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ABSTRACT

A specific subpopulation of neural progenitor cells, the basal radial
glial cells (bRGCs) of the outer subventricular zone (OSVZ), are
thought to have a key role in the evolutionary expansion of the
mammalian neocortex. In the developing lissencephalic mouse
neocortex, bRGCs exist at low abundance and show significant
molecular differences from bRGCs in developing gyrencephalic
species. Here, we demonstrate that the developing mouse medial
neocortex (medNcx), in contrast to the canonically studied lateral
neocortex (latNcx), exhibits an OSVZ and an abundance of bRGCs
similar to that in developing gyrencephalic neocortex. Unlike bRGCs
in developing mouse latNcx, the bRGCs in medNcx exhibit human
bRGC-like gene expression, including expression of Hopx, a human
bRGC marker. Disruption of Hopx expression in mouse embryonic
medNcx and forced Hopx expression in mouse embryonic latNcx
demonstrate that Hopx is required and sufficient, respectively, for
bRGC abundance as found in the developing gyrencephalic
neocortex. Taken together, our data identify a novel bRGC
subpopulation in developing mouse medNcx that is highly related to
bRGCs of developing gyrencephalic neocortex.

KEY WORDS: Basal radial glial cell, Development, Evolution, Hopx,
Neocortex

INTRODUCTION

Neocortex expansion is one of the hallmarks of mammalian
evolution (Rakic, 2009; Lui et al., 2011; Kaas, 2013; Sun and
Hevner, 2014; Bae et al., 2015; Dehay et al., 2015; Lodato and
Arlotta, 2015; Fernandez et al., 2016; Lein et al., 2017; Namba
and Huttner, 2017; Sousa et al., 2017; Mitchell and Silver, 2018).
This expansion involves an increase in the production of neurons
from neural progenitor cells during cortical development. There are
two principal classes of cortical progenitors (Gotz and Huttner,
2005; Lui et al., 2011; Taverna et al., 2014; Dehay et al., 2015;
Fernandez et al., 2016; Namba and Huttner, 2017): first, apical
progenitors (APs), notably apical (or ventricular) radial glial cells
(aRGCs), which contact the ventricle, are integrated into the apical
adherens junction belt, and their nuclei reside in the ventricular zone
(VZ) where they undergo mitosis at the apical surface; second, basal
progenitors (BPs), specifically basal intermediate progenitors (bIPs)
and basal (or outer) radial glial cells (bRGCs), which are
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delaminated from the ventricular surface and the apical adherens
junction belt and the nuclei of which reside in the subventricular
zone (SVZ) where they typically undergo mitosis. The main
progeny of aRGCs are BPs, and the vast majority of the neurons
generated in the developing neocortex originate from BPs (Lui et al.,
2011; Dehay et al., 2015; Fernandez et al., 2016; Namba and
Huttner, 2017).

In line with the latter statement, the evolutionary expansion of the
neocortex has been linked to an increase in the proliferative capacity
and abundance of BPs and, accordingly, in the thickness of the SVZ
(Lui et al., 2011; Dehay et al., 2015; Fernandez et al., 2016; Namba
and Huttner, 2017). In this context, a seminal finding was the
identification and characterization of the outer SVZ (OSVZ) as the
key germinal zone involved in neocortex expansion (Smart et al.,
2002). Furthermore, the subsequent characterization of bRGCs
(Fietz etal., 2010; Hansen et al., 2010; Reillo et al., 2011; Martinez-
Cerdeno et al., 2012; Betizeau et al., 2013) provided additional
insight, implicating this BP type, in particular, in cortical expansion
(Lui et al., 2011; Stahl et al., 2013; Dehay et al., 2015; Fernandez
et al., 2016; Namba and Huttner, 2017).

In addition to the differences in neocortex expansion among
mammals, the neocortex exhibits a characteristic macroscopic
feature, i.e. it is either smooth, referred to as lissencephalic, or
folded, referred to as gyrencephalic (Rakic, 2009; Lui et al., 2011,
Kaas, 2013; Sun and Hevner, 2014; Dehay et al., 2015; Striedter
etal., 2015; Fernandez et al., 2016; Namba and Huttner, 2017). The
degree of gyrencephaly varies considerably among mammals,
ranging from a near-lissencephalic neocortex like that of the
common marmoset to a highly folded neocortex like that of the
dolphin (Lewitus et al., 2014; Striedter et al., 2015).

With regard to the specific BP type associated with lissencephaly
versus gyrencephaly, the overwhelming majority of the BPs in the
canonical developing lissencephalic mouse neocortex are bIPs, with
only a minor proportion of bRGCs (Shitamukai et al., 2011; Wang
et al., 2011; Wong et al., 2015) (low bRGC/BP proportion). In
contrast, in developing gyrencephalic neocortex (such as human or
rhesus monkey), bRGCs occur at high abundance (Fietz et al., 2010;
Hansen et al., 2010; Reillo et al., 2011; Betizeau et al., 2013)
(reviewed by Florio and Huttner, 2014; Sun and Hevner, 2014;
Namba and Huttner, 2017) (high bRGC/BP proportion). Although
several recent reports have shown that bRGCs exist, albeit at low
abundance, in the developing mouse neocortex (Shitamukai et al.,
2011; Wang et al.,, 2011; Wong et al., 2015), it should be
emphasized that they do not exhibit a primate-like behavior unless
subjected to genetic manipulation (Wong et al., 2015; Wang et al.,
2016). Moreover, as shown for mouse, the bRGCs found in this
lissencephalic developing neocortex exhibit a gene expression
pattern that is distinct from that of the bRGCs in a developing
gyrencephalic neocortex and more similar to that of bIPs (Florio
et al., 2015). Specifically, mouse bRGCs express the canonical bIP
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marker Tbr2 (Englund et al., 2005) that is not expressed in the
majority of human bRGCs (Florio et al., 2015). Conversely,
markers of human bRGCs, such as HOPX (Pollen et al., 2015;
Nowakowski et al., 2016; Thomsen et al., 2016), have not been
found to be expressed in mouse bRGCs in the dorsolateral
telencephalon during embryonic corticogenesis (Fietz et al., 2012;
Florio et al., 2015), although Hopx has been reported to be strongly
expressed in the dentate gyrus of adult mouse hippocampus
(De Toni et al., 2008; Li et al., 2015). There, Hopx has been
implicated in neural progenitor cell self-renewal (De Toni et al.,
2008; Li et al., 2015).

In the present study, we have identified a region of the developing
mouse neocortex — the medNcx — that exhibits features found in, but
not necessarily restricted to, a developing gyrencephalic neocortex,
i.e. abundant bRGCs and an OSVZ-like germinal zone. Furthermore,
the expression of Hopx in the bRGCs of mouse medNcx has
prompted us to perform functional studies, which demonstrate that
Hopx is necessary and sufficient to achieve a bRGC abundance, as
found in a developing gyrencephalic neocortex.

RESULTS

MedNcx of embryonic mouse exhibits a thick SVZ containing
a high proportion of Pax6-positive cells

At any stage of mouse embryonic development, the latNcx contains
only a low proportion of bRGCs among the BPs in the SVZ
(Shitamukai et al., 2011; Wang et al., 2011; Wong et al., 2015). This is
in contrast to developing neocortex of gyrencephalic mammals, which
exhibits a high proportion of bBRGCs among BPs (Fietz et al., 2010;
Hansen et al., 2010; Reillo et al., 2011; Betizeau et al., 2013). We
explored whether there is any region in developing mouse neocortex
that may exhibit an SVZ resembling that typically found in developing
gyrencephalic neocortex, with a distinct ISVZ and OSVZ, and a high
proportion of bRGCs. To this end, we first examined the mouse
embryonic day (E) 14.5-18.5 neocortical germinal zones for the
expression and distribution of Pax6, a transcription factor marker of
RGCs (Gotz et al., 1998; Osumi et al., 2008).

Consistent with findings we previously obtained with embryonic
mouse neocortex, notably at mid-neurogenesis (Arai et al., 2011),
we observed that in mouse E14.5, E16.5 and E18.5 latNcx, Paxo6 is
expressed in the VZ but is downregulated in the SVZ, with only a
low proportion of SVZ nuclei being strongly Pax6" (Fig. 1A,B,F,H,
and data not shown). In contrast, in the mouse medNcx at E18.5, but
not at E14.5 and E16.5, Pax6 expression was observed not only in
essentially all VZ nuclei, but also in a high proportion of SVZ nuclei
(Fig. 1A,C,F,H).

