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Developmental Neurobiology 

Cortical Development 

I. Cellular and Molecular Organization of the Developing Cerebral Cortex  

1st of April:  

14:00-16:00 – Personal Introduction + Lecture and questions 

2nd of April:  

11:00-13:00 ! Lecture and questions (Room 1) 

14:00-16:00 ! How to write a scientific paper (Room 5)  



MASTER IN CELLULAR AND MOLECULAR BIOLOGY 
Developmental Neurobiology 

Cortical Development 

II. Neural Circuit Development in Health and Disease 

15th of April:  
14:00-16:00 – Lecture and questions 

16th of April: 20 students/4! 5 groups  

11:00-13:00 ! Studer: How to write a fellowship proposal (Title; Background 
and Rationale; Research Question(s); Research Methodology; Plan of Work & 

Time Schedule; Bibliography) 

14:00-16:00 !Students: Presentation of 5 emerging technologies in 
neurobiology/neuroscience: (i) 3D whole brain imaging; (ii) optogenetics & 

functional whole brain imaging; (iii) scRNAseq & cell lineage tracking; (iv) IPSCS 
& brain organoids; (v) in vivo & in vitro reprogramming. 



MASTER IN CELLULAR AND MOLECULAR BIOLOGY 
Developmental Neurobiology 

Cortical Development 

III. Genetics of Brain Disorders  

29th of April:  
14:00-16:00 – Studer & students: Discussion on fellowship proposals  

30th of April: 20 students/4! 5 groups  

11:00-13:00 ! Lecture and questions 

14:00-16:00 !Students: Presentation of the fellowship proposal to the others  



Scientific cursus 
Michèle Catherine STUDER married MENEGHELLO  
1 child born in 2003 

POSITION: Research Director Inserm since 2009  
at the Institute of Biology Valrose, iBV 
University de Nice Sophia-Antipolis (UNS) 
Nice, France   

Group Leader of the “Development and Function of Brain Circuits Lab”; 

EDUCATION: 1987: "Laurea 110/110 cum laude" in Biological Sciences   
at the University of Pisa, Pisa, Italy.  
Work on “Population cytogenetics of Albanians in the province of Cosenza: 
frequency of Q and C band variants.”  

1989: Visiting Research Fellow at Fidia S.P.A. 'Research Laboratories',  
  Abano, Italy   

1990: Visiting Research Fellow at Research Institute of Molecular Pathology 
(IMP), Vienna, Austria 

1990: PhD in Molecular Biology  
at the “Istituto di Ricerche Farmacologiche Mario Negri, Milano, Italy”.  
Work on “Transcriptional regulation of the mouse liver/bone/kidney-type alkaline 
phosphatase gene in vitro.” 



Scientific cursus 
1991-1997: POST-DOC Research Fellow at:  
Division of Developmental Neurobiology,  
MRC/National Institute for Medical Research, London, UK. 
Head of Laboratory: Robb Krumlauf 

Work on: “In vivo genetic interactions and functional characterization 
of the mouse homeotic gene Hoxb1 in the developing hindbrain”. 

1997-2001: MRC Research Group Leader/ Junior Lecturer  
MRC Centre for Developmental Neurobiology, King's College, Guy's 
Campus, London, UK.  
Centre Director: Andrew Lumsden 

Work on: “Role of retinoic acid signaling during forebrain patterning”. 

1994:  Visiting Research Fellow at Baylor College of Medicine,  
 Houston, USA; Head of Laboratory: Alan Bradley 

2000:  Visiting Research Fellow at UCSF, San Francisco, USA  
 Head of Laboratory: John Rubenstein 



Scientific cursus 

2001-2009:  Full Investigator and Responsible of the Transgenic 
and Knock-out Core Facility at TIGEM (Telethon Institute of 
Genetics and Medicine), Napoli, Italy.  
Institute Director: Andrea Ballabio 

Work on: “Functional and genetic characterization of area patterning 
genes during cortical development ”. 

Since 2009: Directeur de Recherche (DR2-DR1) Inserm; University 
of Nice Sophia-Antipolis, Valrose Campus, Nice, France. 

   

Work on: “Molecular and cellular mechanisms during assembly of brain 
circuits”. http://ibv.unice.fr/research-team/studer/ 
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Sulci and gyri of the neocortex  





The cortex is subdivided into six distinct layers 
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Morphological heterogeneity of cortical neurons  



How can a relatively simple pseudostratified neuroepithelium 
transform into a complex structure organized into layers? 



Mammalian corticogenesis 

modified from Kwan et al., 2012 





First stage: proliferation via symmetric division  
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Differences in cell number for lateral vs radial expansion 

Virginia Fernández et al. EMBO J. 2016 



Florio & Huttner, Development, 2014 

Sulci and gyri in primates 
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Different types of progenitors in VZ and SVZ 

undergo mitosis in a secondary germinal zone located
basal to the VZ called the subventricular zone (SVZ),
hence the name BPs. The BP type initially character-
ized in mouse and rat typically undergoes only one
cell cycle, lacks apical-basal polarity at mitosis,18 and
divides to generate two neurons, that is, it functions
as an intermediate progenitor cell.15–17,19 In addition,
the NPC lineages from RGCs to neurons have
recently been determined by an elegant clonal analy-
sis approach in mouse embryos in vivo.20

Extending the analyses of NPCs in embryonic/
fetal neocortex from lissencephalic rodents to gyren-
cephalic species,21–23 that is, primates (notably
human) and ferret, led to the identification and initial
characterization of a second principal type of BP
that, in contrast to intermediate progenitors, retains
certain RGC features.24–26 This BP type, in particu-
lar, has been implicated in the increase in neuron
number and the expansion of the neocortex in devel-
opment and evolution. Moreover, during the past
few years, an increasing complexity of BP subtypes
has become apparent.27 In this review, we summarize
the current knowledge about NPCs in the embryonic/
fetal neocortex of lissencephalic and gyrencephalic
mammals, and discuss their role in neocortex devel-
opment and evolution. As to the evolution of neuro-
genesis in the diverse metazoan nervous system,
including nonmammalian vertebrates, the reader is
referred to a comprehensive recent review28 and a
recent original paper.29

