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Proper brain development requires precisely controlled phases of stem cell proliferation,
lineage specification, differentiation, and migration. Lineage specification depends partly
on concentration gradients of chemical cues called morphogens. However, the rostral
brain (telencephalon) expands prominently during embryonic development, dynamically
altering local morphogen concentrations, and telencephalic subregional properties
develop with a time lag. Here, we investigated how progenitor specification occurs
under these spatiotemporally changing conditions using a three-dimensional in vitro
differentiation model. We verified the critical contributions of three signaling factors
for the lineage specification of subregional tissues in the telencephalon, ventralizing
sonic hedgehog (Shh) and dorsalizing bone morphogenetic proteins (BMPs) and
WNT proteins (WNTs). We observed that a short-lasting signal is sufficient to induce
subregional progenitors and that the timing of signal exposure for efficient induction
is specific to each lineage. Furthermore, early and late progenitors possess different
Shh signal response capacities. This study reveals a novel developmental mechanism
for telencephalon patterning that relies on the interplay of dose- and time-dependent
signaling, including a time lag for specification and a temporal shift in cellular Shh
sensitivity. This delayed fate choice through two-phase specification allows tissues with
marked size expansion, such as the telencephalon, to compensate for the changing
dynamics of morphogen signals.

Keywords: telencephalon, patterning, D–V axis, progenitor specification, mouse ES cells

INTRODUCTION

The telencephalon is the most elaborate structure of the mammalian brain and is responsible
for higher mental functions, such as memory, speech, value judgments, and sociality. These
neural functions are achieved by complex neural networks composed of cells with distinct
lineages and origins within the telencephalon. The telencephalon is roughly divided into three
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subregions along its dorsal–ventral (D–V) axis: (i) the dorsal
midline tissues, including the hem, which appears to be lost
during development; (ii) the dorsal telencephalon (pallium),
mainly producing glutamatergic neurons and ultimately
forming the cerebral cortex, and (iii) the ventral telencephalon
(subpallium), which includes the ganglionic eminence (GE)
producing mainly GABAergic neurons and the preoptic area
(POA) producing GABAergic as well as cholinergic neurons
(Shimamura et al., 1995; Wilson and Rubenstein, 2000; Rallu
et al., 2002a; Schuurmans and Guillemot, 2002; Imayoshi
et al., 2008; Medina and Abellán, 2009). The cerebral cortex is
composed of cells originating both internally and externally. The
main external source is the ventrally adjoining GE (Tamamaki
et al., 1997; Métin et al., 2006; Wonders and Anderson, 2006).
The GE is further subdivided into three parts: the rostrally
located lateral and medial ganglionic eminences (LGE and MGE)
and the caudal ganglionic eminence (CGE).

The development of these subregions must be precisely
coordinated to achieve proper telencephalic organization. It
is generally believed that secreted signaling molecules or
morphogens form concentration gradients according to the
spatial distance from their sources and that progenitors attain
distinct identities according to the local signal intensity, termed
the French flag model (Wolpert, 1969). The morphogen sonic
hedgehog (Shh) and bone morphogenetic proteins (BMPs)
determine the fate of the ventral and dorsal telencephalon,
respectively (Marín and Rubenstein, 2001; Rallu et al., 2002a).
Loss of Shh signaling in the telencephalon of Foxg1-driven
Smoothened (Smo) conditional mutants, where the expression
of Shh signal transducer, Smo, is missing in the whole
telencephalon because of the telencephalon-specific expression
of Cre recombinase in the Foxg1 locus, results in complete
loss of the ventral properties (Fuccillo et al., 2004). On the
other hand, the dorsal midline tissues are regulated by BMPs
to form the cortical hem and choroid plexus (Hébert et al.,
2002; Subramanian and Tole, 2009). Wnt proteins (WNTs) are
another dorsalizing factor. Conditional loss of beta-catenin, a
key mediator of canonical WNT signaling, results in loss of the
dorsal telencephalon and expansion of the ventral telencephalon
(Backman et al., 2005).

Recently, temporal patterning cues, in addition to spatial
cues, have been recognized as critical for neural specification
(Ribes and Briscoe, 2009; Rogers and Schier, 2011; Sagner
and Briscoe, 2017). Patterning mechanisms may require signal
dose dependence, time dependence, or both. Several in vivo
studies have demonstrated that certain telencephalic subregional
properties develop with a time lag. The expression of Nkx2-
1, a marker for MGE/POA progenitors, is detected before that
of Gsx2, a marker for LGE/CGE progenitors, in the ventral
telencephalon. Moreover, swelling of the MGE precedes that
of LGE by 1 or 2 days in mice (Corbin et al., 2000; Sousa
and Fishell, 2010). The specification of dorsal midline tissues
occurs before the embryonic day (E) 8.5, preceding the expression
of Gsx2 at approximately E9.5 (Thomas and Dziadek, 1993).
A simple morphogen concentration gradient does not well
explain this temporal progression of telencephalic patterning.
Two interpretations are possible. One is that the patterning of

the telencephalon is achieved by a concurrent specification of
multiple regions during an early phase, followed by delayed
differentiation of Gsx2+ LGE progenitors during the later phase.
The other is that each subregion in the telencephalon is specified
within distinct time windows and that fate determination of
Gsx2+ LGE progenitors occurs after Nkx2-1+ MGE progenitor
induction. The latter scheme implies that the relevant fate
determinant factor(s) act on MGE and LGE progenitors at
different time points. This raises an intriguing question as to
how the order of induction among subregions is determined.
However, it is difficult to distinguish between these putative
patterning mechanisms based on current experimental results
in vivo. In addition, it is still unknown precisely when and for
how long cells are capable of making fate choices. In the past
decade, it has become possible to generate nascent telencephalon-
like tissues (organoids) in vitro from mouse or human embryonic
stem (ES) cells or induced pluripotent stem (iPS) cells using either
a three-dimensional (3D) in vitro differentiation method or a
two-dimensional (2D) method (Watanabe et al., 2005; Eiraku
et al., 2008; Danjo et al., 2011; Cambray et al., 2012; Nasu et al.,
2012, 2020b; Maroof et al., 2013; Arber et al., 2015; Tyson et al.,
2015). In vitro studies have generally administered signaling cues
for the entire duration of the developmental process under study,
despite the potential advantages of in vitro experimental models
for examining the temporal dependence of lineage specification
signals compared with in vivo systems.

Here, we investigate the time-dependent specification of
subregional progenitors in telencephalon using the 3D culture
system, where subregional induction by morphogens can be
achieved under controlled conditions. We provide evidence
for time-dependent fate specification during development
in which a short-lasting signal during a specific time
window is sufficient to induce subregional progenitors; in
other words, the timing rather than the duration of signal
exposure is essential for the specification. Furthermore, the
two ventral progenitors of the MGE/POA and LGE/CGE
show different dose dependencies through a temporal shift in
cellular responsiveness for Shh signaling. Taken together, the
present study reveals novel developmental mechanisms for
telencephalon patterning based on the interplay of dose and
time dependence.

