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SUMMARY

Changes in transcriptional regulation through cis-
regulatory elements are thought to drive brain
evolution. However, how this impacts the identity
of primate cortical neurons is still unresolved.
Here, we show that primate-specific cis-regulatory
sequences upstream of the Dbx1 gene promote hu-
man-like expression in the mouse embryonic cere-
bral cortex, and this imparts cell identity. Indeed,
while Dbx1 is expressed in highly restricted cortical
progenitors in the mouse ventral pallium, it is main-
tained in neurons in primates. Phenocopy of the
primate-like Dbx1 expression in mouse cortical pro-
genitors induces ectopic Cajal-Retzius and subplate
(SP) neurons, which are transient populations play-
ing crucial roles in cortical development. A condi-
tional expression solely in neurons uncouplesmitotic
and postmitotic activities of Dbx1 and exclusively
promotes a SP-like fate. Our results highlight how
transcriptional changes of a single fate determinant
in postmitotic cells may contribute to the expansion
of neuronal diversity during cortical evolution.

INTRODUCTION

The human cerebral cortex differs substantially with regards to

anatomy and function compared to other mammalian species.

During evolution, enhanced cognitive abilities are associated

with a complexification of neuronal networks in the cerebral cor-

tex (Arai and Pierani, 2014; Hill and Walsh, 2005; Rakic, 2009).
Cell
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Early-born Cajal-Retzius (CR) and subplate (SP) neurons pioneer

the formation of these neuronal circuits during development

(Rakic, 2009; Arai and Pierani, 2014; Meyer, 2010; Hoerder-Sua-

bedissen andMolnár, 2015), and a pronounced gain in both their

number and subtype diversity has been linked with cortical evo-

lution (Arai and Pierani, 2014; Meyer, 2010; Hoerder-Suabedis-

sen and Molnár, 2015; Zecevic and Rakic, 2001; Smart et al.,

2002). While the increase in the number of neurons is correlated

with the expansion of progenitor pools (Hansen et al., 2010; Fietz

et al., 2010; Betizeau et al., 2013), how the diversity of cortical

neuron subtypes arises is still an open question.

In themouse, CR neurons are among the first-generated gluta-

matergic neurons between embryonic day 10.5 (E10.5) and

E12.5. They are derived from progenitors located at the borders

of the developing cerebral cortex (or pallium): (1) the ventral pal-

lium (VP) dorsal to the pallial-subpallial boundary (PSB), (2) the

pallial septum (hereafter septum), and (3) the cortical hem (Bielle

et al., 2005; Takiguchi-Hayashi et al., 2004; Yoshida et al., 2006;

Barber and Pierani, 2016). CR neurons migrate tangentially to

cover the entire cortical surface and form the preplate, together

with SP neurons (Supèr et al., 1998; Meyer et al., 1999). SP neu-

rons are also bornwithin a very restricted developmental window

between E11.5 and E13 (Price et al., 1997), from progenitors

located in the dorsal pallium (DP) and rostromedial telencephalic

wall (Pedraza et al., 2014), and migrate radially and tangentially

into the preplate, respectively. The preplate is subsequently split

into the marginal zone (MZ) and the SP by the incoming radially

migrating cortical pyramidal neurons, which will form the cortical

plate (Kwan et al., 2012). CR neurons thus populate the superfi-

cialMZ (future layer 1), while SPneurons reside below the cortical

plate (Supèr et al., 1998). CR neurons secrete Reelin (Reln), an

extracellular matrix glycoprotein, and deletion of the reelin gene

in the mouse results in a disorganization of the cortical laminar
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formation (D’Arcangelo et al., 1995; Ogawa et al., 1995). Molecu-

larly and functionally distinct CR subtypes have been identified

(Bielle et al., 2005; Takiguchi-Hayashi et al., 2004; Tissir et al.,

2009; Yoshida et al., 2006), and the role of their specific distribu-

tion in patterning of cortical areas has emerged, including in

controlling the size and connectivity of higher-order areas in the

cerebral cortex, whose expansion is a hallmark of cortical evolu-

tion (Griveau et al., 2010; Barber et al., 2015). SP neurons are

necessary for thalamocortical axons pathfinding and intra-

cortical circuit formation (Ghosh et al., 1990; Hoerder-Suabedis-

sen andMolnár, 2015;McConnell et al., 1989). Theabsenceof SP

neurons in the Gli3 mouse mutant (Gli3Xt/Pdn) also results in the

defective development of corticofugal axons (Magnani et al.,

2013). The function of CR and SP neurons is therefore crucial

for the correct cortical organization and circuit formation begin-

ning from the earliest stages of corticogenesis.

The transcription factor developing brain homeobox 1, Dbx1,

is expressed in two CR generation sites at the VP/PSB and

septum (S) (Bielle et al., 2005). The genetic ablation of Dbx1-

derived CR neurons resulted in a positional shift of postnatal

primary cortical areas (Griveau et al., 2010), highlighting the

importance of Dbx1-derived CR neurons in cortical arealiza-

tion. In addition to the role of Dbx1-derived CR neurons, a

modification of Dbx1 expression in the cerebral cortex was

identified by comparison between chick and mouse embryos

suggesting that Dbx1 expression at the VP/PSB is acquired in

mice (Bielle et al., 2005) and may underlie the increased gener-

ation of CR neurons along the mammalian lineage (Bar et al.,

2000; Nomura et al., 2008). While Dbx1 was shown to function

as a potent cell-fate determinant in the mouse spinal cord

(Pierani et al., 2001), rhombencephalon (Bouvier et al., 2010),

and diencephalon (Sokolowski et al., 2015), the role of Dbx1

in the cerebral cortex and further during cortical evolution is

largely unknown.

In the present study, we identified a substantial difference in

the expression pattern of the Dbx1 gene between primates

(human and macaque) and mouse both in progenitors and neu-

rons at the VP/PSB. We correlated this novel expression pattern

with the acquisition of primate-specific cis-regulatory elements.

In order to understand the evolutionary relevance of the Dbx1

expression gain, we mimicked a primate-like expression of

Dbx1 in the mouse cerebral cortex. While Dbx1 overexpression

in progenitors induced both CR and SP fate, specific postmitotic

expression determined a switch to a SP-like identity, which is not

observed in Dbx1-derived neurons in the mouse. Our data point

to a key control of preplate neurons identity occurring in postmi-

totic cells. They suggest that during cortical evolution the

modification of the expression site of a single cell-fate determi-

nant through primate-specific sequences may have a significant

impact on the number and diversity of the earliest-born neurons,

which are crucial organizers of cortical wiring.

RESULTS

Gain of Dbx1 Expression Sites in the Primate Developing
Cortex
To investigate the evolutionary role of Dbx1, we examined

Dbx1 expression in the developing human cortex at Carnegie
646 Cell Reports 29, 645–658, October 15, 2019
stage 18–19 (CS18–CS19)/gestational week (GW) 6.5. We

detected Dbx1 expression at two CR generation sites: the VP

located just dorsal to the PSB, defined by the limit of Pax6

expression (Figures 1A–1I) (Puelles and Rubenstein, 1993),

and the pallial septum, defined by Tbr1 expression (Figures

S1A–S1D; refer to Bayer and Altman, 2002). In the human

septum, Dbx1 was expressed in progenitors and in young

Reln (Reln)+ CR neurons (Figure S1B) as observed in the mouse

(Griveau et al., 2010), suggesting a conserved Dbx1 expression

in the septum throughout evolution. At the VP, however, Dbx1

expression extended dorsally into pallial territories (hereafter

called DP for simplicity) as determined by the expression of

the Pax6 and Tbr1 proteins (Figures 1B–1E). Moreover, Dbx1

was found in the proliferative subventricular zone (SVZ) (Figures

1F and 1I) and at high levels in the postmitotic compartment

(Figures 1G–1I, S1E, and S1F), as defined by Pax6, Tbr2, and

Ctip2/Tbr1 expression in the VZ, SVZ, and postmitotic

compartment (NL) (Betizeau et al., 2013; Englund et al.,

2005), respectively. Our analysis in human embryos corre-

sponded to a stage when preplate neurons, including CR neu-

rons (Meyer et al., 2000), were already generated. Furthermore,

we found that Dbx1 was expressed in both Reln+ CR neurons

and Reln� neurons, the latter overlapping with markers of

early-born neurons Ctip2 and Tbr1 (Figures 1G–1I). This con-

trasted with the transient Dbx1 expression confined to progen-

itors in the mouse VP/PSB (Figure S1G) (Bielle et al., 2005;

Griveau et al., 2010; Teissier et al., 2010). Transcriptome

profiling in human fetuses (BrainSpan, 2011) at later stages of

development showed postmitotic expression of Dbx1 in the

cingulate MZ/cortical plate (http://brainspan.org/lcm/gene/

78785), in agreement with our observations. We could not

detect any Dbx1 expression in two additional human fetuses

at GW5.5 and GW6.0 as well as in human datasets available

(for in situ hybridization data, the Allen developing human and

developing non-human primate brain atlases, the Marmoset

gene atlas, and HuDSeN) or in a dozen single-cell RNA

sequencing (scRNA-seq) datasets (human and non-human pri-

mates, tissues, and organoids), either accessible through web

browser (UCSC cell browser or Shinycortex) or downloaded

from the GEO repository. Collectively, these results suggest a

low and very restricted Dbx1 expression in humans both

spatially and temporally.