CYTOARCHITECTURE OF
DEVELOPING NEOCORTEX
The basic principles of the cytoarchitecture of the
developing neocortex in lissencephalic rodents and
gyrencephalic primates or ferret are similar. In all
mammals, a pseudostratified neuroepithelium
(Figure 2(a)) is formed after neural tube closure.
NECs then produce the first-born neurons, and thus
a preplate and a VZ emerge.21,30 Subsequently, with
the appearance of the cortical plate (CP), the preplate
is split into a marginal zone and a subplate. At the
same time, a SVZ arises basal to the VZ. In
between the CP and SVZ, an intermediate zone
(IZ) develops30 (Figure 2(c) and (d)).

A major difference between the lissencephalic
rodent and gyrencephalic primate or ferret neocortex
concerns the SVZ. Although the thickness of the VZ
is not massively different between rodents and pri-
mates, the primate SVZ is substantially thicker than
that of rodents and split into an outer SVZ (oSVZ)
and an inner SVZ (iSVZ)21 (Figure 2(c) and (d)). The

thickness of the oSVZ increases massively during the
neurogenic period, whereas that of the iSVZ does not
change that much. Therefore, the oSVZ, in particu-
lar, has been implicated in the expansion of the neo-
cortex in primates.21–23,31–34

PROGENITOR CELL CLASSES, TYPES,
AND MODES OF DIVISION
NPCs in the embryonic/fetal neocortex fall into two
major classes (Figure 3) that can be distinguished by
cell biological features, notably cell polarity32 (see
also a recent discussion about NPC nomenclature35).
NPCs that have apical junctions and thus are inserted
into the apical junctional belt and that undergo mito-
sis at the apical surface are referred to as apical pro-
genitors (APs).32 The other class of NPCs undergoes
mitosis at a nonapical, that is, basal location and are
delaminated from the apical junctional belt. These
NPCs are referred to as BPs.

Another NPC classification is based on cell line-
age (Figure 3). Primary NPCs divide to produce
(1) primary NPCs (self-renewal), (2) secondary
NPCs, and/or (3) neurons. During this process, they
undergo symmetric or asymmetric cell division. Sec-
ondary NPCs produce secondary NPCs and/or neu-
rons, undergoing symmetric or asymmetric divisions.
Prior to neurogenesis, there is only one type of pri-
mary NPC, the NECs, which belong to the APs. With
the onset of neurogenesis, the primary NPC type are
the aRGCs (which are also APs), and the secondary
NPCs comprise both APs, that is, apical intermediate
progenitor cells (aIPs), and BPs, that is, basal RGCs
(bRGCs) (for their origin in the developing ferret
neocortex, see Ref 36) and basal intermediate pro-
genitors (bIPs). Implicit in this classification is that
there are no basal primary NPCs. Although bRGCs
share some morphological features and marker
expression with aRGCs, a recent study showed that
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FIGURE 3 | Classification of neural progenitor cells in the
developing neocortex (For details, see text).
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Namba & Huttner, 2016 



Iva Kelava,  Madeline A. Lancaster 

Mouse vs human progenitor expansion 



Lui et al., Cell, 2011 

Molecular characterization of the different cell types 



(Hansen et al.,Nature, 2010) 
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Morphological transition of the radial glia 

Nowakowski et al., 2016 



The ferret: an ideal animal for studying mechanisms 
 leading to cerebral cortical gyrencephaly 

De Juan Romero et al., 2015 



Looking for genes involved in cortical folding in the ferret 

De Juan Romero et al., 2015 



Differential gene expression between splenial gyrus (SG)  
and lateral sulcus (LS) along germinal layers 
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Expression of Trnp1 in Ferret and Mouse 

Stahl et al., 2013 

Different expression 
levels between OSVZ 
and VZ/SVZ 

Tbr2 / Trnp1  Tbr1 / Trnp1 E14 - Pax6 / Trnp1 

M
ou

se
 Similar expression 

levels between SVZ 
et VZ  



Overexpression of Trnp1 in vivo Increases the Number of Apical Progenitors  
and Promotes Lateral Expansion 



Knockdown of Trnp1 In Vivo Increases the Number of Basal Progenitors  
and Promotes Radial Expansion 
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Stahl et al., 2013 
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Molecular regulation of stem cells in the developing  
cerebral cortex of gyrencephalic brains  

Virginia Fernández et al. EMBO J. 2016 
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An oRG population in the mouse 

pattern of abundance of the Pax6+Tbr2− and Pax6+Tbr2+ cells in the
E18.5medNcx (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 OSVZwere found
to be Hopx+, whereas only Pax6+Tbr2+ cells in the VZ showed Hopx
immunoreactivity in the majority of cases (Fig. 4I). With regard to the
bRGCs in the E18.5medNcx, 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. 4J), 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).

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).

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 µm radial axis
(divided into 10 bins) of rostral latNcx
(dashed blue line), rostral medNcx
(dashed magenta line), caudal latNcx
(solid blue line) and caudal medNcx
(solid magenta line). (I) Quantification
of the percentage per bin of Pax6+Tbr2−

(magenta) and Pax6+Tbr2+ (green) cells
that are Hopx+ along a 500 µm radial axis
(divided into 10 bins) of rostral (left plot)
and caudal (right plot) medNcx (20 μm
wide field). (J) Quantification of the
percentages of Hopx+ cells that are
Pax6+Tbr2− (green) and Pax6+Tbr2+

(magenta) in the indicated zones of
rostral and caudal medNcx. (H-J) Error
bars indicate s.d. Open circles in I,J
represent individual data points (n=4
embryos). (A-G) Images in A are 11 µm
merged stacks; images in B-G are single
0.6 µm optical sections. Scale bars:
50 μm in A; 20 μm in B-D,F and 10 μm
in E,G.
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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 OSVZwere found
to be Hopx+, whereas only Pax6+Tbr2+ cells in the VZ showed Hopx
immunoreactivity in the majority of cases (Fig. 4I). With regard to the
bRGCs in the E18.5medNcx, 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. 4J), 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).