RESULTS

Two Specific Time Windows for Ventral
Fate Induction in the Telencephalon by
Sonic Hedgehog Signaling
To identify essential temporal signaling processes for patterning
the telencephalon, we used a 3D culture system to investigate
how the subregional lineages of the telencephalon progenitors
generated from mouse ES cells were specified in a temporal
manner. The day of plating was defined as day 0. First, we
verified proper neural induction using our method to inhibit
transforming growth factor-beta (TGFb) signal during days 0–
5 and WNT signal during days 1–5. The expressions of Nestin,
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a marker for neural lineage-committed cells, and Sox2, a neural
progenitor cell marker, were observed in most parts of the
outer zone of each aggregate (Figures 1A,B and Supplementary
Figures 1A,B). N-cadherin, a marker for adherens junctions
located at the apical side of the neuroepithelium, was detected
at its inner border, whereas pH3, a mitotic cell marker, was
located inside along the border (Figure 1C and Supplementary
Figure 1E). EdU-labeled proliferating cells during days 9 and
10 were widely accumulated but exclusively in the outer zone
(Figure 1D), indicating that our method effectively induced
neural lineage cells, and neurogenesis occurred in the outer
zone with the apical inside polarity, which is consistent with
that reported by our previous study (Nasu et al., 2012).
We observed that apoptotic cells were mostly retained in
the inner cavity, detected by cleaved caspase-3, the active
form of caspase-3 (Figure 1E). Induction of four lineage
fates was immunocytochemically distinguished in developing
telencephalic organoids by the following marker expression
patterns on day 10 in vitro: Pax6+/Foxg1+ for the dorsal
telencephalon (cortex), Gsx2+/Foxg1+ for the dorsal half of
the ventral telencephalon (LGE/CGE), Nkx2-1+/Foxg1+ for the
ventral-most telencephalon (MGE/POA), and Lmx1a+/Foxg1−
for the dorsal midline tissues (Supplementary Figures 1A–
D,F,I). These four lineages were chosen because they emerge
in a specific arrangement along with the D–V axis of the
telencephalon in vivo, and both the location and temporal
sequence of emergence are well documented (Toresson et al.,
2000; Yun et al., 2001; Rallu et al., 2002a,b; Schuurmans and
Guillemot, 2002; Corbin et al., 2003; Nasu et al., 2012). Using
Foxg1::venus ES cells expressing fluorescent Venus specifically
in telencephalic cells, we found that most neural lineage cells
adopted the dorsal telencephalic progenitors, defined by co-
expressing Foxg1 and Pax6, in the default condition with no
added cues (Figures 1E–I).

To investigate how long specific ES cell populations are
sensitive to fate determination by signaling cues, we first focused
on the known ventral fate determinant Shh. We utilized the
advantage of chemical compounds to recombinant proteins,
including high induction potency of signaling pathways, good
stability in cell culture conditions, and less difference between
manufacturing lots, to achieve tight control of the signal exposure
(Chen et al., 2009; Danjo et al., 2011; Naujok et al., 2014).
We examined its ventralizing effects of different durations of
transient exposure to the Shh agonist SAG (3 nM) following
the neural induction in the in vitro differentiation system (part
A in Figure 2A). Exposure to SAG on day 5 resulted in
increased ventral marker expression (Nkx2-1+) concomitant
with decreased dorsal marker expression (Pax6+) among the
Foxg1+ domain on day 10 (Figures 2B–D). The efficiency
for general telencephalon induction (Foxg1::venus+ cells) was
not influenced by the timing of SAG addition, indicating
that telencephalic fate was maintained but ventralized by Shh
signaling (Supplementary Figures 2A–G). Exposure on day 5
was the most effective condition for ventral marker induction,
and similar numbers of Nkx2-1+ cells were induced by SAG
exposure starting on day 5 independent of exposure duration
(2–4 days) (days 5–7, 78.91 ± 4.50%; days 5–8, 73.86 ± 7.09%;

days 5–9, 73.71 ± 10.80%) (Supplementary Figures 3A–
F and Figure 2K). In contrast, induction of Nkx2-1+ cells
(ventralization) was markedly reduced when 3 day SAG was
administered starting on day 6 (day 6–9, 24.89 ± 12.24%)
(Supplementary Figures 3G–I). Thus, SAG exposure for 2 days
was sufficient to induce Nkx2-1+ (MGE/POA progenitor)
cells. The critical condition for Nkx2-1+ cell induction is the
specific timing of SAG application rather than the duration
of SAG exposure.

Furthermore, Shh signaling specified distinct ventral lineage
pathways depending on the timing of induction (part B in
Figure 2A) in that the time window for the optimal induction
of ventral-most MGE/POA (Nkx2-1+/Foxg1+) cells differed
from that required for LGE/CGE (Gsx2+/Foxg1+) cell induction
(Figures 2B–K). Although Nkx2-1+/Foxg1+ cells were efficiently
induced by 2 day SAG exposure starting on day 5 but not on
day 6 or 7 (days 6–8, 33.65 ± 16.92%; days 7–9, 5.01 ± 2.15%)
(Figures 2D,G,J), Gsx2+/Foxg1+ cells were induced efficiently by
2 day SAG exposure starting on day 7 but poorly by exposure
starting on day 5 or 6 (days 5–7, 2.85 ± 0.60%; days 6–
8, 7.18 ± 6.11%; days 7–9, 20.12 ± 4.74%) (Figures 2C,F,I).
Longer SAG exposure also slightly increased Gsx2+/Foxg1+ cell
numbers (days 5–8, 7.90 ± 1.00%; days 5–9, 7.06 ± 3.39%; days
6–9, 12.19 ± 7.25%), but induction was clearly more sensitive to
the timing of SAG exposure than the duration of exposure.

The induction rate of Pax6+ cells was inversely related to
the induction rate of Nkx2-1+ cells, as numerous Pax6+ cells
were induced with and without SAG exposure from days
7–9 (Figures 2B,E,H). SAG addition on day 6 resulted
in a mixture of the three progenitors (Figures 2E–G and
Supplementary Figures 3G–I). The relative induction rates
differed significantly among cultures exposed to SAG for 2 days
but starting on day 5, 6, or 7 (Figure 2L). Collectively,
these results revealed two distinct time windows for the
specification of ventral telencephalic progenitors by Shh, days
5–7 for Nkx2-1+ MGE/POA progenitors and days 7–9 for
Gsx2+ LGE/CGE progenitors.