To obtain clues to the proliferative versus neurogenic potential of
the Pax6™ cells in the SVZ of mouse E18.5 medNcx, we examined
the expression of Tbr2, a transcription factor characteristic of
neuronal lineage-committed cortical progenitor cells (Englund
et al., 2005) that in mouse embryonic latNcx is typically found in
nuclei in the basal VZ and SVZ at mid-neurogenesis (Englund et al.,
2005) and at E18.5 (Fig. 1A,B). Remarkably, although largely
absent from the VZ of E18.5 medNcx, Tbr2 expression in the SVZ
revealed two distinct subzones: one adjacent to the VZ in which the
vast majority of nuclei were Tbr2+; and another more basally
located one with a lower, yet still abundant, occurrence of Tbhr2*
nuclei (Fig. 1A,C).

This pattern of Pax6 and Tbr2 expression in the SVZ of mouse
E18.5 medNcx (Fig. 1A,C), in contrast to mouse embryonic latNcx
(Englund et al., 2005; Arai et al., 2011) (Fig. 1A,B), was
reminiscent of that reported for the developing latNcx of three
gyrencephalic species, i.e. ferret, macaque and human (Fietz et al.,

2010; Hansen et al., 2010; Reillo et al., 2011; Betizeau et al., 2013).
In these species, as first described for foetal monkey neocortex
(Smart et al., 2002), a distinct ISVZ and OSVZ can be distinguished
(Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011; Betizeau
etal., 2013). Specifically, the OSVZ/ISVZ ratio of Pax6" nuclei has
been shown to be greater than that of Tbr2™ nuclei (Fietz et al.,
2010), as confirmed here for E36 ferret (Fig. 1D) and gestational
week (GW) 15 human (Fig. 1E) 1atNcx. Although these stages of
ferret and human cortical development are distinct from that of
mouse at E18.5, the patterns of Pax6™ and Tbr2" nuclei in the two
SVZ subzones of mouse E18.5 medNcx (Fig. 1C) were reminiscent
of those in E36 ferret and GW 15 human ISVZ and OSVZ. We will
therefore refer to the SVZ subzone in mouse E18.5 medNcx that is
adjacent to the VZ as ISVZ, and to the more basally located one
as OSVZ.

We next determined the proportion of Tbr2* nuclei in the SVZ of
mouse E18.5 medNcx, as well as the distribution of Tbr2* nuclei
along the radial axis of the medial cortical wall. Almost all Tbr2*
nuclei (99.4+1.1%) were found to be also Pax6" at this developmental
stage (Fig. 1C). We did not detect a significant difference between
latNex and medNex in the proportion of the Pax6" nuclei that
were also Tbr2" (50-60%, Fig. 11). However, the distribution of
Pax6"Tbr2~ versus Pax6 Tbr2* nuclei along the radial axis of the
medial cortical wall showed a striking difference. Whereas the
occurrence of Pax6 Tbr2™ nuclei showed a first peak in the VZ and a
second peak in the region of the OSVZ adjacent to the intermediate
zone (IZ), the occurrence of Pax6 Tbr2* nuclei peaked in the ISVZ
and adjacent region of the OSVZ (Fig. 1G). Taken together, our data
reveal the existence, in mouse E18.5 medNcx, of an ISVZ-like and an
OSVZ-like layer containing both Pax6"Tbr2~ and Pax6 Tbr2* cell
subpopulations, suggesting that these layers constitute germinal zones
harboring proliferative as well as neurogenic BPs.

The Pax6-positive cells in the SVZ of medNcx of embryonic
mouse are cycling bRGCs

As BPs comprise bIPs and bRGCs, we sought to determine whether
the Pax6" cells in the SVZ of mouse E18.5 medNcx include cycling
bRGCs. To achieve this, we first performed immunohistochemistry
for PCNA (Arai et al., 2011), a marker of cycling cells. This
revealed that — in comparison with the latNcx — the much thicker
SVZ of the E18.5 medNcx contained abundant PCNA™ cells, both
in the ISVZ and OSVZ (Fig. 2A,B). Specifically, for both
Pax6"Tbr2~ and Pax6"Tbr2" cells, ~90% and 70% of the nuclei
in the ISVZ and OSVZ, respectively, were PCNA* (Fig. 2C,D).
These data indicate that the Pax6" cells in the SVZ of mouse E18.5
medNcx are indeed cycling.

A characteristic cell biological feature of bRGCs is that they
retain a basal process and/or an apically directed process through M
phase, which can be revealed, for example, by immunostaining for
phosphorylated vimentin (pVim) (Fietz et al., 2010; Betizeau et al.,
2013). We therefore used pVim immunohistochemistry to explore
whether the cycling Pax6* cells in the SVZ of mouse E18.5 medNcx
exhibited this feature. In addition, pVim immunohistochemistry
provided information about the abundance and spatial distribution
of mitotic cells in mouse E18.5 medNcx. When compared with the
latNcex (Fig. 2E,H,I), the E18.5 medNcx, in line with its much
thicker SVZ, showed a more basal relative distribution of mitotic
cells (Fig. 2F,H) and contained, per area, a substantially greater
number of basal mitotic cells (Fig. 2I) with a basal process (Fig. 2J).
These basal pVim*' cells typically expressed not only Pax6, as
expected, but also the RGC marker Sox2 (see Fig. S2C). Moreover,
more than half of the Pax6" basal mitotic cells exhibited a basal
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Fig. 1. Mouse E18.5 medNcx exhibits OSVZ-like features. (A-C) Mouse E18.5 caudal neocortex. Pax6 (magenta, white) and Tbr2 (green, white) double
immunofluorescence, combined with DAPI staining (blue). (D,E) Ferret E36 latNcx (D) and human GW15 latNcx (E). Pax6 (magenta) and Tbr2 (green)
double immunofluorescence, combined with DAPI staining (blue). (F) Quantification of the distribution of Pax6* nuclei along a 500 pym radial axis (divided into
10 bins) of the latNcx (blue) and medNcx (magenta). (G) Quantification of the distribution of Pax6*Tbr2~ (purple) and Pax6*Tbr2* (green) nuclei along a 500 pm
radial axis (divided into 10 bins) of the medNcx. (H,l) Quantification of the percentage of DAPI nuclei in the SVZ that are Pax6* (H) and of the percentage

of Pax6* nuclei in the SVZ that are Tbr2* (1) in the latNcx (blue) and medNcx (magenta). (F-1) Error bars indicate s.d. ***P<0.001, n.s., not statistically significant.

Student’s t-test in H (n=5 embryos) and | (n=5 embryos). Open circles in H and

| represent individual data points. (A-E) Images in B-E are single 0.6 ym optical

sections; images in A are a 15 ym merged stack. Scale bars: 50 ym in A; 20 ym in B-E.

process (Fig. 2K,L; an example of such a cell, which lacks Tbr2
expression, is shown in Fig. 2G). Based on their morphology and
marker expression, we conclude that about half of the mitotic cells
in the SVZ of medNcx of E18.5 mouse are cycling bRGCs.

The progenitors in the SVZ of the medNcx of E18.5 mouse
can give rise to neurons

We next investigated whether the bRGCs in medNcx of E18.5 mouse
are neurogenic or gliogenic. To achieve this, we first analyzed the
region of the cortical wall basal to the VZ for the expression of Olig2
(Fig. 3A,B), a marker of gliogenic precursors (Ono et al., 2009). We
did not find a significant difference in the percentage of Olig2* cells

between latNcx and medNcx (Fig. 3C). However, the percentage of
the Pax6 " Tbr2™ cells in medNcx [the majority of which are bBRGCs
(Fig. 2L)] that were Olig2* was significantly lower than that in latNecx
(Fig. 3D), suggesting that bRGCs in the mouse E18.5 medNcx are
less gliogenic than those in latNcx.