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).

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 µm radial axis
(divided into 10 bins) of rostral latNcx
(dashed blue line), rostral medNcx
(dashed magenta line), caudal latNcx
(solid blue line) and caudal medNcx
(solid magenta line). (I) Quantification
of the percentage per bin of Pax6+Tbr2−

(magenta) and Pax6+Tbr2+ (green) cells
that are Hopx+ along a 500 µm radial axis
(divided into 10 bins) of rostral (left plot)
and caudal (right plot) medNcx (20 μm
wide field). (J) Quantification of the
percentages of Hopx+ cells that are
Pax6+Tbr2− (green) and Pax6+Tbr2+

(magenta) in the indicated zones of
rostral and caudal medNcx. (H-J) Error
bars indicate s.d. Open circles in I,J
represent individual data points (n=4
embryos). (A-G) Images in A are 11 µm
merged stacks; images in B-G are single
0.6 µm optical sections. Scale bars:
50 μm in A; 20 μm in B-D,F and 10 μm
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Figure 3

VZ

SVZ

CP

VZ

SVZ

CP

in the genome in the genome in the genome

expressed in NPCsexpressed in NPCsexpressed in NPCs

bIP 

N 

aRG 

bRG 

bIP 

N 

aRG 

bRG 

bIP bIP 

N 

N 

aRG aRG 

bRG bRG 

in the genome in the genome in the genome

expressed in NPCsexpressed in NPCs

in the genome (one copy) in the genome (mult. copies)

not expressed in NPCs

not expressed in NPCs

expressed in NPCs

not in the genome

not expressed in NPCs

not in the genome

not in the genome

expressed in NPCsexpressed in NPCs

in the genome

expressed in NPCs

VZ

SVZ

CP

VZ

SVZ

CP

in the genome

expressed in NPCs

PAX6,
ECM genes

ARHGAP11B

PDGFD
PDGFRβ

in the genome

TBC1D3

not expressed in NPCs

not expressed in NPCs

not expressed in NPCs

not in the genome

not in the genome

(a) (b) (c) (d)

Current Opinion in Neurobiology

Current Opinion in Neurobiology 2017, 42:33–44 www.sciencedirect.comFlorio et al.,  Florio et al., Science 2015 

Gene expression changes affecting neural progenitor cells  



that encodes a Rho GTPase activating protein (RhoGAP)
functioning as the primary GAP for RhoA during M-phase
[93]. Expression of ARHGAP11B in embryonic mouse
neocortex markedly increased symmetric BP-genic divi-
sions of aRG, BP cell-cycle re-entry, BP abundance and
SVZ thickness [35!!] (Figure 4). Moreover, ARHGAP11B
expression could induce folding of mouse neocortex.

Interestingly, ARHGAP11A did not exert an effect on
BP abundance (Figure 4).

In contrast to ARHGAP11A, ARHGAP11B does not
exhibit significant RhoGAP activity in vivo and thus
diverged from its ancestral function [35!!]. This diver-
gence has been attributed to the 26 C-terminal amino

40 Developmental neuroscience

Figure 4

ARHGAP11 partial duplication
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Current Opinion in Neurobiology

Evolution of the ARHGAP11B gene. (Top) Schematics depicting, from left to right, a model of ARHGAP11B evolution on the human lineage. First,
an ancestral ARHGAP11B gene arises from partial duplication of ARHGAP11A. Subsequently, a point mutation in this ancestral ARHGAP11B gene
introduces a novel splice donor site leading to the frame-shift and the novel human-specific C-terminal sequence, which is characteristic of
modern human ARHGAP11B (see bottom left and [35!!,94!!] for more details). The cartoons show the effect on BP amplification of modern
ARHGAP11B, but not ARHGAP11A or ancestral ARHGAP11B, as revealed by functional tests in the mouse embryonic neocortex [35!!,94!!].
(Bottom left) ARHGAP11A, ancestral ARHGAP11B and modern ARHGAP11B protein structures, showing the conserved portions of the
ARHGAP11A GAP domain (purple), and its truncation and novel C-terminal sequence (green) in modern ARHGAP11B starting at residue 221 (see
[35!!,94!!] for more details). (Bottom right) Schematic evolutionary tree showing divergence of the chimpanzee and human lineages and the
timing of ARHGAP11 duplication ("5 Mya, [35!!,92]) as well as the ARHGAP11B splice mutation, which is thought to have occurred in the time
between the gene duplication and the split of modern and archaic human lineages, all of which carry the modern version of ARHGAP11B.

Current Opinion in Neurobiology 2017, 42 :33–44 www.sciencedirect.com

Evolution of the Rho–GTPase gene ARHGAP11B 

Florio & Hutner, 2017 

to the archicortex, and in light of the fact that the
phylogenetic branches leading to the ferret and sheep,
in which bRGCs constitute a substantial proportion
of BPs,25,26,63 separated from the phylogenetic
branches leading to monkeys, apes and human about
100 million years ago, it appears that bRGCs may
well be an ancestral type of NPC. Consistent with
this notion, a recent study has shown the presence of
NPCs with bRGC-like morphology in the developing
pallium of nonmammalian vertebrates such as
birds.29 Together, these findings raise the possibility
that for neocortical expansion to occur, the crucial
parameter may not be the absence or presence of
bRGCs as such, but their abundance.26

KEY GENES FOR BP EXPANSION
Several recent studies have identified key genes respon-
sible for BP expansion, by focusing on differences
between primate and rodent BPs as revealed
by genomics and transcriptomics. Thus, transcriptomic
studies have identified genes differentially expressed
between mouse and human NPCs or germinal
zones.37,92–94 Here, we concentrate on two such stud-
ies, which also comprise in-depth functional analyses
of the respective genes in neocortical development.

