTIP2 and BRN2 after eFGF2, and
CTIP2 expression at the expense of TBRI and BRNZ after
MEKi (Figure 3L). SATB2 gene expression was decreased af-
ter eFGF2 (+DAPT), suggesting that the observed BRN2 cells
(Figure 3H) were IPCs (supported by increased TBR2 levels)
and not UL fated neurons (Figure 3L). In contrast, under
MEKi conditions SATB2 was elevated and SATB2* neurons
were increased (Figure S2), suggestive of enhanced UL
neuron specification. CUX1 expression remained low for
all culture conditions, suggesting that longer culture pe-
riods (beyond DS5) are required to attain this uppermost
fate (Espuny-Camacho et al., 2013; Shi et al., 2012). Con-
firming DAPT maturation, NESTIN was downregulated in
eFGF2- and MEKi-treated cultures (after subsequent DAPT
addition) while MAP2 (a cytoskeletal protein marking
post-mitotic neurons) was upregulated (Figure 3M).

To confirm that eFGF2- and MEKi-derived neurons were
functional, we carried out electrophysiological analysis of
maturing cultures (D80 and later) (Figure S3). DAPT-treated
eFGF2 or MEKi cultures showed lower resting membrane
potentials (Figure S3A). Neurons from all groups were
capable of action potential (AP) generation in response to
depolarizing current injections. However, neurons derived
from each group exhibited varying input frequency rela-
tionships indicating a mix of both of mature (AP trains)
and immature (AP collapse) development (Figures S3B
and S3C). Spontaneous excitatory postsynaptic currents
(EPSCs) were increased after MEKi (Figure S3D), reflective
of greater neural connectivity.

Antagonism of FGF-MAPK signaling promotes
neurogenesis

Laminar identity is directed cell autonomously during
cortical progenitor expansion within the VZ/SVZ (Bayrak-
tar and Doe, 2013; Dominguez et al., 2013; Lui et al.,
2011), as well as non-cell autonomously during post-
mitotic maturation (Leone et al., 2015; McKenna et al.,
2015; Ozair et al., 2018; Toma et al., 2014). To understand
how eFGF2 or MEKi generate distinct neuronal pheno-
types, we characterized cultures during ongoing matura-
tion between D26 and D34 (5 and 13 days post treatment,
respectively). Under Basal and MEKi conditions, cultures
increasingly generated TUJ1* neurons (Basal: 15.2% =
1.9% at D26, 25.8% + 3.2% at D34; MEKi: 12.5% + 1.1%
at D26, 35.6% = 5.7% at D34) (Figures 4A and 4B). This ef-
fect was blocked after eFGF2 treatment (eFGF2: 6.0% =+
1.3% at D26, 6.2% = 1.0% at D34) (Figures 4A and 4B). At
D26 the majority of generated neurons were early-born
TBR1*, regardless of culture condition (Figure 4C), reflec-
tive of appropriate DL neuronal identity in the absence of

DAPT addition. At this stage CTIP2* neurons were absent
from all groups (<1%), indicating that progenitors were
developmentally immature (Figure 4D). At D34 the propor-
tion of both TBR1* and CTIP2" neurons increased under
Basal conditions, albeit to a limited extent for CTIP2. In
contrast, CTIP2* cells remained absent following eFGF2
treatment but were highly enriched after MEKi (Basal:
4.9% + 1.2% and MEKi: 22.9% + 4.3%) (Figure 4D). qPCR
profiling at D26 revealed an upregulation of CTIP2 in
response to MEKi (Figure 4E), preceding the appearance
of these neurons at D35 (Figures 4A and 4D). Interestingly,
while BRN2*/TUJ1* neurons were rare in all conditions at
both D26 and D34 (data not shown), BRN2 was upregu-
lated (Figure 4E) and BRN2*/SOX2" cycling progenitors
were highly enriched after MEKi ( at D26, Basal: 4.5% =+
1.0%; eFGF2 1.5% + 09%; MEKi: 34.4% + 8.9%) (Figure 4F),
indicative of a progenitor pool likely targeted for UL
neurogenesis.