To further characterize Dbx1 expression in primates, we

analyzed a similar area close to the PSB (Tbr2+ region) in

the macaque at E49 and observed Dbx1+ neurons co-ex-

pressing Reln and/or Calr in the postmitotic compartment

(Figures 1J–1L). Dbx1+Reln+ and Dbx1+Calr+ neurons were

also observed in a second macaque fetus at E48 (Figures

S1H–S1K) in pallial territories as determined by Tbr2 expres-

sion. We were unable to observe an expression in the SVZ

as in the human fetus. This may be due either to the fact

that Dbx1 is expressed in the SVZ at the VP/PSB in a very

restricted area only detected in few sagittal sections or to

differences between macaque and human. These results sug-

gest that Dbx1 expression at the VP is under specific regula-

tion, being acquired at some stage of mammalian evolution

first in progenitors and then maintained in differentiated

neurons.

http://brainspan.org/lcm/gene/78785
http://brainspan.org/lcm/gene/78785


Figure 1. Dbx1 Expression in the Developing Human and Macaque Fetuses

(A–I) Sagittal cryosections of a CS18/GW6.5 human embryo.

(A) DAPI staining at lateral level. A yellow-dashed box shows the VP.

(B–E) Pax6 (B), Ctip2 (C), Tbr1 (D), and Dbx1 (E) immunofluorescence combined with DAPI (C) at the VP using sections adjacent to (B). Pax6 is expressed in the

pallium dorsal to the PSB. White-dashed lines show the PSB.

(F–I) High magnifications of yellow-dashed boxes shown in (B)–(E). Pax6 (F), Ctip2 (G), Tbr1 (H), and Dbx1 and Reln (I) immunofluorescence combined with DAPI

staining. Dbx1 co-labels with Reln in the postmitotic compartment (preplate/marginal zone) and is expressed in the SVZ, which is defined by Pax6, Ctip2, and

Tbr1 expression (Pax6lowCtip2+Tbr1�).
(J–L) Sagittal cryosection of an E49 macaque embryo.

(J) Tbr2 immunofluorescence; Tbr2 expression shows pallial territories.

(K) Dbx1 and Reln immunofluorescence. High magnification of the yellow-dashed box at the ventral pallium in (J) shows the neuronal layer close to the pallial-

subpallial boundary. Examples of Dbx1 and Reln+ immunopositive CRs (white arrowheads) and Dbx1+Reln� cortical neurons (yellow arrowheads).

(L) Dbx1 and Calr immunofluorescence of an equivalent area in a section adjacent to (K). Dbx1+Calr+ CRs (white arrowheads).

VZ, ventricular zone; SVZ, subventricular zone; NL, neuronal layer; VP, ventral pallium; PSB, pallial-subpallial boundary.

Scale bars represent 2 mm (A), 100 mm (B–E), 25 mm (F–I), 500 mm (J), and 10 mm (K and L).
Primate-Specific Upstream Sequences to the Dbx1

Gene Drive Ectopic EGFP Expression in the Mouse DP
To gain insight into the potential mechanism of the primate-spe-

cific regulation ofDbx1 expression, we performed a comparative

analysis of mammalian genomic regions upstream of the

gene. The genomic sequence upstream of the Dbx1 gene span-

ning �10 to �5 kb upstream of the Dbx1 transcription start site

contained a unique signature well conserved in primates when
compared to non-primate species, such as carnivores (ferret)

and rodents (mouse) (Figure 2A). The proximal �5 kb upstream

elements were highly conserved across all mammals and were

previously shown by transgenic analyses to recapitulate the

endogenous murine Dbx1 expression (Figure 2A) (Lu et al.,

1996).

To study the transcriptional activity of the primate-specific

genomic elements, we compared the expression of three
Cell Reports 29, 645–658, October 15, 2019 647



Figure 2. The 10 kb Primate Upstream Sequences Drive Transcription in Both Progenitors and Neurons

(A) Plot showing the pairwise alignment of the human Dbx1 10 kb 50-flanking regions against the corresponding sequences of marmoset, macaque, ferret, and

mouse.

(B) Experimental design.Wild-typemouse embryoswere electroporatedwithmouse 5 kb EGFP,marmoset 5 kb EGFP, ormarmoset 10 kb EGFP vectors together

with a mCherry reporter vector under the control of a ubiquitous promoter. The electroporated areas were identified by the mCherry reporter expression. DP and

VP territories were targeted at E11.5 and analyzed at E14.5 (C–F).

(C) Examples of EGFP+ cells (red arrowheads) in the VZ/SVZ and postmitotic compartment of marmoset 5 kb EGFP (n = 3) and marmoset 10 kb EGFP elec-

troporated samples (n = 4). No EGFP is detected in electroporated embryos using mouse 5 kb EGFP (n = 3). High magnifications of yellow-dashed boxes are

shown on the right. mCherry+EGFP+ neurons in postmitotic compartment are indicated by red arrowheads. The mouse 5 kb EGFP panel shows only nonspecific

background fluorescence. Note that despite of large targeted mCherry+ domains, no EGFP expression was observed in the subpallium.

(D) EGFP immunofluorescence and mCherry fluorescence in the DP. Examples of mCherry+EGFP+ cells in CP + IZ and VZ + SVZ are indicated with red

arrowheads.

(E) Percentage of EGFP+ cells in the CP + IZ and VZ + SVZ among the total mCherry+ electroporated cells in the DP upon electroporation with mouse 5 kb EGFP

(n = 3, black circles), marmoset 5 kb EGFP (n = 3, gray circles), andmarmoset 10 kb EGFP (n = 5, blue circles). Data are from different electroporated embryos and

litters (n = 3); the total number of counted mCherry+ and EGFP+ cells for mouse 5 kb (463 and 2), CP + IZ (253 and 0), and VZ + SVZ (210 and 2); marmoset 5 kb

(570 and 47), CP + IZ (292 and 9), and VZ + SVZ (278 and 38); andmarmoset 10 kb (1356 and 212), CP + IZ (936 and 90), and VZ + SVZ (420 and 122); ***p < 0.001,

**p < 0.01; one-way ANOVA; error bars indicate SEM.

(F) Immunofluorescence for EGFP and Nurr1 or Ctip2. Examples of EGFP+ cells of marmoset 10 kb EGFP electroporated samples in the DP. High magnifications

of yellow-dashed boxes are shown on the right. EGFP+Nurr1+ and EGFP+Ctip2+ neurons in postmitotic compartment are indicated by yellow arrowheads.

DP, dorsal pallium; CP, cortical plate; IZ, intermediate zone.