The first study to be discussed concerns
platelet-derived growth factor (PDGF) signaling.
Comparative transcriptomics of proliferative aRGCs
and nbIPs from mouse embryonic neocortex had
pointed to a potential role of PDGF signaling in NPC
proliferation.95 Indeed, a recent study has provided
compelling evidence for a role of human PDGFD and
PDGF receptor β (PDGFRβ).92,93 Specifically, in the
fetal human neocortex, PDGFD and PDGFRB are
prominently expressed in the VZ and SVZ.92,93

PDGF was originally identified as a mitogen for
fibroblasts and smooth muscle cells (reviewed in Ref
96) and shown to be also involved in tumor growth
and metastasis (reviewed in Ref 97). PDGFD is the
most recently identified PDGF family member.98,99

PDGFD binds to the homodimer of PDGFRβ or the
heterodimer of PDGFRα/β and activates several
downstream signaling pathways (reviewed in Ref
97). In organotypic slice culture of fetal human neo-
cortex, inhibition of PDGFRβ by chemical inhibitors
decreased the proliferation of SOX2-positive aRGCs
and bRGCs and of TBR2-positive BPs.93 Conversely,
ectopic expression of a constitutively active form of
PDGFRβ in mouse embryonic neocortex induced
NPC proliferation and an increased appearance of
SOX2-positive bRGCs. It remains to be established
whether the latter reflected an increased proliferation

of bRGCs or an increased delamination of aRGCs.
Interestingly, a previous study showed that PDGFD
promotes the epithelial-mesenchymal transition
(EMT) of cancer cells.100 Because the generation of
BPs, notably their delamination, shares certain fea-
tures with EMT,101 the role of PDGFD-PDGFRβ sig-
naling in BP generation and amplification in
developing human neocortex may well involve EMT-
related processes.

The second study to be discussed examined dif-
ferentially expressed genes in the various cell types
isolated from human and mouse developing neocor-
tex.37 One gene was found to be highly expressed in
fetal human aRGCs and bRGCs but not human neu-
rons, nor in any cell type of embryonic mouse neo-
cortex (Figure 5). This gene, ARHGAP11B, is
human-specific and arose from a partial gene dupli-
cation of the ubiquitous gene ARHGAP11A.102

ARHGAP11B is not present in the chimpanzee
genome but found in the Neanderthal and Denisovan
genomes, consistent with the partial gene duplication
having occurred just after the divergence of the
human lineage from the chimpanzee lineage.102–105

Ectopic expression of ARHGAP11B in embryonic
mouse neocortex increased the number of prolifera-
tive BPs and was able to induce gyrification of the
neocortex.37 The molecular function of ARH-
GAP11B is still unclear. Being a Rho GTPase activat-
ing protein (GAP), ARHGAP11A has been
implicated in the regulation of cell proliferation
through its effects on RhoA activity106–108 (Figure 5).
ARHGAP11B has virtually the same amino acid
sequence as ARHGAP11A until residue 220, with
this N-terminal region comprising most, but not all,

RhoA-GTP

RhoA-GTP New functions?

RhoA GAP activity

No RhoA GAP activity

ARHGAP11A

ARHGAP11B

1

1

46 246

220 267 aa
unique sequence

GAP
1023 aa

FIGURE 5 | ARHGAP11B. Cartoon showing key differences
between ARHGAP11A and ARHGAP11B. ARHGAP11A contains a
complete RhoGAP domain (magenta) and exhibits RhoGAP activity
toward RhoA. In contrast, ARHGAP11B, due to a frame shift-causing
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tissues, which could survive indefinitely (currently up to 10 months)
when maintained in a spinning bioreactor. Histological and gross
morphological analysis revealed regions reminiscent of cerebral cortex,
choroid plexus, retina and meninges (Fig. 1c, d and Extended Data Fig. 1b).
Notably, tissues typically reached a size limit, probably because of the
lack of a circulatory system and limitations in oxygen and nutrient
exchange. Consistent with this, extensive cell death was visible in the
core of these tissues (Extended Data Fig. 1c), whereas the various brain
regions developed along the exterior. Furthermore, cerebral organoids
could be reproducibly generated with similar overall morphology and
complexity from both human embryonic stem (ES) cells and iPS cells
(Extended Data Fig. 1d, e).

Cerebral organoids display discrete brain regions
Brain development in vivo exhibits a striking degree of heterogeneity
and regionalization as well as interdependency of various brain regions.
Histological analysis suggested that human cerebral organoids might
similarly display heterogeneous brain regions. To examine this further,
we first tested the efficiency of initial neural induction in these tissues
by performing reverse transcriptase PCR (RT–PCR) for several markers
of pluripotency and neural identity (Extended Data Fig. 2a). As expected,
pluripotency markers OCT4 (also known as POU5F1) and NANOG
diminished during the course of organoid differentiation, whereas
neural identity markers SOX1 and PAX6 were upregulated, indicating
successful neural induction.

To test for early brain regionalization in whole organoids, we per-
formed RT–PCR for forebrain (FOXG1 and SIX3) and hindbrain
(KROX20 (also known as EGR2) and ISL1) markers (Fig. 2a), reveal-
ing the presence of both populations within the tissue. However, as
tissue development proceeded, forebrain markers remained highly
expressed whereas hindbrain markers decreased, reminiscent of the

developmental expansion of forebrain tissue during human brain
development25.

In order to test whether cells with these brain region identities deve-
loped as discrete regions within the organoids, as gross morphology
would suggest, or were randomly interspersed within the tissue, we
performed immunohistochemical staining for markers of forebrain,
midbrain and hindbrain identities during early development of these
tissues (16 days; Fig. 2b and Extended Data Fig. 2b). PAX6 expression
revealed several regions of forebrain identity, and OTX1 and OTX2
expression marked forebrain/midbrain identity. These regions were
located adjacent to regions that lacked these markers but that were
positive for hindbrain markers GBX2, KROX20 and PAX2, which was
reminiscent of the early mid–hindbrain boundary, suggesting similar
regional communication and probably mutual repression.