Reflective of chronic regulation of FGF signaling in
these cultures, significant increases in the pro-neural
genes FOXG1, PAX6, and ASCL1 were observed after
5 days of MEKi treatment (D26, Figure 4G), while eFGF2
upregulated cell-cycle gene expression (c-MYC and
CCND1, Figures 4H and 4I). Changes in mCherry expres-
sion further confirmed progenitor behavior in response to
eFGF2 or MEKi conditions (Figure S2). Unlike eFGF2 treat-
ment, changes in neurogenic competence in response to
MEKi were not accompanied by alterations in CCNDI
and CCNEI1, two genes responsible for cell-cycle entry
and S-phase transition, respectively (Figure 4I). Together,
these data show that in early progenitors, MEKi-mediated
upregulation of pro-neural genes does not force cell-cycle
exit.

eFGF2 maintains cortical progenitor identity

2D rosettes recapitulate key features of human corticogen-
esis (Espuny-Camacho et al., 2013; Shi et al., 2012).
Notably, apicobasal polarity of PAX6-mCherry*/SOX2*/Vi-
mentin* RG cells (Figures SAi and Aii), radial orientation
around a lumen (Figure 5Ai), apical mitoses (Figure 5Aiii),
and emergence of basally dividing TBR2* IPCs (Figure 5Aiv).
Under Basal conditions at D26, 88.2% + 1.7% of cells were
SOX2" progenitors (Figure 5Aii) and 67.2% = 3.3% were
proliferating Ki67* progenitors, a proportion which drop-
ped to 35.1% + 1.9% by D35 (Figure 5C). Neither eFGF2
nor MEKi altered Ki67* numbers (Figure 5C). In contrast,
eFGF2 showed a diminished proportion of TBR2* IPCs at
D26 (Basal: 18.1% + 1.7%; eFGF2: 7.9% + 1.9%; MEKi:
13.3% =+ 1.8%), an effect that was more pronounced by
D35 (Basal: 39.8% + 4.6%; eFGF2: 4.1% + 1.0%; MEKi:
37.6% = 3.1%) (Figures 5A, 5B, and 5D). Morphologically,
eFGF2 treatment consistently decreased ZO1* lumen diam-
eter (Figures 5Aiii and SE). Importantly, caspase-3 analysis
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Figure 4. MEK inhibition accelerates the development of CTIP2-competent progenitors and the pro-neural gene network

(A) Under Basal conditions, TBR1" and CTIP2* cells are present at D34, showing that progenitors can generate both layers. In contrast,
eFGF2 treatment limits neurogenesis and only few TBR1* neurons are born. After MEKi, CTIP2" neurons predominate at the expense of
TBR1. Inset shows magnified section.

(B-D) Quantification at D26 and D35 for TUJ1* (B), TBR1* (C), and CTIP2" (D) neurons (n = 3-5 independent experiments, one-way ANOVA

with Dunnett’s correction).

(E) gRT-PCR at D26 showed increased CTIP2 and BRN2A mRNA after acute MEKi.
(F) BRN2*/S0X2* progenitors were rare in eFGF2 conditions and increased following MEKi.
(G) The pro-neural genes FOXG1, PAX6, and ASCL1 were increased at D26 after MEKi, concomitant with increased CTIP2* neurogenesis.

(H) eFGF2 induced AP-1 and c-MYC, downstream of FGFR activation.

(I) eFGF2 also increased levels of CCND1, required for G1/S-phase transition (n = 3 independent experiments).
Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars, 200 um (A) and 50 um (F).

confirmed that eFGF2 or MEKi did not alter progenitor dy-
namics via increased apoptosis (Figure S3).

The observation that eFGF2 cultures failed to generate
TBR2* IPCs led us to speculate that eFGF2 was maintaining
an early cortical progenitor identity. Key changes in cell-cy-
cle kinetics accompany maturation of cortical progenitors,
including increases in asymmetric divisions and cell-cycle
length (Arai et al.,, 2011; Betizeau et al., 2013; Noctor
et al.,, 2004; Subramanian et al.,, 2017; Turrero Garcia
et al.,, 2016). We next assessed the cleavage plane of
recently divided cells at the ventricular surface of D26 cul-
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tures (Figure 6A). Both vertical and oblique divisions were
observed under Basal conditions, while eFGF2 increased
the proportion of proliferative/vertical divisions (Basal:
42%; eFGF2: 56%; MEKi: 34%), at the expense of neuro-
genic/oblique divisions (Basal: 58%; eFGF2: 44%; MEKi:
66%) (Figure 6B). We further probed cell-cycle kinetics us-
ing a cumulative 5-ethynyl-2'-deoxyuridine (EdU) labeling
protocol (Nowakowski et al., 1989) that enabled estimates
of cell-cycle phase lengths (Figures 6C and S6). At D26
and D35 we observed consistent EAU labeling, across all
three conditions, which was restricted to the cycling