Scale bars represent 50 mm (C, D, and F) and 10 mm (high magnifications in C and F).
EGFP reporter constructs driven by either a well-conserved

mammalian region alone (5 kbmouse or 5 kbmarmoset proximal

elements) or together with the primate-specific region (10 kb

marmoset) by exo utero electroporation (Figure 2B). We first

electroporated the constructs at E12.5, corresponding to the

peak of Dbx1 expression in the mouse, and analyzed embryos
648 Cell Reports 29, 645–658, October 15, 2019
24 h later (Figures S2A and S2B). The mouse 5 kb elements

drove EGFP expression in a restricted number of cells at the

VP, although a larger region was electroporated, as labeled by

mCherry expression under the control of a ubiquitous promoter

(Figure S2B), recapitulating the expected expression of mouse

Dbx1 (Figure S1G). Compared to the mouse, the two marmoset



constructs promoted enhanced EGFP expression in the mitotic

compartment of the VP (Figure S2B). To test whether the primate

elements were capable to promote expression also in the post-

mitotic compartment, as expected by the human expression

data, we electroporated at E11.5, a stage when Dbx1 is first

expressed in the VP/PSB, and analyzed 3 days later at E14.5,

corresponding to a time when Dbx1 expression is low (Fig-

ure S1G). As expected, we detected almost no EGFP expression

driven by the mouse 5 kb elements in both VZ/SVZ and neurons

(Figure 2C). In contrast, the marmoset 5 kb elements were active

in progenitors and neurons in the VP, and the 10 kb elements

showed a stronger activity in both (Figure 2C). Furthermore, we

observed EGFP+ cells in both mitotic and postmitotic compart-

ments of the DP (Figures 2D and 2F; see STAR Methods),

suggesting that the primate-specific elements are capable to

promote an ectopic expression in neocortical progenitors and

neurons. We thus quantified the percentage of ectopically

induced EGFP+ cells in the DP (Figures 2D and 2E). While we

observed almost no EGFP expression driven by the mouse

5 kb elements in both VZ/SVZ (0.95% ± 1.3%) and neurons in

the CP and the intermediate zone (IZ) (0%) (Figure 2D and black

circles in Figure 2E), the marmoset 5 kb elements promoted

EGFP expression in cells in the VZ/SVZ (13.7% ± 2.1%) and

CP/IZ (3.1% ± 1.6%) (Figure 2D and gray circles in Figure 2E).

The 10 kb elements showed a strong induction of EGFP+ cells

in the VZ/SVZ (29.0% ± 3.3%) and CP/IZ (9.6% ± 1.3%)

compared to both mouse and marmoset 5 kb elements (Fig-

ure 2D and blue circles in Figure 2E). We further characterized

the identity of the cells expressing the reporter EGFP driven by

the 10 kb elements in the DP and VP postmitotic compartment

at E14.5. In the DP, we observed EGFP+ cells co-expressing

Ctip2 (Figure 2F), a marker for early-born neurons (Molyneaux

et al., 2007), and Nurr1 (Figure 2F), a marker for SP neurons

(Hoerder-Suabedissen and Molnár, 2013). Moreover, in the VP,

strongly labeled EGFP+ cells co-expressed CP, CR, and SP

neuronal markers such as Tuj1, Ctip2, Tbr1, Reln, Calr, and

Nurr1, confirming high EGFP expression in neurons (data not

shown). This strong EGFP neuronal expression could, however,

reflect either EGFP protein stability (its half-life normally being

26 h; Corish and Tyler-Smith, 1999) or 10 kb promoter activity

in newly-born neurons. To discriminate between these two possi-

bilities, we electroporated the 10 kb construct at E11.5 and per-

formed 5-Ethynyl-20-deoxyuridine (EdU)-birthdating analysis by

pulse labeling at E12.5 and embryo collection at E14.5 (FigureS3).

We observed high EGFP expression in (1) EdU�mCherryhigh neu-

rons born before the EdU administration (NL1), (2) EdU+mCherry+

neurons born at E12.5 (NL2), and (3) EdU�mCherry� neurons

(NL3) born from progenitors, which underwent several rounds

of divisions. This argues in favor of the primate-specific elements

being transcriptionally active also in neurons.

To ensure that the activity of the 10 kb elements was not due to

its episomal expression, we generated marmoset 10kb::EGFP

transgenic mice and analyzed EGFP expression pattern at

E12.5 embryos. While Dbx1+EGFP+ cells were restricted to the

mitotic compartment in the VP (Figures 3A and 3B, yellow arrow-

heads), Dbx1�EGFP+ cells were also observed in themitotic and

postmitotic compartments of the VP and of the DP (Figures 3A–

3C). Ectopic EGFP expression in progenitors and neurons in the
DP was confirmed in three additional marmoset 10kb::EGFP

transgenic mouse lines (Figure 3D). The percentage of

EGFP+Ctip2+ neurons and EGFP+Ctip2� progenitors was similar

within different transgenicmouse lines (Figure 3E), confirming that

ectopic EGFP expression in progenitors and neurons in the DP

was induced due to the activity of the marmoset 10 kb elements

irrespective of the transgene insertion sites. Expression of the

transgene was also detected in the postmitotic compartment in

other regions of the CNS where Dbx1 is normally expressed in

progenitors in the mouse such as in the thalamus, midbrain,

hindbrain, and spinal cord (Figures 3A, 3D, and S4). Together,

the activity of the primate-specific elements analyzed using elec-

troporation and transgenic animals is consistent with the endog-

enous Dbx1 expression pattern in primate embryos and argues

in favor of the identified genomic sequences corresponding to

cis-regulatory elements of the Dbx1 gene in primates.

Ectopic Dbx1 Expression in Mouse Pallial Progenitors
and Neurons Induces CR and SP Neuron Fate
To address the effect of the evolutionary gain of Dbx1 expression

in DP territory, we examined the phenotype induced by Dbx1

overexpression in DP progenitors by exo-in utero electroporation

at E11.5 (Figure 4A). AsDbx1progenitors in theVPwere shown to

give rise to CR neurons in themouse cerebral cortex (Bielle et al.,

2005), we first examined CR markers 48 h after electroporation

and detected significantly higher numbers of Reln+ neurons

(�16.5%) among Dbx1 transfected cells (pCAGGS-Dbx1-

iresGFP) compared to control (pCAGGS-iresGFP) (Figures 4B–

4D). We also analyzed the expression of Calr, another marker of

CR neurons as well as of SP neurons at early stages (Pedraza

et al., 2014; Fonseca et al., 1995), and cortical interneurons at

later stages (Gelman and Marı́n, 2010). While the Reln+ neurons

were either Calr+ or Calr� (�8.9% EGFP+Calr+Reln+ and

�7.6% EGFP+Calr�Reln+),�18.2% of Calr+ neurons were Reln�

(Figures 4Cand 4D).Weobserved no induction of the interneuron

marker (GABA) upon Dbx1 overexpression (Figures S5A and

S5B), whereas we detected a precocious induction of Nurr1, a

gene normally expressed in SP neurons at later stages of devel-

opment (�E15) (Hoerder-Suabedissen and Molnár, 2013) (Fig-

ures 4E–4G; �24% Nurr1+Calr� and �10% Nurr1+Calr+) and

thus not expressed at E13.5 in the DP (Figure 4E, control EGFP

panels). This suggests thatDbx1overexpression inducesectopic

CR neurons generation and precocious SP-like identity. Impor-

tantly, upon Dbx1 ectopic expression, we observed Calr+ axons

extending laterally (Figure 4E, red arrowheads), characteristic of

preplate neurons, which occupy the SP zone at later stages of

development (De Carlos and O’Leary, 1992; McConnell et al.,

1989). Together, these results also show that Dbx1 ectopic

expression in the DP induces both early and late SP markers

simultaneously.

Dbx1 is unlikely to be involved in the generation of SP neurons

in mice, as we rarely observed Dbx1-derived progeny express-

ing Nurr1 using permanent tracing (Figure S5C), and is exclu-

sively restricted to the lateral cortex. We further examined

whether such ectopically generated Nurr1+EGFP+ neurons had

characteristics of mouse SP neurons as at later stages of

development, namely glutamatergic identity based on Ctip2

(McKenna et al., 2011) and/or Tbr1 expression (Hevner et al.,
Cell Reports 29, 645–658, October 15, 2019 649



Figure 3. DP Ectopic Expression in marmoset 10 kb-EGFP Transgenic Lines

(A) EGFP and Dbx1 immunofluorescence usingmarmoset 10kb::EGFP transgenic mice at E12.5. GFP+ cells are also found in the postmitotic compartment of the

thalamus, where Dbx1 is normally expressed in progenitor cells in the mouse.

(B) Examples of Dbx1+EGFP+ and Dbx1�EGFP+ cells both in the VZ/SVZ and postmitotic compartment at the VP (n = 5 from two different litters). High

magnification of the red box is shown in bottom panels. In the VZ/SVZ, Dbx1+EGFP+ and Dbx1�EGFP+ cells are shown by yellow and white arrowheads,

respectively.

(C) Examples of Dbx1�EGFP+ cells in the DP close to the postmitotic compartment.

(D) EGFP and Ctip2 immunofluorescence using marmoset 10kb::EGFP transgenic mice at E12.5. High magnification of the white-dashed box is shown on right

panels. Examples of EGFP+Ctip2+ neurons (yellow arrowheads) and EGFP+Ctip2� (white arrowheads) in the DP.