Lateral Ganglionic Eminence/Caudal
Ganglionic Eminence-Like Post-mitotic
Neurons Were Produced by Late
Exposure to the Sonic Hedgehog Agonist
Gsx2 is expressed mainly in LGE/CGE progenitor cells
in vivo and also at low levels in a small number of
MGE progenitors (Supplementary Figure 1F). To verify that
the Gsx2+/Foxg1+ cells analyzed on day 10 were indeed
LGE/CGE progenitors, we characterized neurons generated
from these progenitors by extending the culture period up to
the emergence of post-mitotic neurons (day 12). Under SAG
exposure during days 7–9 (optimal for Gsx2+/Foxg1+ induction
over Nkx2-1+/Foxg1+ induction), Gsx2+/Foxg1+ LGE/CGE
progenitor cells were observed at the luminal side of organoids
(Figures 3A,B), which corresponds to the apical side of the
brain wall in vivo (Nasu et al., 2012). Post-mitotic neurons
were located in the marginal zone and specifically labeled with
the pan-GE neuronal markers Gad65 and Ctip2 (Figure 3C
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FIGURE 1 | Foxg1::venus cell aggregates cultured in the default condition with no added cues. (A) Nestin+ neural lineage-committed cells were observed in most
part of the outer zone. (B) Sox2+ neural progenitor cells were observed in the outer zone. (C) N-cadherin+ adherens junctions and pH3+ mitotic cells were located
at the inner border of the outer zone. (D) EdU+ proliferating cells were dominantly located in the outer zone. (E) Cleaved caspase-3+ apoptotic cells were mostly
retained in the inner cavity. (F–H) Majority of cells co-expressed Foxg1 and Pax6, indicating cortical fate. (I) Whole-mount fluorescence image of a Foxg1::venus
aggregate. All aggregates were analyzed on day 10. Hoechst 33342 (blue), nuclear staining. Scale bars, 200 µm.

and Supplementary Figures 1G,H) and the LGE/CGE-specific
neuronal marker Foxp2 (Figure 3D and Supplementary
Figures 1F,G). Gad65+ cells, which include both post-mitotic
neurons and intermediate progenitors (Wu et al., 2011), were

more widely distributed than were Ctip2+ or Foxp2+ cells.
No Foxp2+ cells were observed in the vicinity of Nkx2-
1+/Foxg1+ MGE/POA progenitor cells under SAG exposure
during days 5–7 (not shown). It is thus reasonable to assume

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 April 2021 | Volume 9 | Article 632381

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-632381 April 16, 2021 Time: 16:4 # 5

Nasu et al. Two-Phase Lineage Specification of Telencephalon

FIGURE 2 | Analyses of the optimal Shh signal time window for induction of ventral fates in telencephalic organoids. (A) Schematic of the differentiation strategy for
dorsal and ventral telencephalon (tel) using the 3D culture model. Embryonic stem (ES) cells can be differentiated into lineages of the anterior telencephalon by Wnt
inhibition (WNTi; anteriorization) and lineages of the ventral telencephalon by Shh signaling (ventralization). We determined the optimal time window of Shh signal
exposure to induce ventral telencephalon using an Shh agonist (SAG). Cell aggregates (organoids) were analyzed to express the pan-telencephalic marker Foxg1
and subregional markers on day 10. (B–J) Fluorescence images of serial sections through Foxg1::venus (telencephalic) cell aggregates (green) co-immunostained for
subregional markers (red) Pax6 (B,E,H), Gsx2 (C,F,I), and Nkx2-1 (D,G,J). A dashed line indicates an area with dual Foxg1+/subregional marker+ cells. Scale bars,
200 µm. (B–D) Aggregates cultured with 3-nM SAG during days 5–7 post-seeding expressed Nkx2-1 primarily. (E–G) Aggregates cultured with 3-nM SAG during
days 6–8 expressed Pax6, Gsx2, and Nkx2-1. (H–J) Aggregates cultured with 3-nM SAG during days 7–9 expressed Pax6 and Gsx2 but little Nkx2-1.
(K) Proportions (%) of subregional marker+ cells among Foxg1+ cells; Pax6+ (yellow bars), Gsx2+ (cyan bars), and Nkx2-1+ (blue bars). “d5–7,” “d6–8,” “d7–9,”
“d5–8,” “d6–9,” and “d5–9” indicate SAG exposure during days 5–7, 6–8, 7–9, 5–8, 6–9, and 5–9, respectively. “None” indicates the culture condition without SAG.
(L) Differences in relative induction rate during days 5–7 (white bars), 6–8 (gray bars), and 7–9 (black bars) indicate that the fates of Nkx2-1+ and Gsx2+ cells are
determined at different times, with the early time window optimal for inducing Nkx2-1+ cells and the late time window optimal for inducing Gsx2+ cells. Values
expressed as mean ± standard error of the mean (N = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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that these Gsx2+ progenitors produced post-mitotic neurons in
the LGE/CGE. Furthermore, in vitro-generated Gsx2+ or Nkx2-
1+ progenitors appear to adequately mimic lineage fate in vivo.

Sonic Hedgehog Dose-Dependent
Induction of Nkx2-1 and
Dose-Independent Induction of Gsx2
The present study revealed that specification of MGE/POA
(Nkx2-1+/Foxg1+) progenitors and LGE/CGE (Gsx2+/Foxg1+)
progenitors by Shh is dependent on the precise timing of first
exposure (starting on days 5 and 7, respectively) but is not
markedly influenced by absolute duration of Shh exposure. On
the contrary, previous studies reported that the ventral properties
of the telencephalon were specified by Shh in a dose-dependent
manner, such that MGE/POA cells were induced by a high
concentration and LGE/CGE cells by a low concentration (Danjo
et al., 2011). Thus, both dose-dependent and time-dependent
mechanisms may be important for ventral specification, although
this issue has not been investigated under conditions in which
these contributions can be clearly distinguished. To clarify
this issue, we tested different concentrations of SAG, ranging
from 0.3 to 10 nM, during the early (days 5–7) and late
(days 7–9) time windows (Figure 4A). During the early time
window (days 5–7), Nkx2-1+ and Pax6+ cell induction rates
showed reciprocal SAG dose dependencies (Figures 4B–N and
Supplementary Figures 4A–L). Nkx2-1+ cells were efficiently
induced by relatively high doses of SAG (82.96 ± 3.09% at
3 nM and 90.32 ± 7.52% at 10 nM) but sparsely by low
doses (8.48 ± 2.62% at 0.3 nM and 11.66 ± 5.48% at 1 nM).
Alternatively, Pax6+ cells were substantially differentiated under
low-dose SAG (or no SAG) but poorly induced by high-dose
Shh. These results indicate that Nkx2-1+ and Pax6+ lineages are
positively and negatively regulated by Shh signaling, respectively,
in a dose-dependent manner during the early time window.
In contrast to MGE/POA and cortical cells, Gsx2+ cells were
not efficiently induced by any dose of SAG during the early
time window (below 7.7%) but were induced during the second
time window by all SAG doses (15.32 ± 4.32% at 0.3 nM,
13.11± 3.86% at 1 nM, 22.98± 3.73% at 3 nM, and 25.89± 5.90%
at 10 nM). Notably, Nkx2-1+ cells were not induced during
the second time window, even at high doses of SAG (below
3.2%). In summary, Nkx2-1+ MGE/POA induction required
both time- and dose-dependent Shh signaling mechanisms,
whereas Gsx2+ LGE/CGE induction was also highly dependent
on the timing of the Shh signal (in a later time window) but
much less sensitive to Shh dose. The efficiency for the general
induction of telencephalic progenitors (Foxg1::venus+ cells) was
not substantially influenced by SAG concentration during either
time window (Supplementary Figures 2H–P).