In vivo brain development involves increasing refinement of regional
specification. Therefore, we examined further-developed cerebral orga-
noid tissues for regional subspecification. We performed staining for
the forebrain marker FOXG1 (Fig. 2c), which labelled regions display-
ing typical cerebral cortical morphology. Many of these regions were
also positive for EMX1 (Fig. 2d), indicating dorsal cortical identity. We
also tested for further subregionalization by staining for cortical lobe
markers, namely AUTS2, a marker of prefrontal cortex26 (Fig. 2e); TSHZ2,
a marker of the occipital lobe26 (Extended Data Fig. 2c); and LMO4,
a marker of frontal and occipital lobes but absent in parietal lobes26

(Extended Data Fig. 2c). These markers could be seen in neurons label-
ling distinct regions of dorsal cortex, suggesting subspecification of
cortical lobes.
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Figure 1 | Description of cerebral organoid culture system. a, Schematic
of the culture system described in detail in Methods. Example images of each
stage are shown. bFGF, basic fibroblast growth factor; hES, human embryonic
stem cell; hPSCs, human pluripotent stem cells; RA, retinoic acid.
b, Neuroepithelial tissues generated using this approach (left) exhibited large
fluid-filled cavities and typical apical localization of the neural N-cadherin
(arrow). These tissues were larger and more continuous than tissues grown in
stationary suspension without Matrigel (right). c, Sectioning and
immunohistochemistry revealed complex morphology with heterogeneous
regions containing neural progenitors (SOX2, red) and neurons (TUJ1, green)
(arrow). d, Low-magnification bright-field images revealing fluid-filled cavities
reminiscent of ventricles (white arrow) and retina tissue, as indicated by retinal
pigmented epithelium (black arrow). Scale bars, 200mm.
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Figure 2 | Human cerebral organoids recapitulate various brain region
identities. a, RT–PCR for forebrain markers (FOXG1 and SIX3) and hindbrain
markers (KROX20 and ISL1) at 12, 16 and 20 days of differentiation. Human
fetal brain complementary DNA was used as positive control.
b, Immunohistochemistry in serial sections for the forebrain marker PAX6
(red, left) and the hindbrain markers KROX20 (green, left) and PAX2 (red,
right) at 16 days of differentiation. Note the juxtaposition reminiscent of the
mid–hindbrain boundary (arrows). DAPI (49,6-diamidino-2-phenylindole)
marks nuclei (blue). c–i, Staining for various brain region identities: forebrain,
FOXG1 (c); dorsal cortex, EMX1 (d); prefrontal cortex (note the discrete
boundary, arrow), AUTS2 (e); hippocampus, NRP2, FZD9, PROX1 (f); ventral
forebrain, NKX2-1 (g) and choroid plexus, TTR (i). g, Staining for adjacent
ventral (arrow) and dorsal (PAX6, arrowhead) forebrain and for calretinin
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Scale bars, 100mm.
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cortex in the embryonic brain and produces

multiple signalling molecules including

WNTs and BMPs, acts as an important

signalling centre in patterning of the adja-

cent forebrain tissue (Caronia-Brown et al,

2014; Fig 1A and B). Several organoids

contained tissue sandwiched between

choroid plexus and cerebral cortex, express-

ing the cortical hem marker LMX1A.

Remarkably, this tissue also expressed

signalling molecules, including WNT2B in a

narrow strip and BMP6 in a broader terri-

tory, which is also seen in the cortical hem

of mouse embryos (Fig 1A). This finding

raises the exciting possibility that hem-like

signalling centres participate in the self-

organisation of COs by patterning adjacent

tissues. The authors also suggest that signal-

ling molecules produced by these centres

might contribute to CO expansion, as

reported for the hem in vivo (Caronia-Brown

et al, 2014). The pallial–subpallial boundary
(PSPB) also produces signalling molecules

in the embryonic forebrain (Fig 1A and B)

and is proposed to act as a signalling centre

during forebrain development. The finding

that COs contain TBR2+ cortical tissue abut-

ting GSX2+ ganglionic eminence tissue there-

fore suggests that signalling centres other

than the hem might be generated in COs and

contribute to their extensive tissue diversity.

To further investigate the relationships

between different brain regions, Renner and

Lancaster et al made COs transparent and

performed 3D image reconstitution. This

revealed that COs contain ventricular

networks that are lined by a continuous

neuroepithelium and connect different brain

regions. Thus, molecules produced by

signalling centres could act not only locally

but also over long distances by travelling

across the COs via the ventricular network.

Focusing on cortical regions, the authors

asked whether these territories in COs

produce the same range of cell types and in

the same temporal order as in the cerebral

cortex in vivo. They found that Cajal-Retzius

cells, deep layer neurons and superficial

layer neurons are indeed present and

produced sequentially, similarly to the

cortical development in vivo. Moreover,

organoids produce both astrocytes and

oligodendrocytes, and both neurons and

glial cells acquire morphologies characteris-

tic of mature cells.

Variability between experiments and

between organoids in the same experiment

is a concern that is often voiced but has not

been rigorously documented. Renner and

Lancaster et al have now addressed this

issue by systematically analysing 104 orga-

noids generated in 22 separate experiments.