To directly determine the generation of neurons versus astrocytes
that are found in medNcx when compared with the latNcx, we
injected pregnant mice with 5-ethynyl-2-deoxyuridine (EdU) at
E18.5. We then examined, at postnatal day (P) 10 (i.e. 11 days after
EdU injection), the fate of the EQU™ cells that were derived from the
ones that had incorporated EdU and had reached the upper layers of
the medNcx or latNcx, for the expression of NeuN, a neuron marker,
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or S100B, an astrocyte marker (Fig. 3E,F,G). The percentage of the
EdU" cells that expressed S100p was slightly lower in the medNcx
than in the latNcx, although this difference was not statistically
significant (Fig. 3H). In contrast, compared with the latNcx, the
percentage of the EAU" cells that expressed NeuN was more than
twofold greater in the upper layers of the medNcx (Fig. 3I). Of note,
most of these E18.5-born neurons were located in the upper-most
region of layer 2 (Fig. 3G). We conclude that the progenitors in
mouse E18.5 medNcx exhibit a greater preference to generate
neurons than those in E18.5 latNcx (for the analysis of EQU-labeled
NeuN* neurons and S100B" astrocytes following an EdU pulse at
PO, see Fig. S1).

The Hopx protein, a human bRGC marker, is specifically
expressed in the germinal zones of the mouse E18.5 medNcx
Taken together, the results presented so far show that the mouse E18.5
medNcx, but not latNcx, SVZ exhibits a high abundance of bRGCs
and an OSVZ-like layer. We therefore explored the possibility that the
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Fig. 2. The OSVZ of the mouse medNcx
contains cycling bRGCs. (A,B) Mouse E18.5
latNcx (A) and medNcx (B). PCNA (white)
immunofluorescence combined with DAPI
staining (blue). (C,D) Quantification of the
percentage of Pax6*Tbr2~ (C) and Pax6*Tbr2*
(D) nuclei that are PCNA* in the indicated zones
of the mouse E18.5 medNcx. (E-G) Distribution
of phosphorylated vimentin-positive (pVim™)
cells in mouse E18.5 latNcx (E) and medNcx
(F). pVim (magenta) immunofluorescence,
combined with DAPI staining (blue). White box
in F indicates the area presented at higher
g magnification in G, showing a pVim™ cell with
a basal process. Right panels in G show Pax6
(white), Tbr2 (green) and pVim (magenta)
triple-immunofluorescence, combined with
DAPI staining (blue) in the area of the cell body
of this cell. (H) Quantification of the distribution
of mitotic cells (as revealed by pVim
immunofluorescence) along a 300 ym radial
axis (divided into six bins) of the latNcx (blue)
and medNcx (magenta). (I) Quantification of
basal (>30 um from apical surface) mitotic
(pVim*) cells in the latNcx (blue) and medNcx
(magenta). (J) Quantification of basal
mitotic (pVim*) cells with a basal process in
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(K) Quantification of percentage of basal
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(magenta). (C,D,H-L) Error bars indicate s.d.;
*P<0.05; **P<0.01; ***P<0.001. Mann-
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bRGCs in mouse E18.5 medNcx express genes characteristically
expressed in bRGCs of developing human neocortex.

A search of the Allen Developing Mouse Brain Atlas, which
covers ~2000 developmentally relevant genes (developingmouse.
brain-map.org/), for genes expressed in a specific regional pattern at
high intensity in E18.5 mouse forebrain yielded only one gene, the
mRNA of which was specifically expressed in the medNcx: Hopx.
Hopx is a homeodomain-only protein that does not bind to DNA and
is the smallest member of the homeodomain-containing protein family
(Mariotto et al., 2016). Although Hopx is expressed in regions of the
mouse brain other than the neocortex (developingmouse.brain-
map.org/), in human, HOPX has been identified as a bRGC marker
in the developing neocortex at advanced stages of neurogenesis
(Pollen et al., 2015; Thomsen et al., 2016). In light of these data, we
searched previous transcriptome datasets of mouse E14.5 latNcx
germinal zones (Fietz et al, 2012) and isolated progenitor
subpopulations (Florio et al., 2015), and found Hopx mRNA
expression in the VZ and aRGCs, but not in the SVZ and bRGCs,
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of latNcx (data not shown), consistent with the absence of an OSVZ-
like structure in this cortical region. However, given the presence of
an OSVZ-like structure and of Hopx mRNA in the mouse E18.5
medNcx, we investigated whether the Hopx protein is expressed in
this cortical region.

Consistent with previous Hopx mRNA in situ hybridisation data
(Muhlfriedel et al., 2005, 2007), immunoreactivity for the Hopx
protein was detected in the mouse E18.5 medNcx (Fig. 4A,C,F,G),
but not latNcx (Fig. 4A,B,D,E), both in rostral (Fig. 4A,C) and
caudal (Fig. 4A,F,G) areas. Importantly, the Hopx protein was
detected not only in the VZ, but also in the ISVZ and OSVZ
(Fig. 4G). This pattern of Hopx immunoreactivity was observed
with both a rabbit polyclonal antibody (Fig. S2A-C) and a mouse
monoclonal antibody (Fig. 4A,C,F,G). Although the latter antibody,
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in contrast to the rabbit polyclonal antibody, yielded nonspecific
staining of blood vessels (Fig. 4A), it was nonetheless used in
order to compare the immunostaining for Hopx with that of
Pax6 (rabbit polyclonal antibody) and Tbr2 (chicken polyclonal
antibody) (Fig. 4C,F,G). (For the analysis of Hopx protein
expression during earlier stages of mouse embryonic development
and during early postnatal stages, and to compare the similarity
between Hopx expression in developing mouse medNcx and the
human foetal neocortex, see Figs S2 and S3.)

Most proliferating bRGCs in E18.5 medNcx express the

Hopx protein

The abundance of the Hopx™ cells in the E18.5 medNcx decreased
from the VZ to the ISVZ to the OSVZ (Fig. 4H). Given the similar
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Fig. 4. Hopx protein is specifically
expressed in the mouse E18.5
medNcx. (A) Hopx (magenta, white)
immunofluorescence, combined with
DAPI staining (blue, top images).

(B,C) Hopx (magenta), Pax6 (white) and
Tbr2 (green) triple immunofluorescence
combined with DAPI staining (blue).
(D-G) Hopx (magenta), Pax6 (white) and
Tbr2 (green) triple immunofluorescence
combined with DAPI staining (blue, D,F).
White box in D indicates area shown at
higher magnification in E; white boxes in
F indicate VZ (apical box), ISVZ (middle
box) and OSVZ (basal box) shown at
higher magnification in G. Arrows in

G indicate Hopx*Pax6*Tbr2~ cells.

(H) Quantification of the distribution of
Hopx* cells along a 500 um radial axis
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pattern of abundance of the Pax6"Tbr2™ and Pax6*Tbr2" cells in the
E18.5 medNcx (Fig. 1), it was of interest to relate the Hopx expression
to that of Pax6 and Tbr2 at the cellular level. Most of the Pax6"Tbr2~
cells in the VZ, ISVZ and apical-most region of the OSVZ were found
to be Hopx ™", whereas only Pax6"Tbr2" cells in the VZ showed Hopx
immunoreactivity in the majority of cases (Fig. 41). With regard to the
bRGCs in the E18.5 medNcx, these data are consistent with the notion
that Hopx expression occurs preferentially in proliferating bRGCs. In
line with this notion, all Hopx" cells in the E18.5 medNcx germinal
zones were Pax6" (Fig. 4]), and the vast majority of these Hopx™ cells
were Tbr2~ (Fig. 4J) and Sox2* (Fig. S2E). Moreover, >80% of
the basal mitoses in the E18.5 medNcx, as identified by pVim
immunofluorescence, were Hopx " (Fig. S2D).