Dorsal Midline Tissues Were Induced by
Timed Bone Morphogenetic Protein and
WNT Exposure
The pallium (cortex) is in contact with the subpallium (the
MGE in early development) at the pallial–subpallial boundary

and with dorsal midline tissues at the hem–cortex boundary
(HCB). Results presented in Figures 1, 2 suggest that pallial vs.
subpallial fate at the pallial–subpallial boundary is determined
by Shh signaling during a specific temporal window (days 5–7
in vitro). To address when the fate of hem vs. cortex progenitors
at the HCB is induced by a dorsalizing signal, we focused on BMP
and WNT, which are known signaling factors for dorsalization
in the telencephalon and for fate choice at the HCB between
dorsal midline and cortical tissues (Eiraku et al., 2008; Watanabe
et al., 2012). We first examined the time window for efficient
induction of Lmx1a+ dorsal midline tissue by BMP signaling
(exposure to recombinant BMP4) (Figure 5A). Similar to that
in the case in vivo, where the Lmx1a+ hem adjoins the dorsal
Foxg1+ cortex at the HCB within the Sox2+ neuroepithelial sheet
(Supplementary Figure 1A), in vitro-generated Lmx1a+ cells
were frequently adjacent to Foxg1::venus+ cells independent of
induction efficiency (Figures 5B–F). Consistent with a previous
report (Watanabe et al., 2012), early BMP signaling starting on
day 5 or 6 (but not day 7 or 8) efficiently induced Lmx1a+ cells
at the cost of Foxg1::venus+ cells (days 5–7, 1.85 ± 0.42%;
days 6–8, 1.93 ± 0.29%; days 7–9, 1.09 ± 0.39%; days 8–
10, 0.76 ± 0.16%, no BMP, 0.44 ± 0.21%; expressed as a
percentage of all Foxg1::venus+ cells in aggregates) (Figure 5G),
indicating that BMP is a key signal for the fate choice
between midline and cortical lineages at the HCB in vitro.
Next, we examined the time window for efficient induction
of Lmx1a+ dorsal midline tissue by WNT signaling using the
Wnt agonist CHIR99021 (Figure 5A). WNT signaling alone
did not markedly induce Lmx1a+ cells, although numbers were
numerically higher with stimulation starting on day 5 (days
5–7 or 5–10) compared with day 7 or 8 (Figure 5H). WNT
signal had weaker dorsalizing effects than did BMP signal;
however, WNT-containing conditions were strongly negative
for Foxg1 expression (Figure 5H), which contrasts with the
modest decrease of Foxg1 by BMP signal (Figure 5G). Earlier
or longer WNT exposure resulted in fewer Foxg1+ cells,
possibly because of the caudalizing effects of the WNT signal.

Subsequently, we investigated whether BMP and WNT
signals acted synergistically to induce the dorsal midline fate
(Lmx1a+) when present for 2 or 5 days starting on day 5
(Figure 6A). Foxg1 expression was negatively regulated by
both BMP and WNT, whereas WNT had a greater negative
effect on Foxg1 expression (Supplementary Figures 5A,B).
To focus on the fate determination of the dorsal midline
vs. cortical cells, this analysis was limited to Sox1+ neural
progenitor cells because both Foxg1+ cells and Lmx1a+ cells
co-expressed Sox2 (Figures 6B–J). Similar to the ventralizing
signal, a short period of BMP4 and/or CHIR99021 exposure
(2 days) was of Lmx1a+/Sox2+ dorsal midline cells, although a
longer exposure (5 days) might be more effective (Figure 6K).
BMP and WNT synergistically induced more than 10% of
dorsal midline cells. Thus, the fates of cortical cells and dorsal
midline tissues were determined by both BMP and WNT signals,
mainly during days 5–8. Collectively, cortical fate was negatively
influenced by a dorsalizing and a ventralizing factor during
the same period.
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FIGURE 3 | Post-mitotic LGE neurons were detected on day 12. Cell aggregates were cultured with 3-nM SAG during days 7–9 and analyzed on day 12.
(A) Fluorescence image of an entirely Foxg1::venus+ aggregate (green) immunostained for Gsx2 (red) to show the induction of LGE progenitors. Hoechst 33342
(blue), nuclear staining. White dotted rectangular area is magnified in (B–D). (B) Gsx2+/Foxg1+ LGE progenitors are located at the inner side within an area of
Foxg1+ cells. (C) Expression of the pan-GE post-mitotic neuron markers Gad65 and Ctip2. (D) Expression of the LGE-specific post-mitotic neuron marker Foxp2.
Foxp2+ neurons and Ctip2+ neurons are localized in the marginal areas of Gad65+ and Foxg1+ zones. Scale bars, 200 µm.

Gsx2+ Lateral Ganglionic
Eminence/Caudal Ganglionic Eminence
Induction Required Subthreshold Levels
of Sonic Hedgehog and Wnt Signal
During the Early Phase
The fates of the two ventral subregions, MGE/POA and
LGE/CGE, were determined through a two-phase specification
process dependent on distinct mechanisms; early progenitors
produced ventral cells (MGE/POA) through strongly dose-
dependent Shh signaling, whereas late progenitors required
Shh signaling for ventral specification (LGE/CGE) but with
much lower dose sensitivity. Importantly, early progenitors had
little competence for differentiating into Gsx2+ cells and late
progenitors for differentiating into Nkx2-1+ cells, implying that
the Shh signaling response shifts from the early to late phase. For
the induction of the LGE/CGE fate, progenitors must first remain
resistant to both ventralizing and dorsalizing signals during early
development to avoid the ventral-most (MGE/POA) and the
dorsal (cortex) fate and must then respond to a later Shh signal.

Some endogenous signals may be responsible for this
shift in specification competency (Sasai et al., 2014). We
thus examined how progenitors change signal dependence
in vitro. To clarify whether an endogenous early signal is
involved, we examined expression dynamics of the above D–
V patterning factors—Wnt3a, BMP4, and Shh— and Tgfb1
as a reference from an ES cell maintenance state (day 0)
through neural differentiation using quantitative polymerase
chain reaction (qPCR). Consistent with the previous study,
we detected quite low but certain expressions of Wnt3a,
Shh, and Tgfb1 and a high expression of Bmp4 in ES
cells (day 0), where BMP4 signaling might be distinct from
differentiation stages (Supplementary Figures 6A–D; Bertacchi
et al., 2015; Morikawa et al., 2016). We confirmed that those
expressions were sustained and dynamically changed in the
course of neural differentiation. Next, we examined inhibiting
the activity of selective inhibitors of Shh, WNT, BMP, and