Four of the experiments generated large
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Figure 1. Regional patterning of developing brain is recapitulated in organoids.
(A) Coronal section of the developing mouse telencephalon (reviewed in Martynoga et al, 2012) showing gene expression patterns for markers used by Renner and Lancaster
et al to define regional identities in human cerebral organoids (Renner et al, 2017). PSPB, pallial-subpallial boundary; LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence. (B) Signalling centres in the mouse telencephalon. Wnt and bone morphogenetic proteins are secreted by a dorso-medial organising centre, the cortical
hem (blue). The PSPB (orange) is a candidate signalling centre expressing several soluble factors, including a WNT inhibitor and FGF, EGF and NRG family ligands. Signals
emerging from other forebrain signalling centres are not represented. (C) Diagram of different regions identified by Renner and Lancaster et al in concurring and/or different
cerebral organoids and recapitulating forebrain patterning. PAX6 and TBR2 identify the ventricular and subventricular zones of the cerebral cortex. The choroid plexus (CP) is
defined by its characteristic morphology and expression of TTR and LMX1A. A cortical hem-like structure, identified by its location between cortical and CP tissue and
expression of LMX1A, displays a narrow stripe of WNT2B expression that overlaps with a more diffuse domain of BMP6 expression. Hippocampus is recognised by co-
expression of PROX1, FZD9 andNRP2 and cortical markers PAX6 and TBR2. A sharp interface between TBR2-expressing cortex and GSX2-expressing ganglionic eminencemarks
the presence of a PSPB-like region. Co-expression of GSX2 and DLX2 marks the LGE and NKX2.1 expression marks the MGE.
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and functionality that have previously been extremely
difficult to study. Beyond this, however, the fundamental
and unique value of these systems rests on the fact that,
albeit reductionist in nature, they are the only systems
that can model human genetic states that can only be
studied in the context of the entire human genome, and
which thus by definition cannot be modeled in traditional
animal models.

The polygenic nature of many prominent neurodevelop-
mental and neuropsychiatric diseases offers a prime
example. Large structural rearrangements and polygenic
states associated with human neurodevelopmental dis-
orders cannot be feasibly engineered into animal models,
but can be modeled with engineered or patient-derived
PSC lines. Given this need and value, it is important to
focus on the current state of these in  vitro systems, and the
types of biological events that they can reliably model,
and zoom in on the challenges that currently preclude
more complex investigations.

Which aspects of human brain development and disease
can we successfully model with the current 3D brain
organoid protocols? Organoids generated with current
methods are amenable to modeling cellular features of
human brain development and disease, but less so for
complex phenomena such as establishment of functional
connectivity, or complex multicellular processes, like
synaptic pruning and plasticity (Figure 1).

In the last few years, several groups have applied orga-
noids to studying early stages of human brain develop-
ment, such as progenitor biology and disease. For exam-
ple, cerebral organoids have been used to model

CDK5RAP2 mutations, previously shown to impact pro-
liferation of neural progenitors [10,11], and known to
cause microcephaly in human patients [21,22] but not
in mice [23]. In line with the human disease phenotype,
organoids generated from CDK5RAP2 mutant PSC lines
showed altered spindle orientation of radial glial cells,
smaller size, and decreased size of neuroepithelial regions.

Brain organoids have been also used to model Zika virus
infection, which has been reported to result in a decrease
in overall organoid size [24 ], and in the number of
progenitor cells and neurons, due to apoptosis [25].
Mechanistic insight into the effect of Zika virus has been
provided by Dang et al. [26 ], who have shown that Toll
like-Receptor 3 (TLR3) was upregulated in brain orga-
noids following infection with Zika virus, and that TLR3
inhibition partially rescued Zika-induced organoid
shrinkage and apoptosis.

Remarkably, organoids allow modeling of the function of
outer radial glia cells, a cell type important for the
evolution and function of the cortex of gyrencephalic
primates [27,28 ], but which are virtually absent from
the rodent cortex [29 ]. These cells are generated in
human brain organoids, and their molecular signature
and mitotic behavior have been recently analyzed in
3D systems [30!!]. Defects in mitosis of outer radial glial
cells have been reported by Bershteyn and colleagues
[30!!], who used cerebral organoids generated from iPSCs
derived from individuals affected by Miller–Dieker syn-
drome (MDS) to model cellular features of lissencephaly.
Defects in division of radial glial cells have also been
detected by a second group working on brain organoids
generated from individuals with MDS [31].

Modeling human brain development in 3D organoids Quadrato and Arlotta 49
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With current in vitro protocols, each brain organoid generates a variable number of neural-tube like neuroepithelial structures which then
contribute to organoid-to-organoid variability in the production of forebrain cell types. Organoids generated with current methods allow modeling
of cellular features of human cortical brain development and disease. However, complex phenomena such as establishment of functional
connectivity will require the establishment of new methods based on the use of advanced biomaterials and controlled spatiotemporal delivery of
patterning factors, to guide the differentiation of neuroepithelial cells into a single neural-tube like structure.
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allow for the investigation of synaptic and circuit-level dysfunctions 
that are hallmarks of many psychiatric illnesses.

There is no obvious, trivial solution to the problem of organoid 
maturation, but it is likely that longer culturing periods, incorporation 
of later patterning steps and the induction of neuronal activity will 
foster this process. Protocol modifications that enable the develop-
ment of more mature organoids are also likely to enrich the diversity 
of cell types produced, and possibly, favor connectivity among distinct 
brain regions, which in turn, much as in the embryo, could favor 
further fate specification and maturation. Engineered systems for the 
perfusion of media throughout the organoid to facilitate oxygenation 
and nutrient distribution will also be of prime importance in achiev-
ing greater maturity by preventing cell death at the center of older 
organoids and enabling size increases.

Studies of patients and rodent models have indicated that synaptic 
dysfunction and abnormal synaptic pruning are associated with psy-
chiatric illness, especially schizophrenia80. The key developmental 
roles known for microglia, particularly in synaptic pruning81, indi-
cate a need to incorporate this cell type into future organoid models.  
In the embryo, microglia originate from the yolk sac and invade 
the developing CNS as early as embryonic day 9.5 in the mouse82. 
Because of their different embryonic origin, microglia are missing 
from most iPSC-derived brain models83. Protocols for the genera-
tion of microglia from human iPSCs have recently been developed84, 
which could potentially enable human microglia (with or without risk 
variants of interest) to be incorporated into organoids at early stages of  
differentiation. A recent study supports the feasibility of this type of 
approach85. Enhanced maturation of neurons in 3D might also favor 
the formation of dendritic spines, areas of synaptic contact that are 
a structural trait of more mature neurons, which have been difficult 
to generate in culture. Incorporating microglia into developing orga-
noids might enable first-time modeling of events such as abnormal 
pruning of synapses and dendritic spines.