W Hopx+Pax6+Tbr2— cells / Pax6+Tbr2— cells per bin (%)

in medial neocortex

Taken together, these results show that, in contrast to the latNcx
of the embryonic mouse, the mouse E18.5 medNcx exhibits key
features also observed in the development of an expanded
neocortex, as characterized in foetal human (Fietz et al., 2010;
Hansen et al., 2010; Pollen et al., 2015; Nowakowski et al., 2016;
Thomsen et al., 2016), foetal macaque (Smart et al., 2002; Betizeau
et al., 2013) and embryonic ferret (Fietz et al., 2010; Reillo et al.,
2011) (Fig. S2F) neocortex. These features notably include the
existence of an OSVZ that contains proliferating Pax6” bRGCs
extending a basal process and expressing the Hopx protein, a bRGC
marker in the OSVZ at advanced stages of foetal human neocortical
neurogenesis (Pollen et al., 2015; Nowakowski et al., 2016;
Thomsen et al., 2016).
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The bRGCs in embryonic mouse medNcx exhibit a human
bRGC-like gene expression signature

To directly analyze whether the bRGCs in the embryonic mouse
medNcx are distinct from the bRGCs in the embryonic mouse
latNcx and, perhaps, are more related to the bRGCs in foetal human
neocortex than the mouse lateral bRGCs, we took advantage of
population-level RNA-sequencing of bRGCs isolated from E18.5
mouse medNcx. We first compared the gene expression of these
bRGCs with that of various cortical progenitor populations
previously isolated from E14.5 mouse latNcx (Florio et al., 2015).
Using principal component analysis (PCA), we found that mouse
medial bRGCs emerge as a distinct progenitor population that can
be clearly distinguished from mouse lateral bRGCs, aRGCs and
bIPs (Fig. SA). We extended this analysis by performing PCA of
mouse medial bBRGCs and all cell populations previously isolated
from embryonic mouse and foetal human neocortex (Florio et al.,
2015), which, in addition to the cortical progenitor populations
already analyzed (Fig. 5A), included Tis2/-GFP-negative and
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.
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PC1 (32%)
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-positive mouse lateral aRGCs, mouse neurons, GW15 human
aRGCs, human bRGCs and a fraction enriched in human neurons
(see Fig. S4).

To examine whether the mouse medial bRGCs exhibit human
bRGC-like gene expression, we next analyzed and compared the
expression levels of the previously identified 64 human bRGC-
enriched genes (Pollen et al., 2015) or their mouse orthologs among
the bRGCs isolated from E14.5 1atNcx (Florio et al., 2015), E18.5
medNcx (present study) and human GW15 neocortex (Florio et al.,
2015). As shown in Fig. 5B, a greater Hopx mRNA level was
detected in the mouse medial bRGCs than the mouse lateral
bRGCs, consistent with the present immunohistochemical results
(Fig. S2A). We further found that for the overwhelming majority of
the 64 human bRGC-enriched genes or their respective mouse
orthologs, the expression levels in the mouse medial bRGCs were
higher than in the mouse lateral bRGCs, and in many cases (e.g.
Gfap, Dio2, Bmp7, Fabp7, Ptprzl, Tnc, Vephl and Etvi)
approached or even exceeded those in the human bRGCs

Fig. 5. bRGCs in mouse E18.5 medNcx
exhibit a gene expression distinct from
aRGCs, bRGCs and bIPs in mouse E14.5
latNcx, and express a human bRGC-like
gene signature. Comparative analysis of
RNA-seq data of: (1) bRGCs isolated from
mouse E18.5 medNcx (this study; A,B); (2)
cortical progenitor populations isolated from
mouse E14.5 latNcx (Florio et al., 2015; GEO
accession number GSE65000; A,B); and (3)
bRGCs isolated from human GW 15 neocortex
[(Florio et al., 2015), GSE65000; B].

(A) Principal component analysis of rlog-
transformed counts. First and second principal
component (PC1 and PC2) of mouse cortical
progenitor samples (four replicates per
indicated mouse cortical progenitor type,
colored dots) are shown along with the
proportion of variance explained. (B) Clustered
heatmap of mouse medial (pink), mouse
lateral (green) and human (blue) bRGC
populations based on rlog-transformed counts

of the 64 human bRGC-enriched genes and
their mouse orthologs. Horizontal rows

["IHuman GW 15 bRGCs

Expression level

!M
12

I 1 r 1
Cell type [0 T T

(replicates of each of the three bRGC

Cell type

 Vouse E14.5 populations) and vertical columns (genes)
lateral bRGCs hi hicall Just d X et

[ Mouse E185 were hierarchically clustered using complete
medial bRGCs

linkage and Euclidian distance.
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(Fig. 5B). In fact, hierarchical clustering indicated that the mouse
medial bRGCs were more closely related to human bRGCs than
the mouse lateral bRGCs. These results indicate that the mouse
medial bRGCs exhibit a human bRGC-like gene expression
signature. These data were complemented by unbiased single-cell
transcriptomics (see Fig. S5) and by an analysis of the expression
levels of the orthologs of the 64 human bRGC-enriched genes
(Pollen et al., 2015) in the OSVZ of a prospective gyrus versus a
prospective sulcus of developing ferret neocortex (De Juan Romero
et al., 2015) (see Fig. S6).

Disruption of Hopx expression in the embryonic mouse
medNcx reduces the abundance of bRGCs

We investigated a potential functional role of Hopx in the bRGCs of
the mouse embryonic medNcx SVZ, using CRISPR/Cas9-mediated
gene disruption (for details, see Fig. S7). Analysis of the proportion
of Hopx™" cells among the RFP™ cells in the VZ and SVZ revealed
that CRISPR/Cas9-mediated disruption of Hopx gene expression
almost completely abolished the occurrence of Hopx™ cells among
the progeny of the targeted cells found in the VZ, and completely
did so for the SVZ (Fig. 6A,B).

Such a disruption of Hopx expression in the embryonic mouse
medNcx did not affect the abundance of the Sox2"Tbr2 " RFP* cells
and the Sox2*Tbr2"RFP™ cells in the VZ but reduced the abundance
of the Sox2*Tbr2 RFP" cells in the SVZ about twofold (Fig. 6C-G).
This decrease in Sox2 " Tbr2 RFP" cells in the SVZ was accompanied
by a significant increase in the number of Sox2~Tbr2 "RFP* cells. The
decrease in the Sox2 " Tbr2"RFP*" SVZ cells was observed irrespective
of whether the quantification was performed per total RFP* SVZ cells
(Fig. 6F) or per SVZ area (Fig. 6G), eliminating the possibility that it
reflected differences in the efficiency of in utero electroporation.
Furthermore, disruption of Hopx expression markedly reduced the
abundance of basal Sox2"RFP" cells in mitosis, as revealed by pVim
immunofluorescene (Fig. 6H-J), and of total BPs in mitosis, as
revealed by immunofluorescence for phosphorylated histone H3
(PH3) (Fig. S7G-I). The proportion of the Sox2 " RFP* mitotic BPs that
exhibited a basal process at mitosis did not differ between control and
Hopx gene disruption (Fig. 6K). These results demonstrate that Hopx
is required to maintain the level of Sox2" progenitors in the SVZ of
embryonic mouse medNcx, with the majority of these progenitors
presumably being bRGCs (see Fig. 2L, Fig. 4J). (For the analysis of
the potential consequence for neurogenesis of the reduced abundance
of Sox2" SVZ progenitors in embryonic mouse medNcx upon
disruption of Hopx expression, see Fig. S8.)

Forced expression of Hopx in the embryonic mouse latNcx
increases the abundance of bRGCs

Only a minor proportion of the progenitors residing in the SVZ of
mouse E18.5 latNcx are bRGCs (Shitamukai et al., 2011; Wang
et al., 2011; Wong et al., 2015) (Fig. 1B,F,H, Fig. 2K,L). As the
expression of the Hopx protein in the latNcx decreases from E15.5
to E18.5 and is lacking at the latter stage (Fig. S2A), and given the
essential role of Hopx in maintaining the level of bRGCs in the SVZ
of embryonic mouse medNcx (Fig. 6F,G,J), we explored whether
forced Hopx expression in the embryonic mouse latNcx would
increase bRGC abundance.