TGFb signaling pathway (termed SHHi, WNTi, BMPi, and
TGFi, respectively) during the early phase of culture under
baseline conditions (i.e., no Shh, BMP, or Wnt agonists). SHHi
significantly downregulated its downstream target, Gli1, but
not Patched 1 (Ptc1) (Supplementary Figures 6E,F). WNTi
efficiently reduced the amount of beta-catenin, a downstream
target in the WNT pathway (Supplementary Figures 6H,K).
Although BMPi and TGFi slightly but not significantly
reduced the number of phosphorylated Smad1/5 (pSmad1/5)
and phosphorylated Smad2 (pSmad2), a downstream target
in the BMP pathway and the TGFb pathway, respectively
(Supplementary Figures 6I,J,L,M), it might be partially due to
the activity of BMP4 and TGFb signal transduction that was still
low under baseline conditions (Supplementary Figures 6B,D).
Then, we applied SHHi, WNTi, BMPi, and TGFi during the
early phase, followed by late exposure to the Shh agonist
(Figure 7A). Both SHHi and WNTi treatment, but not BMPi
and TGFi treatment, during days 5–7 dramatically reduced
Gsx2 + cell induction in response to late Shh agonist exposure and
modified fate determination (Figures 7B–K and Supplementary
Figures 7A–F). SHHi basically induced the cortical fate, and
WNTi drastically increased Nkx2-1+ cell numbers. These
findings indicated that both Shh and WNT signals during
days 5–7 are a prerequisite for later LGE/CGE induction by
Shh. Given that early Shh and WNT signals are induction
factors for ventral-most (MGE/POA) and dorsal midline tissues,
respectively, they must be at subthreshold levels to evoke the
temporal shift in specification competency. Gene expression
state of environmental factors, such as Shh, Wnt3a, and
Bmp4, but not Tgfb1, were different between days 5 and
7, which should be derived from their own cell aggregates
(Supplementary Figures 6A–D). Two target genes of the Shh
signaling pathway, Gli1 and Ptc1, remained unchanged during
days 5–7 (Supplementary Figures 6E,F), whereas Smoothened
(Smo), one of the essential Shh signaling components, was
downregulated from days 5 to 6 and 7 (Supplementary
Figure 6G). These indicated that neuronal progenitors change
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FIGURE 4 | Dose-dependent induction of Nkx2-1 and dose-independent induction of Gsx2. (A) Schematic of the 3D culture used to investigate dose-dependent
subregional marker expression in two time windows, days 5–7 and 7–9. (B–M) Fluorescence images of serial sections through Foxg1::venus (telencephalic) cell
aggregates (green) co-immunostained for subregional markers (red) Pax6 (B,E,H,K), Gsx2 (C,F,I,L), and Nkx2-1 (D,G,J,M). A dashed line indicates an area with
dual Foxg1+/subregional marker+ cells. Scale bars, 200 µm. (B–D) Aggregates cultured with 1-nM SAG during days 5–7 post-seeding expressed Pax6 primarily.
(E–G) Aggregates cultured with 10-nM SAG during days 5–7 expressed Nkx2-1 primarily. (H–M) Aggregates cultured with 1-nM (H–J) and 10-nM (K–M) SAG during
days 7–9 expressed Pax6 and Gsx2 but little Nkx2-1. (N) Proportion (%) of subregional marker+ cells among Foxg1+ cells; Pax6+ (yellow bars), Gsx2+ (cyan bars),
and Nkx2-1+ (blue bars). SAG was added to the culture during days 5–7 or 7–9 at the following concentrations: 0 (none), 0.3, 1, 3, and 10 nM. Results expressed
as mean ± SEM (N = 4). ∗∗P < 0.01, ∗∗∗P < 0.001.
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FIGURE 5 | Dorsal midline tissues were induced by timed BMP and WNT exposure. (A) Schematic of differentiation strategy for dorsal midline tissues and cortex.
ES cells differentiated into Pax6+/Foxg1+ cells (cortex) under the default condition (no additional cues) or into Lmx1a+ dorsal midline cells by BMP or WNT signaling
(dorsalization). (B–F) Using the 3D culture, we assessed the optimal time window for 2 days of BMP signal (BMP4 recombinant protein) exposure to induce dorsal
midline tissues. Foxg1::venus cell aggregates cultured without BMP4 (B) or with BMP4 during days 5–7 (C), 6–8 (D), 7–9 (E), or 8–10 (F). Images show
Foxg1::venus fluorescence (green) and immunostaining for Lmx1a (red). Lmx1a+ cells (red) were induced in restricted patches but in contiguous arrangement with
Foxg1+ cortical cells (green) as in vivo. Hoechst 33342 (blue), nuclear staining. Scale bars, 200 µm. (G) Proportion (%) of subregional marker+ cells among the
whole aggregate; Lmx1a+ (red bars) and Foxg1+ (green dashed line). (H) We analyzed the optimal time window for 2 or 5 days of WNT signal exposure to induce
dorsal midline tissues using the WNT agonist CHIR99021. Proportion (%) of subregional marker+ cells in aggregates; Lmx1a+ (red bars) and Foxg1+ (green dashed
line). Expressed as mean ± SEM (N = 3). ∗P < 0.05.

their expressional profiles during their lineage commitment and
temporally modify cellular responsiveness for the Shh signaling
pathway and the environmental signaling state.

Taken together, our data propose the two-phase specification
model to explain the delayed specification of LGE/CGE
progenitors relative to MGE/POA and cortical progenitors
(Figure 8). The model postulates that whole tissue organization
is achieved in two phases. In the early phase, the fates of
subregions close to signal sources are determined by exposure
to high morphogen concentrations (a dominant morphogen),
whereas the fate of subregions receiving multiple signals
remains pending. In the late phase, all the pending fates were
determined based on temporal changes in environmental cues

or progenitor competence. The present study demonstrates that
the changes in signal dependence for progenitor specification
are essential for fate determination during the late phase and
are rendered by subthreshold Shh and WNT signals during the
early phase.