It is assumed that protocols that generate exogenously patterned 
3D spheroids or organoids might allow for higher organoid-to-orga-
noid reproducibility than 3D self-patterned whole-brain organoids, 
although there is as of yet no experimental data that compares orga-
noids generated by each method in detail (i.e., beyond tissue histology 
and immunohistochemical analysis of selected marker genes). It is, 
however, safe to assume that reproducibility is a current limitation 

of all 3D models, and that increased regional and cellular diversity 
and longer periods of growth and development will be inversely  
correlated with reproducibility. Addressing this central problem  
will be fundamental for the downstream application of organoids 
to high-throughput phenotypic and therapeutic screening. Next- 
generation protocols that spatially and temporally control the  
application of patterning signals might lead to more reproduc-
ible tissue architecture and cellular composition. Future models 
might also incorporate fluorescent reporters, introduced into the 
starting iPSCs, that mark specific regions in organoids for ease of  
identification and selection.

As with all iPSC-derived culture models, organoids can be pro-
duced in large quantities and are amenable to high-throughput down-
stream analysis. Advances in technology suggest that future avenues of 
research could include imaging-based screens, large-scale molecular 
characterization and high-throughput electrophysiological analysis. 
The implementation of reporter lines in which specific cell types are 
fluorescently labeled will facilitate cell isolation, molecular profiling 
of specific classes of cells and imaging of cells and circuits. The physi-
ology of neurons and circuits can also be studied using techniques 
amenable to high-throughput pipelines, such as all-optical electro-
physiology86, calcium imaging87 and high-density, multi-electrode 
array recording88. Combination of these multifaceted analyses will 
generate an unprecedented wealth of data from both control orga-
noids and those derived from patients with disorders or that are engi-
neered to carry disease variants. Despite the real challenges involved 
in the collection, mining and storage of ‘big data,’ it is likely that a 
systems-level analysis of data sets spanning multiple modes of analysis 
will be required to understand the neurobiology of neuropsychiatric 
diseases and to inform next-generation therapeutics.

Conclusions
It is not surprising that much excitement is currently being generated 
around the development of next-generation in vitro models of the 
human brain with the promise of exploring the complex neurobiol-
ogy of neuropsychiatric disorders in the dish. Although much work 
remains to be done to understand the value of 3D cellular systems, 
it is likely that over the next few years, we will witness an increase 
in the use of 3D brain organoid and spheroid models to analyze the  
effects of specific risk alleles and human genetic backgrounds on brain  
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The nomenclature for these models is currently somewhat incon-
sistent; in this Perspective, we will preferentially use the term ‘orga-
noid’ to describe models that rely at least in part on principles of 
self-instructed organization and morphogenesis.

The serum-free embryoid bodies (SFEB) method40, and its later 
‘quick’ version (SFEBq)41, a particularly influential iPSC-derived  
3D model of the developing dorsal forebrain, was developed through 
modifications to the earlier rosette culture paradigm29 and the  
serum-free neural-induction protocol42. This protocol combines 
self-organization with patterning factors to favor the development of 
dorsal forebrain structures, including a polarized dorsal neuroepi-
thelium, putative intermediate progenitors of the cerebral cortex and 
distinct types of cortical excitatory neuron. Further improvements 
to this protocol led to the generation of dorsal forebrain (cortical) 
organoids that were grown exclusively in suspension to promote more 
protracted development35. This system successfully generates more 
mature cortical tissue that, in addition to containing a dorsalized 
neuroepithelium and subtypes of excitatory neuron that are correctly 
organized into a cortical plate-like structure, also contains a more 
diverse pool of progenitors that notably include outer radial glia cells 
(oRGCs) typical of the human, but not the rodent, cortex.

Further protocols have been developed to streamline production 
and increase the reproducibility of 3D models. A method employing 
simplified culture conditions and scaffold-free growth was developed 
to generate cortical spheroids containing dorsal forebrain excitatory 
neurons43. This entirely 3D culture model includes a stage of neural-
progenitor expansion after patterning that favors the production of 
nonreactive astrocytes, cells that normally develop after the bulk of 
neurogenesis is complete, which perhaps suggests increased tissue 

maturation. Methods starting with 3D suspension cultures of initial 
hiPSCs have also been shown to improve control over the size and 
shape of neuronal spheroids44. This was applied to the production of 
a variety of neuronal types, including dorsal forebrain neurons and 
spinal cord motor neurons. Notably, arrays of miniaturized spinning 
bioreactors have recently been designed that allow for the culture 
of forebrain organoids in a small volume of media34. This approach 
improved oxygen diffusion through the tissue, resulting in reduced 
apoptosis as compared to stationary culture, while also permitting the 
standardization of culture conditions and enhanced reproducibility. 
Because of their enhanced reproducibility, their greater control over 
organoid size and shape and their scalability, these culture models are 
substantial steps toward downstream applications such as phenotypic 
and therapeutic screening using 3D systems.

Although many models have focused on generating tissue of the 
cerebral cortex, organoid models of other regions of the human brain 
have also been developed. 3D models of developing hippocampus45, 
midbrain34,46, hypothalamus34 and cerebellum47 have also been  
generated. Given that mental illnesses affect multiple parts of the 
brain, these systems might prove to be valuable for modeling dysfunc-
tion across different brain regions.