To achieve this, we expressed Hopx under the control of a
constitutive promoter, along with a GFP reporter, in the latNcx by
in utero electroporation at E15.5, and analyzed the abundance and
distribution of progenitor cells at E18.5 (Fig. 7A,B). The presence
of the Hopx protein in the progeny of the electroporated cells was
confirmed by immunofluorescence (Fig. S9). Analysis of the

progeny of the electroporated cells by immunofluorescence for
pVim showed that this forced Hopx expression did not significantly
alter the level of APs undergoing mitosis (Fig. 7C). In contrast,
forced Hopx expression tripled the level of mitotic BPs in the latNcx
that were derived from the electroporated cells (Fig. 7D). This
increase in BPs included an increase in basally located Pax6™ cells,
which were observed not only in the SVZ but, notably, also in the [Z
(Fig. 7E). Moreover, the proportion of the Pax6"GFP" BPs that
exhibited a basal process at mitosis (Fig. 7H) was threefold greater
upon forced Hopx expression than in the control (Fig. 7). When the
GFP" cells in the VZ were analyzed for Tbr2 expression, the
proportion of the Pax6"Tbr2~ cells and the Pax6"Tbr2" cells was
not changed upon forced Hopx expression (Fig. 7F). In contrast,
analysis of the GFP" cells in the SVZ-IZ revealed: (1) a marked
increase in the proportion of Pax6"Tbr2™ cells; (2) an increase
(albeit not statistically significant) in the proportion of Pax6 Tbr2*
cells; and (3) no change in the proportion of Pax6 Tbr2" cells
(Fig. 7G). Together, these results demonstrate that forced Hopx
expression in the embryonic mouse latNcx does not affect AP
abundance but is sufficient to increase the abundance of BPs and
promotes the generation of bRGCs among these BPs (please see
Discussion for the issue of cortical folding). (For the analysis of the
potential effects on neurogenesis of the increased bRGC abundance
in the embryonic mouse latNcx caused upon forced Hopx
expression, see Fig. S10.)

DISCUSSION

The present study provides two advances with regard to our insight
into the development of the cerebral cortex. First, we identify a
region in the embryonic mouse neocortex — the medNcx — that
exhibits a bBRGC/BP proportion as high as that typically found in a
developing gyrencephalic neocortex. Second, we demonstrate that
the mouse ortholog of a marker of human bRGCs, Hopx, is
necessary and sufficient for such a high bRGC/BP proportion.
These findings may have implications for the evolution of the
lissencephalic mouse neocortex.

Hopx - a determinant of bRGC abundance
Our data indicate that Hopx is necessary and sufficient to achieve an
abundance of bRGCs that is essentially as high as that typically
observed in a developing gyrencephalic neocortex (e.g. human;
Fietz et al., 2010). Specifically, CRISPR/Cas9-mediated disruption
of Hopx expression in the embryonic mouse medNcx reduced the
relative abundance of bRGCs from ~50% of all BPs (see Fig. 2K) to
a level essentially as low as that seen in embryonic mouse latNcx [at
most 20% of all BPs (Shitamukai et al., 2011; Wang et al., 2011;
Wong et al., 2015); Fig. 2K] (Fig. 6F,G,J). Conversely, forced Hopx
expression in the embryonic mouse latNcx increased the relative
abundance of bRGC:s to the level seen in the mouse E18.5 medNcx
(Fig. 7D-F). The present data therefore establish Hopx as a key
determinant of bRGC abundance in the developing neocortex.
Further studies will be required to determine whether an increase
in bRGC abundance due to Hopx expression can promote
neocortical folding, as has been observed previously upon forced
expression in embryonic mouse neocortex of ARHGAP11B (Florio
et al., 2015) and sonic hedgehog (Wang et al., 2016), or upon
knockdown of Trnp! (Stahl et al., 2013). On the one hand, we did
not observe neocortical folding upon forced Hopx expression in
embryonic mouse latNcx by P1 (Fig. S10A and data not shown).
Moreover, we found abundant Hopx™ cells in the OSVZ of the
latNcx of embryonic marmoset (data not shown), a near-
lissencephalic primate. On the other hand, we noticed upon data
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Fig. 6. CRISPR/Cas9-mediated disruption of Hopx expression in embryonic mouse medNcx decreases cycling bRGCs. MedNcx of mouse E15.5
embryos was in utero electroporated with either a plasmid encoding Cas9_T2A_PaprikaRFP and a gRNA targeting LacZ (control, Ctrl), or with a mixture of two
plasmids, each encoding Cas9_T2A_PaprikaRFP and one of the two gRNAs targeting Hopx (gHopx, either gRNA #10 or gRNA #13, see Fig. S7), all under
constitutive promoters, followed by analysis at E18.5. (A) RFP (magenta) and Hopx (white) double immunofluorescence of the VZ. Arrowheads indicate RFP*
cells; note the presence of Hopx immunoreactivity in the control RFP* cells (top) and its absence in the RFP* cells upon gHopx electroporation (bottom).

(B) Quantification of the proportion of RFP* cells in the VZ (left) and SVZ (right) that are Hopx™ upon control (gray) and gHopx (black) electroporation. (C,D) RFP
(magenta), Tbr2 (green) and Sox2 (white) triple immunofluorescence, upon control (C) and gHopx (D) electroporation. White boxes in left panels indicate areas
shown at higher magnification in the respective bottom panels. (E) Quantification of percentage of RFP* cells in VZ that are Sox2*Tbr2~ (solid) and Sox2*Tbr2*
(stripe) upon control (gray) and gHopx (black) electroporation. (F) Quantification of percentage of RFP* cells in SVZ that are Sox2*Tbr2~ (solid), Sox2*Tbr2*
(stripe) and Sox2-Thr2* (checked) upon control (gray) and gHopx (black) electroporation. (G) Quantification of basal RFP* cells in ISVZ plus OSVZ (11,250 pm?
area) that are Sox2*Tbr2~ (solid) and Sox2*Tbr2* (stripe) upon control (gray) and gHopx (black) electroporation. (H,I) RFP (magenta), pVim (green) and
Sox2 (white) triple immunofluorescence, combined with DAPI staining (blue), upon control (H) and gHopx (1) electroporation. White boxes in left panels indicate
areas shown at higher magnification in the respective right panels. Arrows indicate basal RFP* cells in mitosis, as revealed by pVim immunofluorescence.

(J) Quantification of basal Sox2*pVim*RFP* cells upon control (gray) and gHopx (black) electroporation. (K) Quantification of percentage of basal
Sox2*pVim*RFP* cells that retain a basal process upon control (gray) and gHopx (black) electroporation. (B,E-G,J) Error bars indicate s.d.; n.s., not statistically
significant; *P<0.05. Mann-Whitney’s U-test in B (n=3 embryos), J (n=4 embryos) and K (n=17 cells for control, 20 cells for gHopx); Student's t-test

in E (n=4 embryos), F (n=4 embryos) and G (n=4 embryos). Open circles in bar graphs in B,G,J represent individual data points. (A,C,D,H,l) Images in

A,C,D and in right panels in H,I are single 0.6 um optical sections; images in left panels in H,I are 6 um merged stacks. Scale bars: 50 ym in C,D and left panels
in H,I; 10 ym in A and right panels in H,I.
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Fig. 7. Forced Hopx expression in embryonic mouse latNcx increases bRGCs. LatNcx of mouse E15.5 embryos was in utero co-electroporated with a
plasmid encoding GFP together with either an empty vector (control, Ctrl) or a Hopx expression plasmid (Hopx) under constitutive promoters, followed by
analysis at E18.5. (A,B) GFP (green), pVim (magenta) and Pax6 (white) triple immunofluorescence, combined with DAPI staining (blue), upon control (A) and
forced Hopx expression (B). White boxes in left panels indicate areas shown at higher magnification in the respective right panels. (C,D) Quantification of
apical (C) and basal (D) GFP™ cells in mitosis (as revealed by pVim immunofluorescence) in control (gray) and upon forced Hopx expression (black).