DISCUSSION

In the present study, we highlight the concerning points
and topics of telencephalon patterning. We verified the
critical contributions of three key signaling factors for lineage
specification of subregions in the telencephalon, ventralizing Shh
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FIGURE 6 | Dorsal midline tissues were induced by timed BMP and WNT exposure. (A) Schematic of differentiation strategy for dorsal midline tissues and cortex.
(B–F) Using the 3D culture, we assessed the optimal time window for 2 days (days 5–7) or 5 days (days 5–10) of BMP signal (BMP4 recombinant protein) or WNT
signal (CHIR) exposure to induce dorsal midline tissues. Foxg1::venus cell aggregates cultured with no cues (B) or with BMP4 during days 5–7 and days 5–10 (C,D),
with CHIR during days 5–7 and 5–10 (E,F). Images show Foxg1::venus fluorescence (green) and immunostaining for Lmx1a (red) and Sox2 (blue). (G–J) We
examined the synergistic effect of BMP and WNT signals in combination for 2 days (days 5–7) or 5 days (days 5–10). Scale bars, 200 µm. (K) Proportion (%) of
Lmx1a+ cells among Sox2+ cells. Greater proportion (%) of Lmx1a+ cells among Sox2+ cells indicates that WNT signaling enhances the dorsalizing effect of BMP.
Expressed as mean ± SEM (N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 7 | Prerequisite condition for subsequent LGE/CGE induction. (A) Schematic of the 3D culture used to identify the signaling pathway responsible for
LGE/CGE induction. Disruption of LGE/CGE induction by Shh signal exposure during days 7–9 due to the absence of any endogenous signal during days 5–7
indicates the need for a prerequisite condition. Inhibitors for Shh signal (cyclopamine), WNT signal (WNTi), BMP signal (LDN193189), and TGFb signal (SB 431542)
were added to the culture during days 5–7 with subsequent Shh signal exposure (SAG) during days 7–9. (B–J) Aggregates cultured without any inhibitor (B–D) or
with inhibitors for the SHH (E–G) and WNT (H–J) signaling pathway during days 5–7 and then treated with SAG during days 7–9. Scale bars, 200 µm.
(K) Proportion (%) of subregional marker+ cells among Foxg1+ cells; Pax6+ (yellow bars), Gsx2+ (cyan bars), and Nkx2-1+ (blue bars). Early treatment with Shh and
WNT signaling inhibitors reduced Gsx2+ cell induction by later SAG exposure. Results expressed as mean ± SEM (N = 3). *P < 0.05.
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FIGURE 8 | Two-phase specification model for telencephalon patterning. Fate of dorsal midline telencephalic cells is determined by BMP/WNT signaling, whereas
the fate of ventral-most telencephalon (MGE) cells is determined by a high dose of Shh signal during the early phase (shown by solid lines). Fate determination of
intermediate subregions is conditional (shown by dashed lines). LGE is specified by a dose-independent Shh signal during the late phase through a temporal shift in
progenitor states for the Shh response.

and dorsalizing BMP and WNT. By applying these factors at
different concentrations and time points, we achieved selective
induction of subregional progenitors from mouse ES cells.
According to the accepted patterning model based on positional
information, the dose is a key determinant of morphogen
response, such that tissues at short or long distances from a
signal source are differentially induced or are both induced but
by high and low doses of the signal, respectively (Wolpert, 1969;
Campbell, 2003; Medina and Abellán, 2009). Our results appear
consistent with this model in that cells were induced to express
Nkx2-1 (MGE/POA lineage) by a high Shh dose, Gsx2 (LGE/CGE
lineage) by a low Shh dose, and Lmx1a (the dorsal midline tissue
lineage) by BMP and WNT. In addition, we also found that the
timing of signal exposure for efficient induction was specific to
each lineage; early exposure to Shh efficiently induces MGE/POA
progenitors, whereas late exposure to Shh induces LGE/CGE
progenitors, and early BMP/WNT signal exposure induces dorsal
midline tissues. Cortical fate (Pax6+/Foxg1+) was a default
(signal-independent) state in the early stage. These suggest that
the fate of most telencephalic cells is determined concurrently,
whereas that of a small group, the LGE/CGE progenitors, is
delayed (for 2 days in mice). Our results provide evidence that
both the appropriate dose and correct timing are critical for
telencephalic patterning by morphogens.

The early patterning field may be so small that the
middle domain receives multiple morphogens derived from
distinct signal sources. Three possible mechanisms could allow
cells within this domain to respond selectively or correctly
interpret multiple patterning cues as a fate determinant:
(i) one morphogen is the dominant fate determinant (i.e.,
due to a higher concentration or greater sensitivity of the

cell), (ii) multiple morphogens work together (i.e., the cell
requires the synergistic actions of multiple morphogens for
fate determination), and (iii) fate determination is conditional
(e.g., contingent on a prior priming signal). In the third case,
cellular changes are required to prepare the cell for subsequent
fate determination. Considering our results showing delayed
specification of LGE/CGE progenitors relative to MGE/POA and
cortical progenitors, the latter two-phase specification model is
favored (Figure 8). The early phase determines an outline of the
tissue subdivision, and the late phase refines the pattern.

Although morphogens continue to be produced throughout
the expansion of the telencephalon, the size of the prospective
patterning field changes up to several folds, and some
distinct regional characteristics emerge progressively. When the
patterning field expands with tissue growth, signal-receiving
cells must decode the spatiotemporally changing status of
signals. In addition to positional information underlying the
classic model, temporal information may be a critical signaling
domain of patterning cues for neural specification (Ribes and
Briscoe, 2009). Several possible mechanisms could confer dose
dependence, time dependence, or both to fate-determining
signals (Sagner and Briscoe, 2017). (i) For dose dependence and
time independence, progenitors could convert a transient graded
signal into a sustained molecular change through induction of an
autoregulatory feed-forward loop before extensive tissue growth.
The specification should be contemporaneously completed
within a relatively short period and before the onset of
planar expansion of the neuroepithelial tissue. In this way, the
progenitor could recognize the morphogen at an early stage as
a pre-patterning signal (Moore et al., 2013). Such progenitors
would exhibit robustness for the change in tissue size and a
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consequent change in signal dose. (ii) For time dependence
and dose independence, the mechanism could involve sequential
signal transduction or a signal-relay system in which signal
recipient cells first react to the signal and then transfer it to
other neighboring cells (van Boxtel et al., 2015). This sequential
signal transduction would result in a temporal gradient of the
signal. In this case, the timing of the input is the primary cue
for fate determination, and signal transduction in the following
cell population would be little affected by changes in absolute
dose associated with tissue growth. (iii) Finally, a dose- and
time-dependent mechanism is represented by two distinct cases.
(iii-a) The integrated intensity of intracellular signal transduction
could be important for some progenitors (Dessaud et al., 2007;
Ribes and Briscoe, 2009). These progenitors would decode the
cumulative amount of signal received during a certain period. In
this case, the initial dose, the rate of change, and the exposure
time would all be essential factors for establishing cell identity.
When an ultrasensitive switch-like response to a morphogen
signal occurs in an intracellular signaling pathway, a graded
signal is converted to a transcriptional code, which is composed
of Pax6, Gsx2, and Nkx2-1 in the telencephalon (Lek et al., 2010;
Rogers and Schier, 2011; Shindo et al., 2016). When progenitors
are exposed to subthreshold signals, they keep a graded response
to the incremental signals, and graded induction will take time to
be achieved (Zhang et al., 2006). In the case of (ii) and (iii-a), the
signal duration is a key factor, and fate should differ depending
on the length of signal exposure time. (iii-b) In the other case,
to adopt the demand for a definite signal input with attenuation
as the tissue size increases, progenitors may change competence
for signal responsiveness as development proceeds (Rogers and
Schier, 2011). A subthreshold signal or another signaling input
may trigger the shift in signal dependence (Lek et al., 2010;
Sasai et al., 2014; Srinivasan et al., 2014). In this case, recipient
cells respond depending on their competence at that time and
would be unaffected by both the initial dose and the rate of
change. Our data demonstrate novel developmental mechanisms
for telencephalon patterning based on both dose dependence in
the early phase and time dependence, including a temporal shift
in cellular Shh sensitivity, to induce ventral fate in response to
Shh signaling. This delayed fate choice allows tissues with marked
size expansion, such as the telencephalon or other tissues, to cope
with the changing dynamics of patterning cues.