(E) Percentage of EGFP+Ctip2+ neurons and EGFP+Ctip2� progenitors in the DP. The number of counted EGFP+Ctip2+ (round dots) and EGFP+Ctip2� (square)

cells from three different transgenic mouse lines (n = 4 embryos for C [LC] and D [LD] transgenic lines and n = 3 embryos for transgenic J line [LJ]) marked as the

black, green, and yellow are LC, 181 and 231; LD, 865 and 1,115; and LJ, 152 and 228, respectively. None of the data pairs are statistically significant (one-way

ANOVA); error bars indicate SD.

Scale bars represent 100 mm (A and D, left panel), 50 mm (B and D, right panels), and 10 mm (C).
2001), position in the SP, and axonal projection to the internal

capsule (IC) and the corpus callosum (CC) through the IZ

(Hoerder-Suabedissen and Molnár, 2015). While we observed

Nurr1+Tbr1+EGFP+ and Nurr1+Ctip2+EGFP+ neurons in the SP

(Figures 4H, S5D, and S5E), the vast majority of Nurr1+EGFP+

neurons were located in the IZ (Figures 4H, 4I, and S5F).

Nurr1+EGFP+ neurons in the IZ were either Tbr1+ or Tbr1� (Fig-

ure 4H, blue and red arrowheads, respectively) but mostly

Tbr1+ in the CP, suggesting that EGFP+Tbr1� represented neu-

rons not having finished their migration. Ectopic Nurr1+ neurons

induced by Dbx1 overexpression retained Nurr1 expression

whether they were localized in the SP, IZ, or CP, suggesting

that Dbx1 maintenance prevents them to become deep-layer

neurons. This argued against these Dbx1-induced Nurr+Ctip2+

neurons being ‘‘en passant’’ cortical plate neurons, as sug-

gested in hPSC cultures (Ozair et al., 2018). Moreover, EGFP+

neurons appeared to extend projections toward the prospective

CC and the IC (Figures 4I–4K, red arrowheads), suggesting that

Dbx1 overexpression induced molecularly distinct SP-like neu-
650 Cell Reports 29, 645–658, October 15, 2019
rons. We then wonder whether such a neuronal population

co-expressing Dbx1 and SP markers was present in human

embryos. We identified Dbx1+Nurr1+Ctip2+ neurons (Figures

S5G–S5I) in a ventral region of the cortex of a human embryo

at CS18–CS19/GW6.5, indicating that a population with similar

molecular identity might exist in the developing human. While

we did not detect this population in the SP of DP territories at

the age we analyzed, Dbx1 expression in the pallial SP was

observed in human fetuses (BrainSpan, 2011) at later develop-

mental stages (http://brainspan.org/lcm/gene/78785), consis-

tent with our data. These results strongly support the conclusion

that Dbx1 ectopic expression in themouse induces a SP fate and

suggest the possibility that Dbx1-expressing SP neurons exist in

the DP in human embryos.

Restricted Dbx1 Expression in Neurons Induces
Exclusively a SP Fate
The critical step of neuronal fate decision is thought to occur at

the progenitor level, followed by the subsequent maturation of

http://brainspan.org/lcm/gene/78785


Figure 4. Dbx1 Overexpression Promotes Ectopic Generation of CR and SP Neurons

(A) Experimental design: wild-type mouse developing cortices were electroporated with either control pCAGGS-ires-EGFP or pCAGGS-Dbx1-ires-EGFP.

(B–K) The DP of embryos was targeted at E11.5 and analyzed at E13.5 (B–G) or E15.5 (H–K). The left side of each panel (B and E) is the direction of the internal

capsule.

(B) EGFP, Reln, and Calr immunofluorescence. High magnifications of yellow-dashed boxes are shown in right panels. Examples of EGFP+Calr+Reln+

(white arrowheads), EGFP+Calr+Reln� (blue arrowheads outlined in white), and EGFP+Calr�Reln+ (yellow arrowheads) neurons.

(C) Quantifications of EGFP+Calr+Reln+ (white), EGFP+Calr+Reln� (blue), and EGFP+Calr�Reln+ (yellow) neurons in the ires-EGFP control (CT) and Dbx1-EGFP

electroporated embryos (EP). Data show the percentage of induced cells from each 11 (CT) and 28 (EP) fields from six different embryos and litters (n = 6); error

bars indicate SD. Total number of EGFP+ cells analyzed: CT, 486; EP, 1,221; *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test, two tailed. Note that the three

ectopically induced neuronal populations in the EP group (EGFP+Calr+Reln+, GFP+Calr+Reln�, and EGFP+Calr�Reln+) are statistically different when analyzed by

one-way ANOVA; **p < 0.01.

(D) Repartition of cells expressing EGFP alone or in combination with Calr and Reln among EGFP electroporated cells in (B).

(E) EGFP, Nurr1, and Calr immunofluorescence. High magnifications of yellow-dashed boxes are shown in right panels. Examples of EGFP+Nurr1+Calr+

(white arrowheads), EGFP+Nurr1+Calr� (blue arrowheads outlined in white), and EGFP+Nurr1�Calr+ (yellow arrowheads) neurons. Calr+ axons projecting toward

the IC were observed upon Dbx1-EGFP overexpression (red arrowheads).

(F) Quantifications of EGFP+Nurr1+Calr+ (white), EGFP+Nurr1�Calr+ (blue), and EGFP+Nurr1+Calr� (yellow) neurons in CT and EP embryos. Data shows the

percentage of induced cells from 10 (CT) and 30 (EP) fields from different embryos (CT n = 5, EP n = 6) and litters. Total number of EGFP+ cells analyzed: CT, 393;

EP, 1,499; error bars indicate SD; ***p < 0.001; unpaired t test; two tailed. Note that the three ectopically induced neuronal populations in the EP group

(EGFP+Nurr1+Calr+, EGFP+Nurr1+Calr�, and EGFP+Nurr1�Calr+) are statistically different when analyzed by one-way ANOVA; ***p < 0.001.

(G) Repartition of cells expressing EGFP alone or in combination with Calr and Reln among EGFP electroporated cells in (E).

(H) EGFP, Nurr1, and Tbr1 immunofluorescence. High magnifications of the white-dashed box are shown on the right panels. Examples of EGFP+Nurr1+Tbr1+

(blue arrowheads outlined in white) and EGFP+Nurr1+Tbr1� (red arrowheads outlined in white) neurons (n = 3). In the IZ 23% of EGF+Nurr1+ neurons coexpress

Tbr1 while almost all when the electroporated cells reached the CP.

(I–K) EGFP+ neurons project their axons toward the CC (I and J [high magnification]) and the IC (I and K [high magnification]) indicated by red arrowheads.

CC, corpus callosum; IC, internal capsule.

Scale bars, 50 mm (B, E, and I), 300 mm (H), 25 mm (J and K; high magnification in B, E, and H).
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a fate-committed neuron (Greig et al., 2013). We therefore asked

whether the maintenance of Dbx1 expression in neurons as

observed in primates displayed specific functions. To address

this question, we targeted Dbx1 expression solely to neurons

by using a Cre-loxP recombination system (Figure 5A) to induce

Dbx1 in NEX-expressing cells, a neuronal basic helix-loop-helix

protein expressed only in postmitotic cells (Wu et al., 2005;

Goebbels et al., 2006; Chou et al., 2009; Alfano et al., 2014;

Golonzhka et al., 2015; Kazdoba et al., 2012). We verified that

the Cre and Dbx1 proteins were specifically expressed in post-

mitotic Tuj1+ cells (Figure S6). We found that postmitotic Dbx1

was unable to induce Reln+ (2.0% ± 1.1%) and Calr+ (2.2% ±

1.3%) in the DP (Figures 5B and 5D), suggesting that Dbx1 activ-

ity is required in progenitors to generate CR and Calr+ neurons.

Dbx1 postmitotic expression was compatible with Ctip2 expres-

sion and was capable of inducing the ectopic expression of

Nurr1 (40.9% ± 1%) (Figures 5C and 5D). Taken together, our re-

sults showed that specific Dbx1 expression in neurons is suffi-

cient to change cell identity and impart an SP-like neuron fate

and further argue in favor that the acquisition of a postmitotic

Dbx1 expression in the primate dorsal cerebral cortex could

have led to the generation of a novel subtype of SP neurons ex-

pressing Nurr1 and Dbx1, a molecular signature not observed in

the mouse.

DISCUSSION

Our work combines evolutionary and developmental ap-

proaches to elucidate a novel pathway that may have driven

the expansion of pioneering CR and SP neurons during cortical

evolution in primates through the role of primate-specific

genomic elements of a single cell-fate determinant, the Dbx1

gene.