(E) GFP (green), Tbr2 (magenta) and Pax6 (white) triple immunofluorescence in control and upon forced Hopx expression. White boxes in left panels indicate
areas shown at higher magnification in the respective bottom panels. (F) Quantification of percentage of GFP* cells in VZ that are Pax6*Tbr2~ (solid) and
Pax6*Tbr2* (stripe) in control (gray) and upon forced Hopx expression (black). (G) Quantification of percentage of GFP* cells in a region spanning the basal part of
the SVZ and the adjacent part of the IZ (100 umx=100 um field with its basal boundary 200 ym away from the apical surface) that are Pax6*Tbr2~ (solid),
Pax6*Tbr2* (stripe) and Pax6-Thr2* (checked) in control (gray) and upon forced Hopx expression (black). (H) Example of a bRGC (Pax6*, white) with basal
process in mitosis (DAPI, blue; pVim*, magenta) upon forced Hopx expression (GFP*); dashed circles indicate the cell body. (1) Quantification of percentage of
basal Pax6*GFP™ cells in mitosis (pVim®) that retain a basal process in control (gray) and upon forced Hopx expression (black). (C,D,F,G,l) Error bars
indicate s.d.; n.s., not statistically significant; *P<0.05; **P<0.01. Student’s t-test in C (n=5 embryos), F (n=3 embryos) and G (n=3 embryos); Mann-Whitney’s
U-test in D (n=5 embryos) and | (=6 embryos). Open circles in C,D represent individual data points. (A,B,E,H) Images in left panels in A,B,H are 5-6 um
merged stacks; images in right panels in A,B,H and in E are single 0.6 pm optical sections. Scale bars: 50 pm in A,B (left panels); 10 um in A,B

(right panels) and E,H.
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mining of the genes differentially expressed in the developing
neocortex of the ferret (De Juan Romero et al., 2015), a
gyrencephalic carnivore, that Hopx expression is higher in the
OSVZ of a prospective gyrus than a prospective sulcus (Fig. S6),
consistent with a greater bRGC abundance in the former (Reillo
etal., 2011; Borrell and G6tz, 2014). Our data therefore suggest that
the primary function of Hopx is related to bRGC abundance, but do
not exclude the possibility that an increased bRGC abundance due
to Hopx expression, in concert with the effects of other factors, may
promote neocortical folding.

bRGC abundance is determined by two principal processes:
(1) the production of bRGCs from aRGCs; and (2) the self-expansion
of bRGCs by symmetric proliferative divisions (Lui et al., 2011;
Dehay et al., 2015; Fernandez et al., 2016; Namba and Huttner,
2017). In the developing ferret neocortex, bRGC self-expansion has
been shown to largely occur after a defined time window of bRGC
production from aRGCs (Martinez-Martinez et al., 2016). How, then,
can the presence of Hopx protein in both aRGCs and bRGCs of
mouse E18.5 medNcx be interpreted? First, the presence of Hopx in
the medial aRGCs may be indicative of a role in bRGC production,
rather than in aRGC self-expansion. Support for the latter scenario
being unlikely is provided by our findings that disruption of Hopx
expression in the medial aRGCs did not decrease their pool size
(Fig. 6E), and forced Hopx expression in the lateral aRGCs did not
increase their pool size (Fig. 7C). Second, the presence of Hopx in
the medial bRGCs likely suggests that it promotes bRGC self-
expansion. The marked decrease in bRGC abundance (Fig. 6F,G,J),
without a concomitant increase in aRGC abundance (Fig. 6E), upon
disruption of Hopx expression in the mouse embryonic medNcx
supports this view.

The embryonic mouse medNcx - a relict of an ancestral
gyrencephalic developing cerebral cortex?

The present finding that the embryonic mouse medNcx, in
contrast to the latNcx, exhibits an OSVZ-like germinal zone with
abundant bRGCs may have implications for the evolution of the
lissencephalic mouse neocortex. It has previously been proposed
that all mammals evolved from a common gyrencephalic ancestor
(O’Leary et al., 2013; Lewitus et al., 2014) and that the mouse
lissencephaly is secondary in nature, reflecting phyletic dwarfing
(Kelava et al., 2013; Lewitus et al., 2014). If so, one would expect to
find any relicts of this gyrencephalic ancestor in the developing
medNcx rather than latNcx, as the former constitutes an
evolutionarily older part of the neocortex than the latter (Sanides,
1969). The OSVZ-like germinal zone with abundant bRGCs, which
is a typical feature of a developing gyrencephalic neocortex and that
we observed in the embryonic mouse medNcx, would be consistent
with this scenario. This notion is not contradicted by the previous
finding that the embryonic neocortex of the common marmoset also
exhibits an OSVZ-like germinal zone with abundant bRGCs, as the
marmoset has also been proposed to have evolved from a
gyrencephalic ancestor (Kelava et al., 2013); OSVZ and abundant
bRGCs may also be relicts of this ancestor.

In this context, two previous observations should be noted. First,
the gyrification of the mouse neocortex that could be induced by an
activation of the sonic hedgehog signaling pathway during
embryonic corticogenesis was found to primarily take place in the
cingulate cortex (Wang et al., 2016), which belongs to the medNcx.
As the specific approach taken by the authors resulted in activation
of the sonic hedgehog signaling pathway not only in the embryonic
mouse medNcx but also the adjacent latNcx (Wang et al., 2016), this
finding suggests that the medNcx of embryonic mouse, specifically,

may be particularly ‘gyrification-prone’, as would be expected if it
retains features of an ancestral gyrencephalic neocortex.

Second, gyrification is a characteristic feature of the hippocampus
(i.e. the dentate gyrus) in most mammals but not in birds and
reptiles. In fact, there may be a parallel with regard to the evolution
of cortical folding between the mammalian dendate gyrus, which
arises from the medial cerebral cortex, and the mouse medNcx,
which appears to retain ancestral gyrencephalic features (Hevner,
2016). It is therefore interesting to note that the dentate gyrus also
exhibits high expression of Hopx during mouse development
(Mubhlfriedel et al., 2005).

As acorollary of the latNcx being evolutionarily younger than the
medNcx, one may expect that as gyrification increases among
mammals, it does so to a greater extent in the latNcx than in the
medNcx. We explored this possibility by determining the
gyrification index (GI) separately for the adult latNcx and
medNcx of 20 selected species (Fig. S11A). These 20 species
were chosen from the two previously identified principal groups of
mammals (10 each), i.e. with a GI<1.5 vs a GI>1.5 (Lewitus et al.,
2014) (see legend to Fig. S11B). Remarkably, plotting the ratio of
the neocortical GI (nGI) of adult latNcx/medNcx as a function of
overall nGI not only corroborated the existence of these two
principal groups of mammals (Fig. S11B) but also revealed that, for
either group of mammals, the increase in the nGI among species is
typically accompanied by an increase in the ratio of lateral nGI/
medial nGI (Fig. S11B). This supports the notion that an increase in
gyrification during evolution affected the younger latNcx to a
greater extent than the older medNcx.

Finally, the present hypothesis that the progenitor features in the
developing mouse medNcx may reflect relicts of the presumptive
gyrencephalic ancestor to the mouse was supported by the results of
analyzing the gene expression of mouse medial bRGCs in
comparison with mouse lateral bRGCs and foetal human bRGCs.
This revealed not only that mouse medial bRGCs constitute a
cortical progenitor population distinct from mouse lateral bRGCs
(Fig. 5A, Fig. S4), but demonstrated that mouse medial
bRGCs share many features of their gene expression signature with
bRGCs from foetal human neocortex (Fig. 5B). In fact, two genes
with high levels of mRNA expression in bRGCs isolated from foetal
human neocortex, FABP7 and PTPRZ1, also showed high levels of
mRNA expression in bRGCs isolated from embryonic mouse
medNcx, in line with these two genes having been implicated in
neocortex development and evolution (Pollen et al., 2015). As foetal
human bRGCs have been implicated in promoting gyrencephaly
(Florio and Huttner, 2014; Fernandez et al., 2016), the latter results
are consistent with our hypothesis concerning the evolution of the
lissencephalic mouse from a gyrencephalic ancestor.

MATERIALS AND METHODS

Mice

C57BL/6]J mice were used unless indicated otherwise. Tubb3-GFP
transgenic mice (Attardo et al., 2008) were used for bRGC isolation by
FACS (see below). Mice were maintained in pathogen-free conditions at the
animal facility of the Max Planck Institute of Molecular Cell Biology and
Genetics (MPI-CBG), Dresden, Germany. All experiments were performed
in accordance with German animal welfare legislation and were overseen by
the Institutional Animal Welfare Officer. Necessary licenses were obtained
from the regional Ethical Commission for Animal Experimentation of
Dresden, Germany (Tierversuchskommission, Landesdirektion Dresden).

Human tissue
Human foetal brain cryosections were from the samples described
previously (GW15, corresponding to 13 weeks post-conception)
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(Florio et al., 2015). Human foetal brain tissue was obtained from the Klinik
und Poliklinik fiir Frauenheilkunde und Geburtshilfe, Universitdtsklinikum
Carl Gustav Carus of the Technische Universitdt Dresden, following
elective pregnancy termination and informed written maternal consents, and
with approval of the local University Hospital Ethical Review Committees.