A D26

B D35 C

mCherry

——Basal —#-eFGF2 —a— MEKi

80

60:
40

20

% Ki67+ of Total

0
D26 D34

o

% TBR2+ of Total
g

m

Z01 diameter (um)
=
1
1
|-

Figure 5. Progenitor dynamics highlight immaturity of eFGF2-treated progenitors

(A) Cortical rosettes under Basal conditions recapitulated in vivo cortical development, showing apicobasal polarity (Ai and Aii), Z01*
lumens (Aiii), PH3" apical mitoses (white arrows, Aiii), and TBR2* IPCs located basal to the lumen (Aiv). Rosette organization and TBR2*
IPCs were reduced after eFGF2 treatment and unaffected by MEKi. White circles highlight rosettes.

(B) At D35, IPCs were increased in Basal and MEKi conditions but were rare after eFGF2.

(C) No difference in Ki67* cycling progenitors was observed.

(D) TBR2 quantification at D26 and D35 shows that eFGF2-treated cultures did not generate IPCs.
(E) MEKi generated larger rosettes, shown by increased Z0-1 lumen diameter (n = 3-5 independent experiments, one-way ANOVA with

Dunnett’s correction).
Data are mean + SEM; *p < 0.05, **p < 0.01. Scale bar, 50 um.

Ki67* progenitor pool (Figure 6C). As previously shown in
rodents and primates (Arai et al., 2011; Betizeau etal., 2013;
Subramanian et al., 2017; Turrero Garcia et al., 2016), un-
der Basal conditions the total cell-cycle length increased
over cortical development from 32.1 h at D26 to 39.4 h
at D35, via extension of the S phase (+5.6 h) (Figures 6D
and S6A), concurrent with increasing neurogenic divisions.
We found that eFGF2 cultures consistently had shorter cell-
cycle lengths (Figures 6D and S6A). Taken together, eFGF2
inhibits development of cortical progenitors by promoting
proliferative divisions and limiting development of multi-
ple neurogenic and intermediate characteristics.

eFGF2 acts via MAPK/ERK signaling

To confirm that eFGF2-induced maintenance of progenitor
identity was dependent on MAPK signaling, we analyzed
progenitors in the combined presence of eFGF2 and MEKi
(Figure 7A). Addition of MEKi to FGF2-treated cultures
was sufficient to block FGF2-induced upregulation of
PERK (Figures S7A-S7C), while pS6 levels remained upregu-

lated, highlighting inhibitor specificity. eFGF2 conditions
blocked TBR2* IPC and TUJ1" neuron generation at D26,
an effect that could be reversed by MEKi, resulting in cul-
tures resembling Basal conditions (TBR2* IPCs: Basal
17.9% = 0.6%; eFGF2 5.7% + 0.6%; eFGF2 + MEKi 13.2%
+ 0.4%; and TUJ1* neurogenesis: Basal 15.3% + 2.4%;
eFGF2 5.6% =+ 1.5%; eFGF2 + MEKi 12.0% + 2.1%) (Figures
7B-7E). In addition, eFGF2 + MEKi-treated progenitors
generated comparable TBR1*, CTIP2*, and BRN2* neurons
to Basal conditions (Figures 7F-7H). We validated these
changes using qPCR against cortical layer, pro-neural, and
cell-cycle specific gene sets (Figures S7D-S7F). MEKi abol-
ished FGF2 induction of downstream target genes AP-1
and ¢-MYC. However, eFGF2 + MEKi-treated progenitors
did not completely phenocopy Basal progenitors, indi-
cating that FGF2 may be acting through multiple down-
stream pathways, including via pSé6-induced programs,
which are unchanged after MEKi addition (Figures S7D-
S7F). To verify that MEK inhibition was acting downstream
of FGF2 signaling, we treated cultures with the FGF
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Figure 6. Cell-cycle analysis highlights progenitor characteristics of eFGF2-treated cultures

(A) Quantification method for determining the cleavage angle of dividing PH3" progenitors.