Both mutations directly affecting coding sequences and gene

regulatory elements are thought to have participated in evolu-

tionary changes (King and Wilson, 1975; Siepel and Arbiza,

2014; Boyd et al., 2015; Khaitovich et al., 2006). We identified

a genomic sequence spanning �10 to �5 kb upstream of the

Dbx1 transcription start site, which is specifically conserved in

primates. A homologous genomic sequence exists in the mouse

genome but on another chromosome (G. D’Onofrio, data not

shown). It is thus likely that this genomic sequence was inserted

in the primate lineage upstream of the�5 kb regulatory elements

conserved in all mammals. In the mouse the primate-specific

sequence drives the expression of a reporter gene in the VP,

mimicking the endogenous Dbx1 expression, but also in the

DP and lateral pallium (LP), where Dbx1 is not expressed. More-

over, despite the large region targeted with electroporation,

which also included the lateral ganglionic eminence (LGE) in

the subpallium, no EGFP expression was detected in LGE pro-

genitors. Together, this showed that the sequence identified is

a cis-regulatory region, which could respond positively to factors

present in the DP and LP, but absent from the LGE, or negatively

to a repressor factor present in the LGE. Regulatory factors bind-

ing to this element could also either activate directly Dbx1

expression in the DP and LP or relieve a repression in the DP

and LP, both ultimately resulting in the expansion of the Dbx1-

expressing territory but through distinct transcription regulatory
652 Cell Reports 29, 645–658, October 15, 2019
mechanisms. Interestingly, intact �5 kb mouse regulatory

sequences are essential to ensure the proper restriction of

Dbx1 in the VP. Indeed, when a 3.2 kb sequence located

2.7 kb upstream of the first murine Dbx1 exon fused to the

Hsp68 minimal promoter was used to trace Dbx1 derivatives

by in utero electroporation (IUE), GFP-positive cells were found

in the VZ of the DP (Rueda-Alaña et al., 2018), a situation that

is never encountered using genetic tracing with the Dbx1CRE

mouse line (knockin of CRE into the 30 UTR of the Dbx1 gene)

(Bielle et al., 2005; Griveau et al., 2010; Teissier et al., 2010) or

when themouse 5 kb sequence is used to drive GFP expression.

In the chick and mouse, spinal cord Dbx1 expression was

shown to be restricted to the intermediate region spanning the

alar-basal plate boundary by tight repression dependent on dor-

sal and ventral signals from patterning centers and cross-repres-

sing interactions between progenitor fate determinants (Pierani

et al., 2001, 1999; Briscoe et al., 2000). In the telencephalon,

Dbx1 expression is also very stringently controlled both in time

and space and is found altered inmanymousemutants for genes

involved in patterning of the early pallium such as Pax6, Lhx2,

Gsh2, Tlx, Pbx, Dmrt5, and Gli3 (Golonzhka et al., 2015; Sten-

man et al., 2003; Friedrichs et al., 2008; Mangale et al., 2008;

Carney et al., 2009; Cocas et al., 2011; Saulnier et al., 2013;

Yun et al., 2001). Most of these genes function to restrict Dbx1

expression in progenitors at the VP. This suggests that inhibition

of its expression is a converging point of multiple pathways

possibly through a common repressor(s). This also highlights

the high sensitivity of the Dbx1 regulatory sequences to different

single gene deletions and, thus, the high plasticity of its tran-

scriptional control providing a favorable ground for evolutionary

changes. Evolutionary changes of expression pattern and/or

levels of factors mediating cortical patterning may participate

in the expansion of Dbx1 expression as we observed in a human

fetus.

What could be the meaning of an expansion of the territory ex-

pressing Dbx1? In the murine neocortex, Dbx1 expression is

highly restricted both spatially and temporally to the VP progen-

itor domain (Bielle et al., 2005; Puelles and Rubenstein, 1993;

Teissier et al., 2010). The expanded Dbx1+ domain in the human

embryo suggests that either its expression was newly recruited

in the DP compartment or that an enlargement of the VP domain

occurred in humans. Since the acquisition of Dbx1 expression in

the VP has been shown to occur in mammals (Bielle et al., 2005),

it is possible that the expansion of the VP in humans reflects the

progressive acquisition and continuous evolutionary expansion

of the Dbx1-expressing VP domain. The relevance of the VP

widening during cortical evolution has been hypothesized to

contribute to the enlargement of the neocortex (Borello and Pier-

ani, 2010; Karten, 1997; Molnár and Butler, 2002; Puelles, 2011),

including the ventral part of the DP and the amygdala, by supply-

ing VP-derived excitatory neurons (Puelles, 2011). Indeed, in

mouse, Dbx1-derived excitatory neurons, namely CRs and

cortical plate transient neurons (CPTs), are generated from VP

progenitors and migrate to the DP cortical plate (Bielle et al.,

2005; Teissier et al., 2010) and amygdala (Hirata et al., 2009;

Waclaw et al., 2010). In favor of the proposed VP expansion hy-

pothesis, the evolutionary appearance of Dbx1-expressing VP

domain could thus participate to neocortical evolution in



Figure 5. Specific Dbx1 Overexpression in

Neurons Induces Nurr1 Expression

(A) Experimental design: Nexcre mouse embryos

were electroporated with pCAGGS-ires-EGFP or

pCAGGS-loxP-stop-loxP-Dbx1-ires-EGFP plas-

mids. The DP of embryos were targeted at E11.5

and analyzed at E13.5 (B–D).

(B and C) Immunofluorescence for EGFP, Reln, and

Calr (B) and for EGFP, Ctip2, and Nurr1 (C). High

magnifications of yellow-dashed boxes in right

panels show no induction of Reln or Calr (white

arrows) (B), a co-labeling with Ctip2, and an in-

duction of Nurr1 (yellow arrows) (C). White-dotted

lines indicate the VZ.

(D) Percentage of Reln+ (white), Calr+ (blue) and

Nurr1+ (yellow) cells within EGFP+ electroporated

cells in the DP upon electroporation with control

pCAGGS-ires-EGFP (CT) or pCAGGS-loxP-stop-

loxP-Dbx1-ires-EGFP (EP) plasmids. Data show the

percent of EGFP cells from one or two sections

from different embryos (CT n = 3, EP n = 4). Total

number of counted EGFP+ cells analyzed: CT, 461;

EP, 438. Error bars indicate SEM; ***p < 0.001; one-

way ANOVA and Tukey’s multiple comparison test.

(E) Summary of evolutionary changes of Dbx1

expression and cell identities in wild-type and

Dbx1-overexpressing mouse embryos. Dbx1

expression domains in mouse and primate em-

bryos. The same shape of the brain is utilized for

simplicity. While Dbx1 expression is restricted to

progenitor cells (Dbx1P) at the VP in the mouse, in

primates, it is newly acquired in the postmitotic

compartment (Dbx1N) (green), and in human, it is

extended dorsally in the proliferative SVZ (dotted

pink). Expansion to the SVZ is not detected in the

macaque samples analyzed here, and the expan-

sion in the human SVZ could represent an extended

VP or an enlarged expression in the DP. Primate-

specific cis-elements promote reporter expression

in VP/DP progenitors and neurons. In the mouse,

Dbx1 is expressed in VP progenitors giving rise to

CR and CPT neurons, and in primates, it is ex-

pressed in neurons co-expressing Reln and/or Calr

or Nurr1, representing CR subtypes and possibly

SP neurons, respectively. Dbx1 overexpression in

DP progenitors and neurons, mimicking the

expression of primates in the mouse developing

cortex, promotes CR (Reln+ and/or Calr+) and SP

neuron identity (Nurr1+ and/or Calr+). SP fate

(Nurr1+Calr�) is also induced by Dbx1 expression

exclusively in neurons. Whether Nurr1+Calr+ and

Nurr1+Calr� cells represent molecularly distinct SP

subtypes, similarly to what has been shown in mice

for CRs, has yet to be determined.

VP, ventral pallium; NL, neuronal layer. SP, sub-

plate zone; IZ, intermediate zone; CC, corpus cal-

losum; IC, internal capsule.

Scale bars, 50 mm (B and C), 25 mm (high magnifi-

cations in B and C).
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particular via an increase of excitatory CR and SP neurons in DP

cortical layers (Arai and Pierani, 2014; Hoerder-Suabedissen and

Molnár, 2015; Puelles, 2011; Smart et al., 2002). However, we did

not detect an expansion of Dbx1-expressing progenitors in the

limited macaque sections and stages that we were able to

analyze, suggesting that either this expression is still highly

spatially and/or temporally restricted to specific regions and

stages or it is a human-specific feature.