In all of these models, external patterning signals are provided to 
the cultures to favor the formation of specific brain regions, increas-
ing reproducibility and providing better control over the types of cells 
produced, both of which are crucial for future application of these 
systems to the modeling of disease and screening of therapeutic com-
pounds. A major limitation of these systems, however, is evident when 
trying to model parts of the brain that contain cells that originate from 
different brain regions. For example, the excitatory and inhibitory  
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Malformations of the human cortex represent a major cause 
of disability1. Mouse models with mutations in known causal 
genes only partially recapitulate the phenotypes and are 
therefore not unlimitedly suited for understanding the molec-
ular and cellular mechanisms responsible for these condi-
tions2. Here we study periventricular heterotopia (PH) by 
analyzing cerebral organoids derived from induced pluripotent 
stem cells (iPSCs) of patients with mutations in the cadherin 
receptor–ligand pair DCHS1 and FAT4 or from isogenic knock-
out (KO) lines1,3. Our results show that human cerebral organ-
oids reproduce the cortical heterotopia associated with PH. 
Mutations in DCHS1 and FAT4 or knockdown of their expres-
sion causes changes in the morphology of neural progenitor 
cells and result in defective neuronal migration dynamics only 
in a subset of neurons. Single-cell RNA-sequencing (scRNA-
seq) data reveal a subpopulation of mutant neurons with dys-
regulated genes involved in axon guidance, neuronal migration 
and patterning. We suggest that defective neural progenitor 
cell (NPC) morphology and an altered navigation system in a 
subset of neurons underlie this form of PH.

Mammalian neocortical development represents a highly 
orchestrated process that depends on the precise generation, migra-
tion and maturation of neurons. The importance of a coordinated 
sequence is underlined by the conditions with its disruption: mal-
formation of cortical development. PH represents one of the most 
common forms of these disorders and is characterized by hetero-
topic neurons lining their sites of production. Patients with PH 
typically present with intellectual disability, and this is frequently 
associated with epilepsy4–10. The identification of mutations in the 
protocadherins DCHS1 and FAT4 put the spotlight on defects in 
NPCs as a causal mechanism of the condition. Here we explore 
the functions of DCHS1 and FAT4 in the developing cortex using 
human iPSC-derived NPCs, neurons and cerebral organoids.

We first reprogrammed fibroblasts from control individuals 
and patients with PH who carry mutations in DCHS1 or FAT4 
into iPSCs (Extended Data 1a,b). Specifically, fibroblasts were  

collected from two different previously characterized patients1,3: one 
was compound heterozygous for mutations in the FAT4 gene and 
one homozygous for mutation in the DCHS1 gene. Additionally, 
to control for differences due to the different genomic background 
in the patients, we generated KO iPSC lines for both genes using 
CRISPR–Cas9 genome editing in control iPSCs. We programmed 
the iPSCs toward NPCs and neurons in two-dimensional (2D) cul-
ture and generated three-dimensional (3D) cerebral organoids11 
(Extended Data 1c,d). Using in situ hybridization, we identified 
that both genes were expressed in the periventricular structures of 
cerebral organoids and neurons (Extended Data 1e–hʹ), a pattern 
consistent with that detected in mouse and human1,12. These find-
ings were confirmed by scRNA-seq of cells derived from cerebral 
organoids, where the expression of DCHS1 and FAT4 was found in 
both progenitors and neurons (Extended Data 1i,j).

To investigate whether PH is recapitulated within cerebral organ-
oids (Extended Data 1k,l), we scrutinized ventricular zone struc-
tures for such phenotypes. In control organoids, a clear distinction 
of the neuronal (MAP2+ cells or NEUN+ cells) layer from the ger-
minal zone (PAX6+ cells) was identified (Fig.1a,d, Extended Data 
2a,e,h and Extended Data 3g,k). Organoids derived from mutant 
or KO iPSC lines exhibited a significant number of neuronal nod-
ules at ventricular positions (Fig.1a–c, Extended Data 2e–j, and 
Extended Data 2l–lʹʹʹ). In addition to this neuronal heterotopia-like 
phenotype, mutant and KO organoids presented poorly organized 
germinal zones (Fig.1d,e and Extended Data 2d). This feature was 
especially apparent in germinal zones of FAT4-mutant organoids, 
with most not showing evident separation of the neuronal band 
from the germinal zone, with neurons intruding in most cases. In 
the case of DCHS1-mutant or knockdown organoids, performed 
via electroporation of specifically designed microRNAs (miRNAs) 
that target the human gene (Extended Data 2k), clusters of neu-
rons were found within the germinal zones where NPC processes 
where disrupted (Fig.1f–fʹʹʹ and Extended Data 2l–lʹʹʹ). Although 
DCHS1-mutant organoids displayed clearer separations between 
the germinal zones and neuronal layer, the neurites showed an 
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expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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expense of ventricular zone signatures (Fig. 2b,d and Extended 
Data 3o). This finding supports the observed morphological 
changes in mutant progenitors, which prematurely delaminate, 
typical of more-differentiated basally located progenitors (Fig. 
1f–o, Extended Data 2l–lʹʹʹ and Extended Data 4). Consistent with 
these findings, more differentiated neurons were found in mutant 
organoids compared with control organoids in each experiment 
(Fig. 2b and Extended Data 3p). We further validated these results 
by analyzing the proportion of proliferating and differentiated cells 
in patient-derived cerebral organoids by means of FACS analysis 

(KI67, cycling progenitors; DCX, newborn neurons) from whole 
organoids (Extended Data 3q–s).

We also aimed at specifically characterizing the migration abili-
ties of neurons with defective DCHS1 or FAT4. To this end, we 
electroporated control organoids with specific miRNAs targeting 
DCHS1 or FAT4. 7 d later, we tracked the migratory behavior of the 
electroporated neurons via time-lapse imaging in 300-μm-thick 
slices of the organoids with preserved 3D structure (Fig.3a–c). We 
measured speed of migration (velocity), time neurons spend with-
out moving (resting time points) and ability to move in a straight 
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Mutations in the cadherin receptor-ligands pair DCHS1 and FAT4 cause  
neuronal heterotopia and abnormal morphology of NPC in cerebral organoids  
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