(A’) Images showing horizontal (filled arrows) or vertical (hollow arrows) cleavage angles (n = 103 cells).

(B) Quantification of cleavage angle under Basal, eFGF, and MEKi conditions. eFGF2-treated progenitors preferentially underwent pro-
liferative divisions, shown by the increase in vertical cleavage planes.

(C) EdU assessment of cell-cycle kinetics with EdU labeling cells in S phase and Ki67 total cycling pool. Inset shows magnified region. Note
the two PH3" mitotic progenitors are EdU™ at this time point (4 h), showing that they had exited S phase prior to EdU addition.

(D) Representation of G4, S, G, and M phase and total cell-cycle length under Basal, eFGF2, or MEKi conditions, highlighting that eFGF2
shortened the cell cycle (representative of n = 3 independent experiments).

Scale bar, 50 um.

receptor (FGFR) inhibitor SU5402. Results showed compa-
rable upregulation of pro-neural, layer-V, and UL (CTIP2
and BRN2) gene expression for both SU5402- and MEKi-
treated cultures (Figures S7G and S7H). We conclude that
FGF2 solidifies early cortical progenitor identity by block-
ing temporal maturation and that this effect is mediated
by the MAPK pathway (Figure 71).

DISCUSSION

Utilizing a PAX6 reporter line to isolate dorsal telencephalic
progenitors, we confirmed the sequential acquisition of
cortical neurons in vitro. Manipulation of FGF-MAPK
signaling, by extending FGF2 treatment or MEK inhibition,
slowed or accelerated the development of progressive layer
competence, respectively. eFGF2 signaling resulted in the
maintenance of the progenitor phenotype, reflected in
gene expression, cell-cycle kinetics, cell-fate decisions,
and laminar competence. In contrast, MEKi accelerated
the acquisition of layer-V (CTIP2") competence at the
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expense of TBR1" layer-VI neurons (Figure 7I). We demon-
strate that this effect is associated with the upregulation of
a pro-neural gene network including ASCL1 and PAX6.
FGFR1/3 signaling is critical for controlling proliferation
and cortical size in rodents, with loss leading to premature
depletion of the progenitor pool and decreased cortical vol-
ume (Maric et al., 2007; Raballo et al., 2000; Rash et al.,
2011). In contrast, FGFR2 signaling controls the matura-
tion of RG from NESCs (Sahara and O’Leary, 2009; Yoon
et al., 2004). FGF2, which binds FGFR1 and FGFR3, exerts
a mitogenic effect on cortical progenitors by altering cell-
cycle and fate decisions, consistent with its role in vivo (Lu-
kaszewicz et al., 2002; Maric et al., 2007). Moreover, FGF2 is
routinely used to promote proliferation and neural progen-
itor cell expansion in culture. The findings reported here
suggest that FGF2 exerts a similar effect on human cortical
progenitors as that previously shown in the rodent. In
particular, sustained FGF2 (eFGF2) blocked the develop-
mental progression of RG, such that older cultures (D35)
remained competent only to generate TBR1* neurons (Fig-
ure 7I). eFGF2 cultures failed to undergo neurogenic
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Figure 7. eFGF2 acts via MEK to maintain progenitor identity
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(A) Experimental diagram of mechanism experiments. Cortical progenitors were exposed to eFGF2 (+MEKi) to analyze the role of MEK.
(B) eFGF2-treated cultures did not generate TBR2* IPCs, an effect that was reversed by MEKi.

(C) Likewise, eFGF2 cultures generated limited TBR1* neurons at D26, in contrast to Basal conditions. This effect was also reversed by MEKi.
(D-H) Quantification at D26 for TBR2 (D), TUJ1 (E), TBR1 (F), CTIP2 (G), and BRN2 (H) under Basal, eFGF2 and eFGF2* MEKi conditions (n =

3 independent experiments).