Ferret tissue

Ferret embryonic brain cryosections were from the E36 samples described
previously (Turrero Garcia et al., 2016). All experiments were performed in
accordance with German animal welfare legislation and were overseen by
the Institutional Animal Welfare Officer. Necessary licenses were obtained
from the regional Ethical Commission for Animal Experimentation of
Dresden, Germany (Tierversuchskommission, Landesdirektion Dresden).

EdU labeling in vivo

For in vivo EAU labeling, female mice carrying E18.5 embryos were injected
intraperitoneally with 100 pl of 1 mg/ml EdU (Sigma) in PBS, or mouse
pups at PO were injected intraperitoneally with 25-30 pl of 1 mg/ml EdU
(Sigma) in PBS. Pups were perfused 11 days after EdU injection and
processed as described below.

Disruption of Hopx expression and forced Hopx expression

For disruption of Hopx expression and forced Hopx expression, in utero
electroporation was carried out essentially as described previously (Namba
et al., 2014). Briefly, pregnant mice carrying E15.5 embryos were
anesthetised using isofluorane. We made use of CRISPR/Cas9-mediated
disruption of gene expression in mouse embryonic neocortex (Chen et al.,
2015; Kalebic et al., 2016; Shinmyo et al., 2016) and established such
disruption for Hopx expression. To achieve this, embryos were injected
intraventricularly either with pD1321-AP-glacZ (Kalebic et al., 2016)
(2 ug/ul) (control condition) or with a mixture of pD1321-AP-gHopx #10
(CAGACGCGCACGGACCATGT, 1 pg/ul) plus pD1321-AP-gHopx #13
(GACCCGCCTCGGCTGCGATG, 1 pg/ul) (disruption) in 154 mM NaCl
containing 0.1% Fast Green (Sigma) using a glass micropipette, followed by
electroporation (27 V, five 50 ms pulses with 950 msec intervals). For
forced Hopx expression, embryos were injected either with pCAGGS-
empty (control, 1 pg/ul) or with pPCAGGS-mHopx (1 pg/ul) together with
pCAGGS-EGFP (0.3 pg/ul), followed by electroporation. Electroporated
brains were dissected either at E18.5 or at Pl and immersed in 4%
paraformaldehyde (PFA) in 120 mM phosphate buffer (pH 7.4) at room
temperature followed by fixation for 20-30 h at 4°C.

Analysis of specificity and efficiency of Hopx gene disruption
gRNAs targeting the Hopx gene were designed, and their efficiency to direct
Cas9-mediated cutting of a Hopx PCR product was examined, using the
methods described previously (Kalebic et al., 2016).

Predicted potential off-target sites of the Hopx-targeting gRNAs were
identified using Crispor (crispor.tefor.net/), with genome releases
GRCm38/mml0 from UCSC Dec.2011 and GCA_001632555.1 C57BV/
6NJ from NCBI as inputs. The same web-tool was used to generate the
primer pairs to amplify the off-target amplicons of ~150 bp using the
Primer3 algorithm. We included all off-targets with a cutting frequency
determination (CFD) score higher than 0.03 in our analysis. The off-target
sites, the CFD off-target scores, chromosomal locations and primer
sequences are provided in Table S1.

For analyzing potential off-target effects upon CRISPR/Cas9-mediated
disruption of Hopx gene expression, brains electroporated as described
above were dissected at E18.5, followed by preparation of single-cell
suspensions and isolation of PaprikaRFP-positive cells by FACS (10,000
cells per condition) as described below. DNA was isolated from the
FACS-isolated cells by standard methods.

Amplicons of on-target and off-target sites were generated by PCR (1 ng
DNA from the FACS-isolated cells per PCR) and subjected to Illumina
sequencing. Reads were checked for their overall quality using FastQC
(v0.11.2). Adapter read trimming was performed with Trimmomatic
(v0.36), and paired-end data were merged using FLASH (v1.2.11) and
mapped against amplicons with LAST. Amplicons with a coverage of at

least 1000 reads were analyzed for non-homologous end joining (NHEJ)
events using CRISPResso. For this analysis, only regions complementary to
the designed gRNAs plus 25 bp flanking regions were considered.

We assessed the efficiency of the Hopx gene disruption with regard to
deleting the entire DNA sequence between the gRNA #10 and gRNA #13
target sites as follows. Amplicons containing both target sites and the
sequence in between (if still present) were generated by PCR using the DNA
from the FACS-isolated cells upon control electroporation and Hopx
gene disruption. These amplicons were then examined for their size by
agarose gel electrophoresis, and the intensity of the bands observed was
measured by Fiji. The intensity values were corrected for the length of the
respective amplicon.

Isolation of bRGCs from mouse E18.5 medNcx

bRGCs were isolated from E18.5 medNcx of heterozygous Tubb3-GFP
mouse embryos (pool of two litters) using a previously published method
(Florio et al., 2015) with minor modifications. Briefly, the medNcx was
subjected to Dil labeling from the basal (pial) side followed by incubation
for 3 h at 37°C in an atmosphere of 95% 0,/5% CO,. We then prepared a
single-cell suspension, performed prominin 1 cell-surface staining, isolated
Dil"GFP~prominin 1~ cells (10,000) by FACS, and lysed the cells followed
by storage at —80°C, as described previously (Florio et al., 2015).

Population-level RNA-seq

Total RNA was isolated from the Dil"GFP~prominin 1~ cells, a cDNA
library was prepared, and cDNA subjected to Illumina sequencing, as
described previously (Florio et al., 2015).

Population-level transcriptome data analysis

Sequencing reads obtained from the mouse E18.5 medNcx-derived
Dil*GFP~prominin 1~ cells were checked for their overall quality using
FastQC (v0.11.2). Alignments against the mouse genome reference
assembly GRCm38 and quantification of genes of the Ensembl release
v81 were carried out using STAR (v2.5.2b). For quality control, duplicated
reads were tagged using Picard MarkDuplicates (v2.10.2) and analyzed with
dupRadar (v1.8.0). Fastq files of the transcriptomes of mouse E14.5 latNcx-
derived and GW15 human neocortex-derived cell populations published
previously (Florio et al., 2015) were obtained from the European Nucleotide
Archive (Accession Number SRP052294). Alignments and abundance
estimation were performed with STAR (v2.5.2b) using Ensembl v81 as
reference for mouse samples and Ensembl v88 for human samples. One-to-
one orthologs between human and mouse (Ensembl v90) were used to
combine the raw counts. Differential gene expression analysis of the
combined data was performed with DESeq2 (v1.18.1) using an adjusted
P-value cutoff of 0.01. Clustering of samples based on rlog normalized
counts was visualized using principal component analysis and
pheatmap (v1.0.8).

Single-cell RNA-seq and data analysis

Mouse E18.5 medNcx from ~5 mice was microdissected and pooled to
generate a single-cell suspension using the MACS Neural Tissue
Dissociation kit according to the manufacturer’s instructions. Briefly, the
tissue was digested with papain (Miltenyi Biotec, Enzyme Mix 1, 1 ml) for
15 min at 37°C on a rotating wheel, followed by addition of papain inhibitor
(Enzyme Mix 2, 15 pl). Tissue was dissociated using 10 gentle triturations
(1 ml pipette tip) to obtain a single-cell suspension. Cells were collected by
centrifugation at 300 g for 5 min and resuspended in 600 ul of ice-cold PBS.
Cell viability was assessed by Trypan Blue staining, determined using an
automatic cell counter (Countess, Thermo Fisher Scientific) and found to
amount to 90-95%.

Single cells were captured on a medium (10-17 pm cell diameter)
microfluidic chip for mRNA-seq using the Fluidigm C1 system. Cells were
loaded onto the chip at a concentration of 400-500 cells/ul and imaged by
phase contrast to assess the number of cells per capture site. cDNAs were
prepared on chip using the SMARTer v4 Ultra Low RNA kit (Clontech).
Size distribution and concentration of single-cell cDNA was assessed
by high-throughput capillary gel electrophoresis (Fragment analyzer,
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Advanced Analytical). Sequencing libraries were constructed in 96-well
plates using the Illumina Nextera XT DNA Sample Preparation kit using set
A and set B primers according to the protocol supplied by Fluidigm.
Libraries were quantified by the Agilent Bioanalyzer using the High
Sensitivity DNA analysis kit, as well as fluorometrically using the Qubit
dsDNA HS Assay kits and a Qubit 2.0 fluorometer (Invitrogen).