Conditions for the induction of Gsx2+ LGE/CGE had an
adverse effect on Nkx2-1+ MGE/POA induction and vice versa,
implying a repressive interaction between Nkx2-1 and Gsx2 or
associated signaling pathways. It is compatible with previous
findings in mutant mice (Rallu et al., 2002a,b; Schuurmans and
Guillemot, 2002; Corbin et al., 2003). For instance, Shh−/−;
Gli3−/− double mutants and Nestin–Cre-driven Shh null
mutants that lose Shh expression around E10–12 retained all
telencephalic subdivisions but failed to express Nkx2-1 in the
MGE and exhibit a concomitant expansion of Gsx2 expression
into the MGE-like subdivision (Rallu et al., 2002b; Xu et al.,
2005). Fate conversion of the MGE to LGE was also observed
in Nkx2-1−/− mutant mice (Sussel et al., 1999; Corbin et al.,
2003), whereas mild mutants (Six3–Cre driving Smo mutants)
exhibited a mosaic reduction of Nkx2-1 expression in the

MGE with ectopic Gsx2 expression in the Nkx2-1-negative
patches (Xu et al., 2010). Nkx2-1-Cre-mediated recombinant
cells are not detected in LGE/CGE, indicating that Gsx2 and
Nkx2-1 lineages are derived from different progenitors (Xu
et al., 2008). The expression of Nkx2-1 comes before that of
Gsx2 (Corbin et al., 2003). These findings strongly suggest
that Nkx2-1 represses Gsx2, although it is currently unclear
if this transcriptional regulation is direct. It also remains to
be determined how presumptive LGE/CGE progenitors change
competence in a time-dependent manner or how LGE/CGE
progenitor specification is delayed relative to other telencephalic
tissues. Possible explanations include slow accumulation of de
novo synthesized proteins or degradation of existing proteins
dependent on genetic or epigenetic regulation (Hirabayashi et al.,
2009; Aldiri et al., 2017). The induction rate of LGE/CGE fate
was still low under our conditions with a later phase of the Shh
signal. Considering that the antibody used in this study did not
detect the majority of MGE/POA progenitors, some of which
expressed Gsx2 at a low level (Supplementary Figure 1F), it
might fail to detect some LGE/CGE progenitors expressing Gsx2
at a low level, resulting in underestimation of the induction
of LGE/CGE. Additional cues, such as FGF15/19 and Activin
A, may be required for more effective induction of LGE/CGE
fate (Danjo et al., 2011; Cambray et al., 2012). As MGE-derived
neurons produce Shh (Nery et al., 2001; Sousa and Fishell, 2010),
MGE-derived Shh may act as the subthreshold delay signal for
subsequent LGE cell induction. Further studies are required to
reveal the precise molecular signaling mechanisms underlying
the delayed induction of LGE/CGE cells.

MATERIALS AND METHODS

ES Cell Culture and Treatment With
Soluble Factors
Mouse ES cells [Foxg1::venus (Eiraku et al., 2008)] were
maintained as described previously (Watanabe et al., 2005).
Briefly, ES cells were cultured on feeder-free, gelatin-coated
dishes with a maintenance medium composed of Glasgow
minimum essential medium supplemented with 10% Knockout
Serum Replacement (Thermo Fisher Scientific), 1% fetal
calf serum, 1 mM pyruvate (Sigma-Aldrich), 0.1 mM non-
essential amino acids (Thermo Fisher Scientific), 0.1 mM
2-mercaptoethanol (Sigma-Aldrich), and leukemia inhibitory
factor. The in vitro differentiation conditions for the 3D
culture were as described in our previous study with minor
modifications (Nasu et al., 2012). Briefly, ES cells were dissociated
in 0.25% trypsin and quickly re-aggregated by plating on
96-well low cell-adhesion plates (Sumilon) in differentiation
medium (5,000 cells per 100 µl/well). The differentiation medium
was a growth factor-free chemically defined medium (gfCDM)
composed of Iscove’s modified Dulbecco’s medium (Fujifilm
Wako)/Ham’s F12 medium (Fujifilm Wako) 1:1, 1 × Chemically
Defined Lipid Concentrate (Thermo Fisher Scientific), 450 µM
monothioglycerol (Sigma-Aldrich), 5 mg/ml purified bovine
serum albumin, 5.5 µg/ml apo-transferrin, 6.7 ng/ml selenium,
and 10 µg/ml insulin. The day of ES cell seeding was defined as
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differentiation day 0. On day 5, cell aggregates were transferred
to bacterial-grade, non-coated dishes with Dulbecco’s modified
Eagle medium/Ham’s F12 medium supplemented with N2
and apo-transferrin (Fujifilm Wako). The TGF inhibitor SB
431542 (Cayman, 13031, IC50 = 94 nM) was added at a final
concentration of 5 µM on day 0. The Wnt inhibitors IWP2
(Cayman, 13951, IC50 = 27 nM) and IWR1e (Cayman, 13659,
IC50 = 180 nM) (WNTi) (Chen et al., 2009) were freshly prepared
in 100 µl of gfCDM and added at final concentrations of 1
and 2 µM, respectively, on day 1. Matrigel (BD Biosciences)
was prepared in 100 µl of gfCDM at a final concentration of
100 µg/ml and added on day 1. Human recombinant FGF8
(humanzyme, HZ-1104) was added at a final concentration of 50
ng/ml during days 5–7. The concentration, timing, and duration
of SAG (Cayman, 11914, EC50 = 3 nM) exposure are described
in the text and figures. The timing and duration of 1 ng/ml of
BMP4 (humanzyme, HZ-1045) or 1 nM Wnt agonist CHIR99021
(Cayman, 13122, IC50 = 6.7 nM) exposure are described in
the text and figures. The Shh antagonist cyclopamine (Cayman,
11321, IC50 = 24 nM) was added at 1 nM and the BMP inhibitor
LDN193189 (Cayman, 11802, IC50 = 4.9 nM) at 10 nM on days
5–7 as indicated.

Tissue Preparation
Jcl:ICR mice were killed at embryonic day 12 (E12) (purchased
from CLEA Japan). All mice were anesthetized with
medetomidine/midazolam/butorphanol tartrate/phosphate-
buffered saline (PBS) (final dose, 0.3 mg/kg of body weight;
4 mg/kg of body weight; and 5 mg/kg of body weight,
respectively) and perfused from the left ventricle with iced
4% paraformaldehyde (PFA)/PBS (pH 7.2). Extracted brain
tissues were postfixed with 4% PFA/PBS (pH 7.2) for 1 h. Cell
aggregates were harvested on day 10 or 12 and fixed with 4%
PFA/PBS (pH 7.2) for 20 min. Fixed tissues and cell aggregates
were cryoprotected in 15% sucrose/PBS overnight at 4◦C and
embedded in Tissue-Tek O.C.T. compound (Sakura Finetek).
Frozen tissues were sliced at 12 µm. All animal experiments
were performed in accordance with institutional (Kumamoto
University) guidelines and were approved by the Animal Care
and Use Committee of Kumamoto University.