(I) Putative role of FGF2 signaling during cortical maturation and laminar specification.

Scale bar, 50 um.

divisions to generate TBR2" IPCs or TUJ1" neurons and
instead cells preferentially underwent proliferative, sym-
metrical divisions, similar to those in the mouse (Kang
et al., 2009). Consequently, we propose that FGF-MAPK is
crucial for mediating the expansion and subsequent differ-
entiation of human cortical progenitors but not laminar
competence. Of particular interest, this result suggests
that laminar competence is not linked to the number of di-
visions, as has been shown in the mouse (Ohtsuka and Ka-
geyama, 2019; Okamoto et al.,, 2016). Instead, eFGF2
shortens cell-cycle length and blocks laminar progression,
supporting cell-cycle length as a critical mediator in facili-

tating maturation (Calegari et al., 2005; Dehay and Ken-
nedy, 2007; Ohtsuka and Kageyama, 2019; Pilaz et al.,
2009; Watanabe et al., 2015).

While the repression-derepression model within neocor-
tical neurons is widely accepted, the factors that govern
temporal progression in RG and, thus, layer competence,
have remained relatively unknown. In mouse, self-
renewal is inhibited by Bcl6, which is a convergent
repressor of Wnt, Notch, Fgf, and Shh signaling and drives
neurogenesis (Bonnefont et al., 2019). Ascll and Neurog2
are required for progression from default Tbrl to Ctip2
neurogenesis in rodents by modulating Foxgl (Dennis
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et al., 2017), which itself determines the sequence of layer
generation by repressing Tbrl (Toma et al., 2014). In addi-
tion, RAS/ERK signaling has been linked to pro-neural
lineage decisions during development and disease (Dee
et al., 2016; Li et al., 2014) and generation of basal RG
(bRG), and is increased in human VZ progenitors (Heng
et al., 2017). Consistent with a role of FGF2 in delaying
progenitor maturation, we observed a downregulation of
the pro-neural genes ASCLI, PAX6, and SOX4 after
eFGF2 treatment. In the mouse, Ascll is sufficient to
specify Ctip2* neurogenesis in DL progenitors, and its
loss results in decreased Ctip2* neurogenesis and expan-
sion of Tbr1* neurons into layer V (Dennis et al., 2017).
Here, MEKi rapidly led to decreases in PAX6 and ASCL1,
exhaustion of TBR1* neurogenesis, and acceleration of
CTIP2" neurogenesis. Whether human cortical progenitor
signaling converges through Bcl6 as in the mouse is un-
known (Bonnefont et al., 2019). Our results suggest that
FGF-MAPK may provide a context-dependent switch dur-
ing laminar specification, whereby loss may act to break
TBR1 repression of CTIP2 and thus drive temporal matura-
tion. Indeed, the appearance of BRN2" progenitors (and
elevated BRN2 and SATB2 mRNA) after MEKi treatment
suggests an acceleration rather than a specific increase in
layer-V neurogenesis. Further studies will be necessary to
confirm the role of FGF-MAPK regulation in human corti-
cogenesis in vivo.

The primate OSVZ contributes disproportionately to
layers II-IV and is accompanied by an expanded repertoire
of progenitors, including multiple RG and IPC subtypes
(Betizeau et al., 2013; Dehay et al., 2015; Lui et al., 2011; Re-
illo et al., 2011). In contrast, 2D hPSC models generate
disproportionately low numbers of UL neurons. Here we
have focused on the role of FGF-MAPK signaling in DL neu-
rogenesis, as these layers are generated in a robust temporal
sequence in vitro. In the mouse, FGF2 expands the NESC
progenitor pool (Vaccarino et al., 1999), blocks RG/IPC
transitions (Kang et al., 2009), and is downregulated by
the mid-stage of corticogenesis (Raballo et al., 2000), allow-
ing appropriate time for DL neurogenesis, while FGF-MAPK
signaling is crucial for aRG-to-bRG transitions during OSVZ
expansion (Heng et al., 2017). Thus, MEKi may simulta-
neously accelerate temporal maturation while blocking
bRG generation and UL neurogenesis. FGF-MAPK signaling
may have a biphasic role in cortical development, first pro-
moting NESC/RG expansion and subsequently being
required for OSVZ expansion and UL neurogenesis in
accordance with observed biphasic changes in cell-cycle
length during primate corticogenesis (Betizeau et al.,
2013). Studies utilizing organoid culture systems, which
more fully recapitulate OSVZ and laminar organization,
may illuminate the role of FGF-MAPK signaling in human
UL neurogenesis.
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Finally, while traditional hPSC-derived cortical differen-
tiation systems produce asynchronous, heterogeneous
populations of pyramidal neurons and glia, we demon-
strate homogeneous differentiation of specific DL projec-
tion neurons (layer IV or V) that may prove valuable for
the study, modeling and therapeutic development for
laminar-specific disorders (Espuny-Camacho et al., 2013;
Shi et al., 2012).