Single-cell libraries were pooled, and each cell was sequenced using
100 bp paired-end reads on an Illumina HiSeq 2500 to a depth of greater
than 1 million reads. Base calling, adaptor trimming and de-multiplexing
was performed as described (Renaud et al., 2013, 2015). Reads were aligned
to a Bowtie2 (Langmead and Salzberg, 2012)-indexed mouse genome
(mm10 sourced from UCSC) using TopHat (Trapnell et al., 2009) with
default settings. Transcript levels were quantified as transcripts per million
(TPM), which were converted from fragments per kilobase of mapped reads
(FPKM) generated by Cufflinks (Trapnell et al., 2010). We excluded cells
with fewer than 1000 expressed genes.

Transcript levels were converted to the log-space by taking the Log,
TPM. R studio (www.rstudio.com/) was used to run R scripts to perform a
principal component analysis (PCA, FactoMineR package) and hierarchical
clustering (stats package), and to construct heatmaps, scatter plots and
dendrograms. Software packages ggplot2 and gplots were used to generate
data graphs. The Seurat package (Macosko et al., 2015) implemented in R
was used to identify cell clusters and perform differential gene expression
between the clusters. Specifically, we used the FindClusters command
(default settings, resolution=0.7) that identifies clusters using a KNN graph
based on Euclidean distance in the PCA space, refines edges based on Jacard
Similarity and uses the Louvain algorithm to generate the final cell clusters.
Cells were defined as Hopx positive when Log, TPM was over 5.

Ferret microarray data analysis

The previously published microarray dataset of P2 ferret neocortical zones
(De Juan Romero et al., 2015) (GSE60687) were used to analyze the gene
expression levels of the ferret orthologs of the previously identified human
bRGC-enriched genes (Pollen et al., 2015). Of the latter 64 genes, 58 were
found in the ferret dataset. For each of these 58 ortholog genes, the
prospective gyrus/prospective sulcus ratio of the expression level in the
OSVZ was calculated per probe and per replicate. Subsequently, for each
gene, the ratio obtained for all probes and all replicates was averaged.

Immunohistochemistry

Dissected embryonic mouse brain tissue was fixed with 4% PFA in 120 mM
phosphate buffer (pH 7.4) for 30 min at room temperature, followed by
overnight incubation at 4°C. For all postnatal stages, mouse pups were
perfused transcardially with 10-15 ml of 4% PFA in 120 mM phosphate
buffer (pH 7.4) at room temperature, followed by post-fixation for 20-30 h
at 4°C. Fixed samples were incubated overnight at 4°C in 30% (wt/vol)
sucrose in PBS, embedded in Tissue-TEK (OCT, Sakura Finetek) and stored
at —20°C. Coronal cryosections (14 pm) and vibratome sections (70 um)
containing rostral or caudal neocortex were cut for immunohistochemistry.

For immunofluorescence, antigen retrieval was performed by incubating
the sections, on the glass slide, in 0.01 M sodium citrate buffer for 60 min at
70°C, followed by incubation for 20 min at room temperature. Sections were
further permeabilized with 0.3% (wt/vol) Triton X-100 in PBS for 30 min
and quenched with 2 mM glycine in PBS for 30 min, followed by blocking
with a solution containing 0.2% (wt/vol) gelatin, 300 mM NaCl and 0.3%
(wt/vol) Triton X-100 in PBS (blocking buffer). Primary antibodies were
diluted in blocking buffer and sections incubated with primary antibodies
overnight at 4°C, except for the Hopx antibodies where sections were
incubated for 2 days.

The following primary antibodies were used: Pax6 (PRB-278P, Covance,
1:200), Tbr2 (ab15894, Millipore, 1:500), pVim (ab22651, Abcam, 1:400),
Sox2 (sc-17320, Santa Cruz, 1:200), Hopx (sc-30216 and sc-398703, Santa
Cruz, 1:50), GFP (ab13970, Abcam, 1:1000; MPI-CBG, 1:1000), RFP
(ab233, Evrogen, 1:1000), PCNA (CBL407, Millipore, 1:200), Olig2
(MABNS50, Millipore, 1:200), S100B (ab868, Abcam, 1:50), NeuN
(MAB377, Millipore, 1:50), PH3 (ab10543, Abcam, 1:500) and Satb2
(ab51502, Abcam, 1:200). Incubation with primary antibodies was followed
by a 1 h incubation at room temperature with the appropriate A488-, A594-,

AS555- or A647-labeled (Alexa series, Invitrogen, 1:1000) or Cy2- or Cy3-
labeled (Jackson Laboratories, 1:200) secondary goat or donkey antibodies.
EdU was detected using the Click-It kit (Molecular Probes) according to
the manufacturer’s instructions.
All sections were counterstained with DAPI (Sigma, 1:500) during
the secondary antibody incubation and mounted in Mowiol (Merck
Biosciences).

Image acquisition and quantification

Fluorescence images were acquired using a Zeiss LSM700 confocal
microscope using 10x and 40x objectives. Images were taken as either 8.4
um (10x) or 1.2 um (40x%) single optical sections. Images taken as tile
scans were stitched together using the ZEN software (Zeiss). The VZ was
identified as a densely packed Pax6* or Sox2" cell layer lining the
ventricle. The SVZ or ISVZ were identified as a densely packed Tbr2" cell
layer that is basally adjacent to the VZ. The OSVZ was defined as a zone
that contains scattered Pax6*, Sox2* or Tbr2* cells. In the case of mouse
lateral, ferret and human developing neocortex, the IZ was identified as a
zone that is located in between the SVZ (in mouse) or OSVZ (in ferret and
human) and the CP, identified as a densely packed DAPI" cell layer. The
boundary between the OSVZ and 1Z of mouse embryonic medNcx could
not be determined with certainty, which is why we use the OSVZ/IZ
labeling in the images. Quantifications were performed using the ZEN
software and Fiji. Any pVim" cell 30 um from the apical surface was
counted as a basal mitotic cell. Hopx immunoreactivity in RFP* cells was
measured using Fiji. Briefly, an outline of RFP" cells was drawn and then
the Hopx signal intensity per pixel was measured. Background signal
intensity was measured in RFP" cells in the CP. Cells with a Hopx signal
intensity per pixel above five arbitrary units after background subtraction
were considered as Hopx™ cells.

Calculating neocortical gyrification index (nGl)

Calculation of GI was performed as in previous studies (Zilles et al., 1988;
Lewitus et al., 2014). nGI values of 20 different species were calculated using
images of Nissl-stained coronal sections from neurosciencelibrary.org/ (for
Macropus fuliginosus, Procavia capensis, Trichechus manatus latirostris,
Erinaceus europaeus, Felis catus, Vulpes vulpes, Phoca vitulina, Mustela
putorius, Sus scrofa domesticus, Capra hircus domestica, Tursiops truncates,
Aotus trivirgatus, Eulemur mongoz, Macaca mulatta, Pan troglodytes, Homo
sapiens and Hydrochaeris hydrochaeris), brainmaps.org/ (for Callithrix
Jjacchus and Mus musculus) and Orsini et al. (Orsini et al., 1977) (for Galago
senegalensis). We used five sections, equally spaced along the rostral-caudal
axis of the brain, for each species. The inner and outer contours of medNcx
and latNcx were traced using Fiji.

Statistical analysis

Data were tabulated with Excel (Microsoft) and analysed with Statcel3
(OMS, Japan) and MYSTAT (Systat Software, CA). Statistical tests: for
two groups of observations that do not follow a normal distribution, the
Mann—Whitney U-test was used. For two groups of observations that
follow a normal distribution with equal variances, the two-tailed Student’s
t-test was used. For two groups of observations that follow a normal
distribution with unequal variances, the two-tailed Welch’s r-test was
used. For normality test, the Shapiro-Wilk normality test was used. For
homoscedasticity test, the F' test was used. No animal or data points were
excluded from the analyses, except for the dolphin in the regression analysis
(least squares method) shown in Fig. S11. Studentised residual>3 was used
to determine that the dolphin is an outlier. In all analyses, the investigators
were not blinded to sample identity. Results were interpreted as statistically
significant when P<0.05.
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