Immunostaining
Immunohistochemistry and immunocytochemistry were
performed as described previously (Nasu et al., 2020a). Briefly,
sections were rinsed with 0.3% Triton-X100/PBS three times and
incubated overnight at 4◦C with primary antibodies diluted in
incubation buffer (5% donkey serum/0.3% Triton-X100/PBS)
after pretreatment with incubation buffer for 30 min. The
following primary antibodies were used at the indicated
dilutions: anti-cCaspase3 (rabbit, 1:50; Cell signaling, 9664),
anti-Ctip2 (rat monoclonal, 1:3,000; Abcam, ab18465), anti-
Foxg1 (rabbit, 1:2,000; TaKaRa, M227), anti-Foxp2 (goat, 1:100;
Santa Cruz, sc-21069), anti-Gad65 (mouse monoclonal, 1:200;
BD Pharmingen, 559931), anti-Gsx2 (rabbit, 1:500; Millipore,
ABN162), anti-Lmx1a (goat, 1:100; Santa Cruz, sc-54273),
anti-N-cadherin (mouse, 1:1,000; BD Pharmingen, 610920),
anti-Nestin (mouse, 1:200; BD Pharmingen, 611658/611659),

anti-Nkx2-1 (mouse, 1:500; Leica, NCL-L-TTF-1), anti-Pax6
(rabbit, 1:2,000; BioLegend, PRB-278P), anti-pH3 (rabbit,
1:1,000; Millipore, 06-570), and anti-Sox2 (rabbit, 1:1,000;
Millipore, AB5603). Hoechst 33342 was used for counterstaining
of nuclei. Proliferating cells were labeled by EdU for 24 h from
day 9 and detected chemically according to the manufacturer’s
instructions (Thermo Fisher Scientific). Images were obtained
using a BZ-X700 fluorescence microscope (Keyence) and laser-
scanning confocal microscope (FV-1200, FV-1000, or FV-300;
Olympus) and analyzed using BZ-X700 software and ImageJ.
The percentage of Pax6+, Gsx2+, Nkx2-1+ fractions among
Foxg1+ area was calculated. The expression of Pax6, Gsx2, and
Nkx2-1 is based on nuclear staining, whereas the fluorescence
of venus protein, corresponding to Foxg1 expression, localizes
a whole cell. To revise underestimation caused by comparing
nuclear staining fractions to a whole cell, the total percentage of
three lineages was regarded as 100% because the telencephalon
is subdivided by a transcriptional code, which is composed of
Pax6, Gsx2, and Nkx2-1 (Rallu et al., 2002a,b; Schuurmans
and Guillemot, 2002; Corbin et al., 2003). The percentage
of Lmx1a+ and Foxg1+ positive fractions was calculated
among whole aggregates (Figure 5) or among nuclear staining
Sox2+ area (Figure 6). Five to eight aggregates from three or
four biological replicates were analyzed.

Quantitative Polymerase Chain Reaction
qPCR was performed using the ViiA7 Real-Time PCR System
(Thermo Fisher Scientific). ES cells under maintenance culture
(referred to as day 0) or cell aggregates under differentiation
culture on days 3, 4, 5, 6, and 7 were harvested, and total
RNAs were sampled for the qPCR study. Cell aggregates treated
with SHHi during days 5–7 were harvested on days 6 and 7.
Expression levels of target genes were obtained from duplicated,
three biological replicates and shown as relative values, based
on the expression of beta-actin (as an internal control). Primers
used were as follows: beta-actin, forward 5′-AAGGCCAACC
GTGAAAAGAT-3′, reverse 5′-GTGGTACGACCAGAGGCAT
AC-3′; Bmp4, forward 5′-GCTGGAATGATTGGATTGTG-3′,
reverse 5′-CATGGTTGGTTGAGTTGAGG-3′; Shh, forward
5′-TTCTGTGAAAGCAGAGAACTCC-3′, reverse 5′-GGGAC
GTAAGTCCTTCACCA-3′; Tgfb1, forward 5′-TACCATGCC
AACTTCTGTCTGGGA-3′, reverse 5′-ATGTTGGACAACTGC
TCCACCTTG-3′; Wnt3a, forward 5′-GAACCGTCACAAC
AATGAGG-3′, reverse 5′-CTTCACAGCTGCCAGATAGC-3′;
Gli1, forward 5′-CCAAGCCAACTTTATGTCAGGG-3′, reverse
5′-AGCCCGCTTCTTTGTTAATTTGA-3′; Ptc1, forward 5′-CG
AGACCAACGTGGAGGAGC-3′, reverse 5′-GGAGTCTGTA
TCATGAGTTGAGG-3′; Smo, forward 5′-GGAGGGTTCCC
AGGGTTGAA-3′, reverse 5′-GCCCCTCGACTCCCAACTT-3′.

Western Blotting
Cell aggregates treated with or without inhibitors from day 5
were dissociated using TrypLE Express Enzyme (Thermo Fisher
Scientific) on day 6 and lysed in radioimmunoprecipitation
assay buffer containing 50-mM Tris hydrochloride (pH 7.6),
150-mM sodium chloride, 1% Nonidet P40, 0.5% sodium
deoxycholate, and 0.1% sodium dodecyl sulfate with protease
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inhibitor cocktail (Nacalai) and ethylenediaminetetraacetic acid-
free phosphatase inhibitor cocktail (Nacalai). A total of 2.7–
9.0 µg of protein extracts were separated by 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and blotted
onto polyvinylidene fluoride membrane (Merck, Immobilon).
Three biological replicates were analyzed. The following primary
antibodies were used at the indicated dilutions: anti-beta-actin
(rabbit, 1:1,000; Cell Signaling, 4970), anti-beta-catenin (rabbit,
1:1,000; Cell Signaling, 8480), anti-phospho-Smad1/5 (rabbit,
1:1,000; Cell Signaling, 9516), and anti-phospho-Smad2 (rabbit,
1:1,000; Cell Signaling, 3108). Anti-rabbit IgG, HRP-linked
antibody (rabbit, 1:2,000; Cell Signaling, 7074) was used as a
secondary antibody. The blocking buffer used was Western BLoT
Immuno Booster (TaKaRa). The chemiluminescent substrate
used was Western BLoT Ultra-Sensitive HRP Substrate (TaKaRa).
The chemiluminescent signal was detected using LAS 4000mini
(Cytiva) and analyzed using ImageJ.

Statistical Analyses
All statistical tests were conducted using R. Multiple-group
means were compared by one-way ANOVA with post hoc
Dunnett’s test (Figures 2, 5, 7) or Williams’ tests (Figure 4)
for pairwise comparisons or by two-way ANOVA with post hoc
Dunnett’s test (Figure 6). Frequencies were compared by Fisher’s
exact test (Figure 2). A P < 0.05 (two-tailed) was considered
significant for all tests.
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