EXPERIMENTAL PROCEDURES

hPSC maintenance and differentiation

hESC lines H9 (WA09, WiCell) and HES3 (ESO3) reporter line
HES3:PAX6™CPe™ (Bellmaine et al., 2017) were maintained as pre-
viously described (de Luzy et al., 2019). Cortical induction was
achieved using an established protocol with adaptations (Shi
et al.,, 2012). hPSCs were seeded into Laminin-521-coated
(5 pg/mL) plates at 0.375 x 10%/cm? in mTeSR1 medium
with10 pM Rock inhibitor Y-27632 (Tocris Bioscience). Twenty-
four hours later, cells were switched to dual-SMAD inhibition
for 11 days in “cortex medium” supplemented with 100 nM
LDN193189 (Stemgent) and 10 uM SB431542 (R&D Systems). Cor-
tex medium consisted of 1:1 DMEM/F12 and Neurobasal with
0.5x B27, 0.5x N2, 0.5x ITSA, 1x GlutaMAX, 0.5x penicillin/
streptomycin, and 50 uM 2-mercaptoethanol (Life Technologies).
On D11, progenitors were passaged and reseeded 1:2.5. The
following day, cultures were transferred to cortex medium contain-
ing 20 ng/mL fibroblast growth factor 2 (FGF2; R&D Systems) for
8 days before cell sorting. Following FACS purification, cells were
plated at 0.45 x 10%/cm? in cortex medium for further culture, or
for cell-cycle exit at 0.2 x 10%cm? in cortex medium supple-
mented with the y-secretase inhibitor DAPT (10 pM; Sigma-Al-
drich) on day 20 or day 35, henceforth known as “exit medium.”
Exit medium was changed every day for 4 days and every second
day thereafter. For ongoing culture, 1 day after FACS, PAX6" pro-
genitors were maintained in either cortex medium, 20 ng/mL
FGF2-supplemented cortex medium, 1 pM MEK inhibitor-supple-
mented cortex medium (PD0325901; Sigma-Aldrich), FGF2 +
MEKi- or SU5402-supplemented medium subsequently referred
to as Basal, eFGF2, MEKi, eFGF2 + MEKi, or SU5402, respectively.
One week following final plating, neurons were switched to matu-
ration medium containing 1:1 DMEM/F12 and Neurobasal, 1x
B27, 1x N2, 1x ITSA, 1x NEAA, 1x GlutaMAX, and 0.5x peni-
cillin/streptomycin, with 40 ng/mL brain-derived neurotrophic
factor (R&D Systems), 40 ng/mL glial cell line-derived neurotro-
phic factor, 0.05 mM N°¢2'-O-dibutyryladenosine 3',5'-cyclic
monophosphate (Tocris Bioscience), 200 nM ascorbic acid
(Sigma-Aldrich), and 1 pg/mL laminin (Sigma-Aldrich).

Flow cytometry

FACS was carried out using previously described methods (de Luzy
et al., 2019). Dissociated D20 HES3:PAX6™C"™ progenitor cul-
tures, labeled with 0.5 pg/mL 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich), were purified using an FACS Aria III (BD
Biosciences) or MoFlo XDP (Beckman Coulter) using a 100-um
nozzle at 20 psi. mCherry positivity was gated using time-matched



H9-derived cortical progenitors. DNA content analysis was carried
outusing an FxCycle kit (Invitrogen) as per manufacturer’s instruc-
tions. Cells were prefixed by dropwise addition of ice-cold ethanol
to a final concentration of 70%. For univariate analysis, a cell-cycle
model was fitted using FlowJo software.