Notably, in both macaque and human fetuses, we observed

postmitotic Dbx1 expression and, consistently, primate-specific

sequences drove sustained expression not only in progenitors

but also in neurons, unlike the Dbx1 mammalian conserved up-

stream regulatory sequences that induced reporter expression

exclusively in VP progenitors. Although still restricted to specific

domains, Dbx1 expression in neurons is also observed in other

regions of the developing human nervous system, such as the

hindbrain and spinal cord, arguing for a more general shift in

enhancer activity. As for the expression in progenitors, it is still

an open question whether the primate-specific regulatory se-

quences could mediate derepression in neurons rather than

activation. The primate �10 to �5 sequence seems therefore

to regulate two key aspects of Dbx1 expression, its spatial and

cell type-specific regulation, two levels of transcriptional control

that might represent critical evolutionary advancements underly-

ing the increase in number and diversity of neuronal subtypes in

the cerebral cortex, particularly pioneer neurons of the preplate.

As to the functional relevance of evolutionary changes in

Dbx1-expressing territories, previous reports have shown that

Dbx1 is a potent determinant of neuronal identity in the spinal

cord (Pierani et al., 2001), rhombencephalon (Bouvier et al.,

2010), and diencephalon (Sokolowski et al., 2015). In the devel-

oping spinal cord, progenitors expressing Dbx1 generate V0

interneurons and the ectopic induction of Dbx1 in neighboring

progenitor domains induces V0 and represses V1 interneurons,

showing that Dbx1 is a V0 fate determinant (Pierani et al.,

2001). In the mouse cerebral cortex, Dbx1 is expressed in

cortical progenitors at the VP, which give rise to CR neurons

(Bielle et al., 2005). We show here that upon the ectopic induc-

tion of Dbx1 in the DP, the CR marker Reln was induced. This

result is in agreement with previous observations showing that

in the quail, Dbx1 ectopic expression induced Reln (Nomura

et al., 2008). In the mouse pallium, Dbx1 thus also behaves as

a fate determinant of CR neurons when expressed in progenitor

cells. Unexpectedly, the expression of Dbx1 in DP and LP pro-

genitors also induced Calr+Reln�, a signature of early-born pre-

plate neurons (Fonseca et al., 1995; Garcı́a-Moreno et al., 2007),

including SP neurons (Pedraza et al., 2014) but also interneurons

at later stages (Gelman and Marı́n, 2010). At the developmental

stage we analyzed (between E11.5 and E13.5), Calr� and Calr+

SP neurons are generated from progenitors in the DP (Pedraza

et al., 2014), some of which turn on Nurr1 expression later

(�E15.5; Hoerder-Suabedissen and Molnár, 2013). Upon Dbx1

misexpression, the observed precocious induction of Nurr1 in

cells located in the SP and cortico-fugal axonal projections,

together with the absence of the interneuron marker GABA,

strongly argues in favor of Dbx1 promoting also SP-like identi-

ties. The postmitotic activity of Dbx1 in promoting Nurr1 expres-

sion, but not that of Reln, shows that the induction of SP-like
654 Cell Reports 29, 645–658, October 15, 2019
identities does not depend on a progenitor function of Dbx1.

The generation of CR and SP neurons could thus reflect distinct

Dbx1 activities depending on the mitotic or postmitotic status of

the cell. These results strongly suggest that Dbx1 is capable of

reprogramming committed neurons to a distinct fate, including

their differentiated features in terms of final location upon migra-

tion, molecular expression profile, and axonal projections. This is

consistent with the Dbx1 function demonstrated in progenitors in

other regions of the developing CNS and shows for the first time

that in the cerebral cortex, Dbx1 can likely control a full transcrip-

tional program responsible for neuronal identity in postmitotic

cells.

Neuronal identity is established sequentially from progenitors

to young neurons through progressive fate restriction and

acquisition of specific combination of transcription factor

expression (Schuurmans and Guillemot, 2002; Shirasaki and

Pfaff, 2002; Briscoe and Novitch, 2008). In the cerebral cortex,

a period of fate plasticity in young neurons exists during which

transcription factors later on restricted to different subtypes are

coexpressed (Greig et al., 2013). This is generally mediated by

cross-repressive interactions between postmitotic cell fate de-

terminants (Chen et al., 2008; De la Rossa et al., 2013; Sriniva-

san et al., 2012). However, as in the case of Tbr1, a feedback

control on patterning centers was also observed, leaving open

the possibility that some of the cell fate changes depend on

patterning centers and thus through an intermediate progenitor

state (Elsen et al., 2013; Bedogni et al., 2010). Very recent

studies discriminated the postmitotic role of transcription fac-

tors (TFs) expressed in both progenitors and neurons using

similar genetic tools based on Nex:Cre expression (Wu et al.,

2005; Alfano et al., 2014; Golonzhka et al., 2015; Zembrzycki

et al., 2015; Kazdoba et al., 2012; Fame et al., 2016; Nakamura

et al., 2016) in controlling area-specific properties and laminar

fate. Together, these reports (Arlotta and Hobert, 2015; De la

Rossa et al., 2013) and our work underlie the rising concept of

the key role of TFs expressed in postmitotic neurons as potent

cell fate determinants. Our data unravel for the first time a puta-

tive mechanismmediating preplate identity and in particular CR

versus SP fate. They identify a role for Dbx1 as a fate determi-

nant in SP-like fate possibly linked to its postmitotic expression

characteristic of primates. Lastly, our results reveal an unex-

pected degree of plasticity in fate determination in particular

for Nurr1+ SP neurons. Dbx1 expression in progenitors or neu-

rons induces molecularly distinct SP neurons (Figure 5E), sug-

gesting that Dbx1 can impart subtype-specific SP identity

depending on its temporal and spatial regulation of expression.

SP neurons are well known as ‘‘hub neurons’’ that mediate

afferent and efferent cortical pathfinding and also promote

intra-cortical and extra-cortical circuitries (Kanold and Luh-

mann, 2010). They are present transiently during development

and disappear early in postnatal life in mice (Price et al.,

1997). Nurr1+ SP neurons are born between E11.5 and E12.5

in mice and have been described to preferentially survive during

the first postnatal weeks (Hoerder-Suabedissen and Molnár,

2013), when SP neurons receive inputs from cortical layers (Vis-

wanathan et al., 2012). A pronounced increase in the number of

SP neurons and complexity of cortical circuits has been

observed in primates compared to other mammals (Hoerder-



Suabedissen and Molnár, 2015; Smart et al., 2002). It is there-

fore tempting to speculate that the presence of Nurr1+Dbx1+

SP neurons in humans may have contributed to the expansion

of the SP neuron pool, in particular a subpopulation with spe-

cific survival characteristics, which could affect the period of

cortical projection formation.
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DAPI (4’, 6-diamidino-2-phenylindole) Invitrogen Molecular Probes

Monoclonal Rabbit Anti Dbx1 Pierani et al., 2001 N/A

Polyclonal Rabbit Anti Pax 6 Proteintech #12323-1-AP

Polyclonal Rabbit Anti GABA Sigma #A2052

Monoclonal Mouse Anti GABA Sigma #A2082

Polyclonal Rabbit Tbr1 Abcam #ab31940

Polyclonal Rabbit Tbr2 AbCys S.A #VPA9618

Polyclonal Rabbit Cre recombinase Covance #PRB-106C

Polyclonal Rabbit Calretinin for mouse Sawant #7699/3H

Polyclonal Rabbit Calretinin for human Sawant #7699/4

Monoclonal Mouse Calretinin for macaque Sawant #6B3

Monoclonal Mouse Reln clone G10 Millipore #MAB5364

Monoclonal Mouse Reln clone 142 Milipore #MAB5366

Monoclonal Mouse Tuj1 Bio Legend #MMS-435P

Polyclonal Goat Nurr1 R&D systems #AF2156

Monoclonal Rat Ctip2 Abcam #ab18465

Polyclonal Chicken Tbr2 Millipore #AB15894

Polyclonal Chicken GFP Aves labs #GFP-1020

Monoclonal Rat Neural cell adhesion molecule L1 Millipore #MAB5272

Biological Samples

Macaca mulatta embryos Lukaszewicz et al., 2005 N/A

Human embryos GW 6.5 Maternity and Fetopathology departments,

Robert Debre Hospital, Paris

N/A

Critical Commercial Assays

mMESSAGE mMACHINE kit Life Technologies #AM1344

DIG-RNA labeling kit Roche # 11277073910

Experimental Models: Organisms/Strains

C57BL/6J pregnant females Janvier Labs C57BL/6J

NexCre embryos Goebbels et al., 2006 N/A

Oligonucleotides

Antisense RNA probes for Dbx1 Pierani et al., 2001 N/A

Marmosets DNAs (template) Drs. Shiozawa and Imamura from H. Okano

laboratory

N/A

Primer: marmoset 10kb-EGFP 50-CTCCTTACAATT
TTATTTACAGTCAAAAAG-30 (forward)

This paper N/A

Primer: marmoset 10kb-EGFP 50-GTGACCAGCCT

GTATTTAGATACAT-30 (reverse)
This paper N/A

Primer: marmoset 10kb-EGFP 50-TTCTAGTTGCCA

GCCATCTGTTGTT-30 (forward)

This paper N/A

Primer: marmoset 10kb-EGFP 50-TCCATTAAAATT
GTACTTGAGTATTAGATC-30 (reverse)

This paper N/A

Recombinant DNA

pCAGGS-ires-EGFP Addgene #32482

pCAGGS-HA-mouseDbx-ires-EGFP This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCAGGS-loxP-stop-loxP-EGFP gift from Dr. Fei N/A

pCAGGS-loxP-stop-loxP-HA-mouseDbx-ires-EGFP This paper N/A

pCAGGS-ires-NLS-EGFP vector Karaz et al., 2016 N/A

pCAGGS-HA-mouseDbx1-ires-NLS-EGFP This paper N/A

HA-mouseDbx1-ires-NLS-EGFP This paper N/A

pCAGGS-mcherry Addgene #41583

mouse 5kb-EGFP This paper N/A

marmoset 5kb-EGFP This paper N/A

marmoset 10kb-EGFP This paper N/A

pCS-TP plasmid Sumiyama et al., 2010 N/A

pBluescript II KS+ Stratagene #212207

pEF-myc-nuc Invitrogen #V89120

Software and Algorithms

Adobe Photoshop Adobe https://www.adobe.com/products/

photoshop.html

Excel Microsoft Microsoft

Graph Prism GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Adobe Illustrator Adobe https://www.adobe.com/products/

illustrator.html

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

VISualization Tools for Alignments VISTA http://genome.lbl.gov/cgi-bin/

VistaInput

Multi-genome Analysis of Positions and

Patterns of Elements of Regulation

Marinescu et al., 2005 http://genome.ufl.edu/mapper

UCSC UCSC https://genome.ucsc.edu

Other

Mowiol 4-88 Sigma #81381-50G

Fluoromount-G mounting medium SouthernBiotech #0100-01

DAPI (4’, 6-diamidino-2-phenylindole) Invitrogen Molecular Probes

(Thermo Fisher)

# D1306

EdU (5-ethynyl-20-deoxyuridine) Invitrogen #E10187
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alessan-

dra Pierani (alessandra.pierani@inserm.fr). All unique/stable reagents generated in this study are available from the LeadContact with

a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Dbx1iresCre (Bielle et al., 2005) were crossed with ROSA26loxP-STOP-loxP-YFP (Jackson Laboratory) reporter line to permanently label

Dbx1 lineages. C57BL/6J pregnant females were purchased from JANVIER LABS and NexCre embryos (Goebbels et al., 2006) ob-

tained by overnight mating of heterozygous NexCre males with C57BL/6J females. Noon of the day on which the vaginal plug was

observed was defined as embryonic day (E) 0.5. All animals were handled in strict accordance with good animal practice as defined

by the national animal welfare bodies, and all mouse work was approved by the Veterinary Services of Paris (Authorization number:

75-1454) and approved by the Animal Experimentation Ethical Committee Buffon (CEEA-40) (Reference: CEB-34-2012).

Two fetuses from cynomolgus monkeys (Macaca fascicularis) of known gestational dates (E48 and E49) were delivered as

previously described (Lukaszewicz et al., 2005). All experiments were in compliance with national and European laws as well as

with institutional guidelines concerning animal experimentation as described previously (Betizeau et al., 2013). Surgical procedures
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were in accordance with European requirements 2010/63/UE. The protocol C2EA42-12-11-0402-003 has been reviewed and

approved by the Animal Care and Use Committee CELYNE (C2EA 42).

One human embryo was collected after legal abortion at gestational week (GW) 6.5. Gestational age was estimated on the basis of

pregnancy and anatomy records. Post-mortem delay was less than two hours. All procedures were approved by the ethics commit-

tee (Agence de Biomédecine, approval PFS12-0011).

METHOD DETAILS

Immunofluorescence
Micewere sacrificed by cervical dislocation and embryoswere collected and fixed at 4�C for 24 hours in 4%paraformaldehyde (PFA),

cryoprotected in 30% sucrose in PBS and embedded in Tissue-Tek O.C.T compound (Sakura Finetek, Europe). Brain hemisphere of

cynomolgusmonkeys (Macaca fascicularis) were fixed in 4%PFA for 4 hours, cryoprotected using a progressive sucrose gradient up

to 20%, and embedded in Tissue-TekO.C.T compound. Cryostat coronal sections ofmouse embryos (12 mm) and sagittal sections of

macaque (30 mm) were rehydrated with PBS, and incubated for 1 hour at 65�C in antigen retrieval solution (10% v/v glycerol in 10mM

sodium citrate, pH 6.0) and cooled down for 20min at room temperature (r.t.). Sections were permeabilized with 0.1% Triton X-100 in

1% horse serum /1x PBS (HB buffer) for 10 min 3 times and blocked with HB buffer for 30 min at r.t. Sections were subsequently

incubated overnight at 4�Cwith the first primary antibody, followed by incubation for 45 minutes at r.t. with fluorescently labeled sec-

ondary antibody and DAPI (4’, 6-diamidino-2-phenylindole (Invitrogen Molecular Probes) in HB buffer. Sections were mounted with

Mowiol 4-88 reagent (Calbiochem).

Human tissues were fixed for 8 hours in 4% PFA, cryoprotected in 20% sucrose and stored at �80�C until use. Samples were cut

into 12 mm sagittal sections, mounted on super-frost slides and stored at �80�C. For Dbx1 staining, an antigen retrieval step was

carried out before the permeabilization of sections using HB buffer. With the exception of immunostaining with an anti-Dbx1 anti-

body, sections were permeabilized with 0.1% Triton X-100 dissolved in 0.12 M phosphate buffer saline (TBS-T) for 15 minutes at

r.t., and incubated in blocking buffer solution (10% goat serum in TBS-T) for 1 hour at r.t. to block non-specific binding. Samples

were subsequently treated with primary antibodies in blocking buffer for 16 hours at 4�C followed by fluorescently labeled secondary

antibodies and DAPI. Coverslips were mounted using Fluoromount-G mounting medium (SouthernBiotech, Birmingham, USA).

The following primary antibodies were used: rabbit antibodies against Dbx1 (Pierani et al., 2001) (1:10000), Pax6 (12323-1-AP, Pro-

teintech; 1:200), GABA (A2052, Sigma; 1:2000 for mouse and A2082, Sigma; 1:500 for human), Tbr1 (ab31940, Abcam; 1:1000), Tbr2

(VPA9618, AbCys S.A.; 1:1000), Cre recombinase (PRB-106C, Covance; 1:2000), Calretinin (7699/3H, Swant; 1:1000 for mouse and

7699/4, Swant; 1:2000 for human); mouse monoclonal antibodies against Reln (clone G10, MAB5364, Millipore; 1:1000 for mouse),

Reln (clone 142, a gift from Dr. Goffinet; 1:1000 for human andmacaque), Calretinin (6B3, Swant; 1:1000 for macaque), Tuj1 (BAbCo;

1:2000); a goat antibody against Nurr1 (AF2156, R&D systems; 1:200); a rat antibody against Ctip2 (ab18465, Abcam; 1:1000); chick

antibodies against Tbr2 (AB15894, Millipore; 1:500), GFP (GFP-1020, Aves labs; 1:2000) and Neural cell adhesion

molecule L1 (MAB5272, Millipore; 1:1000). Note that rabbit Dbx1 antibody was raised against the mouse C-terminal 15 aa peptide

(DEDEEGEEDEEITVS), which is conserved between human (80%) and macaque (80%).

All fluorescence images and tilescan images were acquired using a Zeiss Axiovert LSM 710 confocal microscope equipped with

Plan-Apochromat 10x NA 0.3 and LDLCl Plan-Apochromat 25x NA 0.8 objectives (Carl Zeiss, Germany), analyzed with ImageJ

(https://imagej.nih.gov/ij/) and imported into Adobe Photoshop for quantifications.