Cumulative EdU cell-cycle analysis

D20 FACS-purified PAX6* progenitors were seeded at 0.45 x 10°/cm?
in cortex medium. Twenty-four hours later, cultures were switched
to cortex medium containing 20 ng/mL FGF2 or 1 pM MEKi. EAU
(5 tM) was added to wells 20, 16, 8, 6, 4, 3, 2, 1, and 0.5 h prior to fix-
ation in 4% (w/v) paraformaldehyde. Cultures were permeabilized in
0.3% (v/v) Triton X-100 for 20 min before visualization via a click re-
action (Click-iT EdU kit; Life Technologies). Azide-bound Alexa-488
or -555 were used to visualize EQU incorporation. The growth frac-
tion, defined as the average maximal percentage of EAU*/Ki67" of
the total Ki67* population (16-h and/or 20-h pulse lengths depen-
dent on total cell-cycle length), varied between 85% and 100%
of Ki67* progenitors. For analysis of Tc — Ts and Ts length, linear
regression models were plotted during the linear phase of EQU accu-
mulation (0.5- to 8-h pulse lengths). T, was calculated as the half-
maximal time of EdU accumulation within mitotic (PH3") progeni-
tors, which represents the average transit duration from S phase to
mitosis (for details of calculation see Arai et al., 2011; Nowakowski
et al., 1989; Turrero Garcia et al., 2016).

Gene expression analysis

For qPCR, cortical cells were pelleted, resuspended in 40 pL of
RNAlater (Thermo Fisher), and stored at —80°C for later RNA isola-
tion using an ISOLATE-II Mini Kit (Bioline). After extraction, RNA
were converted to 500 ng of cDNA using the SuperScript VILO
cDNA synthesis kit (Thermo Fisher). Upon completion,10 ng of
cDNA was amplified using in-house designed primers and
PowerUp SYBR Master Mix (Thermo Fisher) under the following
conditions: 50°C for 2 min, 95°C for 2 min, and 40 cycles of
95°C for 15 s and 60°C for 1 min. All gene expression data were
determined using 272" from at least three independent biolog-
ical replicates. Table S1 presents a list of all primers.

Immunocytochemistry, microscopy, and
quantification

Immunocytochemistry was performed as previously described (de
Luzy et al., 2019) (see Table S2 for a list of primary antibodies).
Nuclei were counterstained with DAPI. Images were captured on
a Zeiss Axio ObserverZ.1 upright epifluorescence microscope or a
Zeiss LSM780 confocal microscope. For quantification of laminar
specification, tiled images across wells were generated with at least
five fields of view from multiple wells quantified for TBR1/BRN2/
CTIP2 cell number. For cleavage plane analysis, a tangential line
was drawn at the rosette center. A second intersecting line was
drawn through clearly dividing PH3* cells and the angle between
the two lines calculated and binned as vertical (0°-30°) or horizon-
tal/oblique (30°-90°).

Electrophysiology
Whole-cell recordings were performed on HES3:PAX6™CNermy.
derived neurons at D80. Cells were patched in an external solution

containing 125 mM NaCl, 3 mM KCl, 1.2 mM KH,POy, 1.2 mM
MgSOy4, 25 mM NaHCO;, 10 mM dextrose, and 2 mM CaCl,
(300 mOsmol, bubbled with 95% O, 5% CO,, at 32°C), and using
recording pipettes (3-6 MQ) filled with an internal solution con-
taining 6 mM NaCl, 4 mM NaOH, 130 mM K (OH and gluconate),
11 mM EGTA, 1 mM CacCl,, 10 mM HEPES, 1 mM MgCl,, and 0.1%
biocytin (pH 7.3) (290 mOsmol, E¢; —68.8 mV). In voltage-clamp
mode (Vi = —60 mV), EPSCs were recorded for 1 min. In current-
clamp mode (I = 0 pA), resting membrane potential was recorded
over 1 min. Thereafter, membrane potential was adjusted to
—60 mV in each cell for step protocols (20 x 10 pA cumulative
steps from —20 pA).
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