In situ hybridization
In situ hybridization was performed as previously described (Griveau et al., 2010). Antisense RNAprobes forDbx1 (Pierani et al., 2001)

were labeled using a DIG-RNA labeling kit (Roche).

Exo-in utero electroporation
WT pregnant mice at E11.5 were subjected to abdominal incision under anesthesia with Isoflurane (AXIENCE SAS), and the uterine

horns were exposed onto a 1xPBS-moistened cotton gauze. Embryos were visualized using appropriate flexible light sources

through the yolk sac and uterus (in some experiments incisions on the uterus were performed to better visualize the embryos). No

differences were found by using the two methods and thus most of the experiments were done using exo-utero which is more effi-

cient at these early embryonic stages. Plasmid DNAs mixed with a filtered Fast Green dye were injected into the lateral ventricle

through a glass capillary. A pair of electrodes was applied to the embryos through the yolk sac, and a series of square-wave current

pulses (25 V, 50 ms) was delivered for six times at 950 ms intervals using a pulse generator (NEPA21, NEPAGENE). Uterine horns

were repositioned into the abdominal cavity, and the abdominal wall and skin were sutured. The concentration of plasmid DNAs

used were between 1-2.5 mg/ml. pCAGGS-mcherry was a gift from Dr. Fei in the CRTD, Dresden, Germany.

EdU pulse labeling and staining
EdU injection was carried out by intraperitoneal injection of 100 mL of 1mg/ml EdU (Invitrogen) in PBS into pregnant females at E12.5

after electroporation at E11.5 and embryos sacrificed at E14.5. Immunofluorescence and EdU staining was performed as described

previously (Arai et al., 2011).
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Cloning of marmoset 5 and 10kb genomic DNA sequences
The �5.3-kb region (‘‘30 Fragment’’) immediately upstream of the marmoset Dbx1 coding sequence and the �4.7-kb further up-

stream region (‘‘50 Fragment’’) were cloned by PCR from genomic DNAs of common marmosets (Callithrix jacchus) (gifts from

Drs. Shiozawa and Imamura from H. Okano laboratory) as template. The 30 Fragment was first cloned into pBluescript II KS(+)

(Stratagene) backbone vector at the BamH I/Not I sites. Not I/Eag I-cut bovine growth hormone polyadenylation sequence (from

the pEF-myc-nuc plasmid (Invitrogen)) was then inserted at theNot I site. The construct was re-cut withNot I and the enhancedGreen

Fluorescent Protein (EGFP) coding sequence (from pEGFP-N1 (Clontech)) was inserted. This construct corresponds to the 5kb

marmoset promoter construct. The 10kb marmoset promoter construct was generated by inserting SalI/BamH I-cut ‘‘50 Fragment’’

into the corresponding sites in the 5kb marmoset construct.

Generation of 10kb marmoset transgenic mice
Transgenic mice were produced by the Tol2-mediated cytoplasmic injection method (Sumiyama et al., 2010). The donor DNA

harboring the two Tol2 transposon recognition sequences flanking themarmoset 10kb-EGFPwas constructed. The Tol2 transposase

mRNAwas synthesized using themMESSAGEmMACHINE kit (Life Technologies) from the pCS-TP plasmid (Sumiyama et al., 2010).

Microinjection solution containing 5 mM Tris-HCl (pH 7.5) and 0.1 mM EDTA, as well as 20 ng/ml donor DNA and 27.5 ng/ml Tol2

mRNA, was prepared in DEPC-treated water. The solution was filtered with 0.22 mmmembrane and used for microinjection accord-

ing to a standard protocol (Sumiyama et al., 2010; Tashiro et al., 2011). Briefly, cytoplasmic injection was carried out into fertilized

eggs of B6C3F1 mice under a microscope, and the microinjected zygotes were transferred to the oviduct of pseudopregnant ICR

female mice. Transgene integration and germline transmission were confirmed by PCR-based genotyping to detect the terminal

regions of the construct using the 50-CTCCTTACAATTTTATTTACAGTCAAAAAG-30 (forward) and 50-GTGACCAGCCTGTATTTAGA

TACAT-30 (reverse) primers, and 50-TTCTAGTTGCCAGCCATCTGTTGTT-30 (forward) and 50-TCCATTAAAATTGTACTTGAGTATTA

GATC-30 (reverse) primers sets. We obtained 4 founders with germline transmission.

Cloning of Dbx1 overexpression and Cre-inducible expression vectors
Dbx1 overexpression vectorswere based on the pCAGGS vector (a gift fromDr. Briscoe). pCAGGS-HA-mouseDbx1-ires-NLS-EGFP

was constructed as follows: a HA-tag was added at the N terminus of the mouse Dbx1 coding sequence (Pierani et al., 2001) by PCR

and inserted in the SmaI/Nhe I site of the pCAGGS-ires-NLS-EGFP vector (Karaz et al., 2016). The pCAGGS-loxP-stop-loxP-HA-

mouseDbx1-ires-NLS-EGFP was constructed as follows: the pCAGGS-HA-mouseDbx1-ires-NLS-EGFP was partially digested by

XhoI/HindIII (1:25 dilution) for 30 min at 37�C to obtain the HA-mouseDbx1-ires-NLS-EGFP fragment. This XhoI/HindIII fragment

was inserted into the 50 Xho I and 30 Hind III sites of the pCAGGS-loxP-stop-loxP vector (a gift from Dr. Fei in the CRTD, Dresden,

Germany).

Multiple alignments of genomic sequences upstream of the Dbx1 gene
The sequence of the developing brain homeobox protein Dbx1 of mouse (Mus musculus NM_001005232) was recovered from the

NCBI database (https://www.ncbi.nlm.nih.gov/) and used as a query sequence to retrieve orthologous sequences from several ver-

tebrates: human (Homo sapiens,NM_001029865.2), marmoset (Callithrix jacchus, XM_002807323), rhesusmonkey (Macaca mulatta

XM_002808073) and ferret (Mustela putorius, XM_004800385). Using the BLAST tools of the UCSC database (https://genome.ucsc.

edu), each Dbx1 sequence was localized in the corresponding whole genome sequence and the 10kb at the 50-flanking region of the

gene (showing no gaps and/or ambiguous nucleotides) was recovered. All the flanking regions were aligned by VISTA (VISualization

Tools for Alignments http://genome.lbl.gov/cgi-bin/VistaInput) using default parameters. The VISTA alignment in Figure 2A shows

regions with a homology higher than 50%. MAPPER2 - Multi-genome Analysis of Positions and Patterns of Elements of Regulation

(http://genome.ufl.edu/mapper/) database (Marinescu et al., 2005) was used to retrieve putative transcription factor (TF) binding

sites. 10kb upstream sequences of mouse, marmoset and human Dbx1 gene were compared, and TF binding sites specifically

conserved in both human and marmoset were selected as primary candidates. We then categorized them depending on their

genomic location between �5.3 and �10 kb and further selected TFs binding whose binding site was positioned at conserved

locations within the �5.3 to �10 kb elements.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the quantifications weremade in the DP (anatomically separated from the VP by drawing a straight line at the lateral morphological

hinge) or DP and VP. For Figure 2E all mCherry+ electroporated cells dorsal to this line were counted and EGFP+mCherry+ double

positive cells were scored as % of the total mCherry+ cells. CP, IZ, SVZ and VZ were defined using DAPI+ staining and mCherry+

fibers as follows: CP, round and packed nuclei located in the uppermost part of the cortex; IZ, horizontally located nuclei and fibers;

SVZ, roundish nuclei and multipolar type of fibers, and VZ, radially oriented nuclei and radial fibers in the deeper most part of the

cortex. Ctip2+EGFP+ and Ctip2–EGFP+ cells in Figure 3E were counted in the entire pallium (DP and VP). For Figures 4, 5, and

S4A cells co-expressing analyzed markers together with the EGFP were scored as % of the total EGFP+ electroporated cells in

the DP.
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For all experiments, results were obtained using at least 3 embryos from two or more litters (except for Figure S4A, n = 1). For each

embryo 1-9 sections were used. Datasets were analyzed using Excel (Microsoft, Redmond, WA) and GraphPad Prism (La Jolla, CA).

Statistical tests: for two groups of observations, the unpaired t test, two tails was used for non-parametric analysis. For three groups,

the one-way Analysis of Variance (ANOVA) with Tukey’s Multiple Comparison test was used for parametric analysis. Results were

interpreted as statistically significant when p < 0.05.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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