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DEVELOPMENTAL NEUROSCIENCE
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The neocortex is stereotypically organized into layers of excitatory neurons arranged in a precise parallel orienta-
tion. Here we show that dynamic adhesion both preceding and following radial migration is essential for this or-
ganization. Neuronal adhesion is regulated by the Mowat-Wilson syndrome-associated transcription factor Zeb2
(Sip1/Zfhx1b) through direct repression of independent adhesion pathways controlled by Neuropilin-1 (Nrp1)
and Cadherin-6 (Cdh6). We reveal that to initiate radial migration, neurons must first suppress adhesion to the
extracellular matrix. Zeb2 regulates the multipolar stage by transcriptional repression of Nrp7 and thereby
downstream inhibition of integrin signaling. Upon completion of migration, neurons undergo an orientation
process that is independent of migration. The parallel organization of neurons within the neocortex is controlled
by Cdh6 through atypical regulation of integrin signaling via its RGD motif. Our data shed light on the mecha-
nisms that regulate initiation of radial migration and the postmigratory orientation of neurons during neo-

cortical development.

INTRODUCTION
The neocortex regulates higher brain functions including cogni-
tion, language, and voluntary movement. The most abundant neu-
ronal cell type in the neocortex is the pyramidal excitatory neuron,
organized in stereotypic six layers. These neurons are precisely po-
sitioned within these layers, so that apical dendrites extend parallel
to each other and perpendicular to the pia. This strict arrangement
allows spatial compartmentalization of connectivity to both differ-
ent layers and to distinct portions of the dendritic arbor. For exam-
ple, long-range cortico-cortical input to layer II/III [upper layer
(UL)] neurons occurs primarily onto distal portions of the apical
dendrites, while short-range input from layer IV and the neighbor-
ing layer is primarily made onto basal dendrites (I). Alterations in
neocortical cytoarchitecture or morphological deficits in dendritic
arborizations of excitatory neurons are tightly associated with cog-
nitive impairment (2-4). Despite the importance of acquiring pre-
cise anatomical and functional organization within the neocortex,
the molecular mechanisms involved are not fully understood.
During early neurogenesis [embryonic day 11 (E11)], postmitotic
neurons migrate mainly through somal translocation to form the
preplate (5). This transient structure is split into subplate and mar-
ginal zone (MZ) by the subsequent migration of neurons, the first of
which form the deepest layer (layer VI) of the cortical plate (CP).
Subsequently born neurons must migrate past the earlier generated
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neurons to form more superficial layers, thereby building up the CP
in an inside-out fashion (6). During this process, newborn neurons
first adopt a multipolar morphology in the subventricular zone
(SVZ) characterized by multiple processes (7). This multipolar
stage can last up to 24 hours, after which neurons acquire a bipolar
morphology, attach to radial glial fibers, and move along these fi-
bers toward the MZ (8-10). After detachment from the radial glia
fiber at the MZ, neurons undergo terminal somal translocation to
reach their final position and subsequently initiate dendritic arbor-
ization (3, 5, 8, 11).

Many questions concerning this complex behavior of develop-
ing cortical neurons remain to be answered. What is the reason for
the initial multipolar state and what determines when neurons start
radial migration? Does neuronal polarity or other spatial informa-
tion acquired before or during radial migration direct their final
parallel orientation after detachment from radial fibers? Or do
neurons undergo an independent reorientation process after com-
pletion of migration?

Heterozygous mutations in the gene encoding the transcriptional
repressor ZEB2 (Zinc finger E-box-binding homeobox 2, also
known as ZFHX1B or SIP1) are reported to cause Mowat-Wilson
syndrome, a human condition characterized by severe intellectual
disability, distinct facial features, and seizures (12). Zeb2 expression
in the neocortex coincides with the appearance of postmitotic neu-
rons from E12.5 onward and remains high in the CP throughout
adulthood (13-15). Studies using Zeb2-deficient mice have addressed
the cellular mechanisms underlying some of these congenital de-
fects. These include analysis of the deficiencies in neural crest cell
development that result in altered craniofacial structures (16, 17)
and in defective development of the enteric nervous system (18), as
well as of the disturbances in axonal outgrowth and myelination
that may underlie agenesis of the corpus callosum observed in some
Mowat-Wilson patients (19). Zeb2 has also been shown to regulate
the correct proportion of pyramidal neurons and glia by controlling
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the onset of generation of UL neurons (14) and early hippocampal
development (13). However, the role of Zeb2 in the establishment
of neocortical cytoarchitecture or dendritic arborization has not yet
been addressed.

Here, we show that organization of UL neurons in the neocor-
tex, including their position, final orientation, and dendritic arbor-
ization, is regulated by dynamic changes in adhesive properties,
under the master control of Zeb2. Specifically, we show that Zeb2-
mediated repression of Neuropilin-1 (Nrpl) and the consequent
suppression of downstream integrin-mediated adhesion are neces-
sary for UL neurons to timely initiate radial migration. This path-
way also controls the complexity of the dendritic arbor. In addition,
we demonstrate that a second Zeb2-regulated pathway involving
the cell adhesion receptor, Cadherin-6 (Cdhé), is required for the
correct orientation and final positioning of UL neurons within the
neocortex. Last, we show that Cdh6 regulates neuronal orientation
through the Cdh6 integrin-binding arginine-glycine-aspartic acid
(RGD) motif.

RESULTS

The onset of radial migration is controlled by Zeb2

Radial migration of UL neurons to their correct laminar position is
an essential step for the organization of the neocortex. Multiple
neocortical defects associated with aberrant neuronal migration,
including microcephaly, cortical dysplasia, heterotopias, pachygyria,
and polymicrogyria, have been observed in Mowat-Wilson syndrome

patients (20, 21). We therefore addressed whether Zeb2 regulates
the positioning of neurons in the neocortex, by conditionally
mutating Zeb2 in postmitotic neurons of the dorsal telencephalon. This
was achieved through crosses between a floxed Zeb2 line [Zeb2";
(22)] and the NexI"®* mouse line [also called Neurod6“"; (23)]. UL
neurons were labeled by in utero electroporation (IUE) of green flu-
orescent protein (GFP) at E14.5 and analyzed 4 days later at E18.5
(Fig. 1, A to C). At this time point, most neurons in the wild-type
(WT) brains have completed migration and were found in the up-
per cortical layers (bin 1; Fig. 1, B and C). In Zeb2-deficient mice,
however, a substantial number of GFP™ cells were found accumulated
in deeper layers of the developing cortex (Fig. 1, B and C). Zeb2-
deficient displaced neurons retained expression of the UL-specific
marker Satb2 and lacked expression of the deep layer marker Ctip2,
suggesting that loss of Zeb2 function does not alter the cell identity
of UL neurons (fig. S1, A and B).

In the cerebral cortex, Zeb2 can act cell intrinsically and extrin-
sically (24). To test whether the observed lamination deficits are due
to the cell-intrinsic loss of Zeb2 function in UL neurons, we carried
out mosaic deletion of Zeb2 by IUE of GFP and a plasmid encoding
Cre recombinase under the postmitotic Neurod1 promoter (Cre),
into the developing cortex of E14.5 Zeb2"" mice. This approach in-
duces Zeb2 deletion in a subset of UL neurons embedded in the WT
tissue environment. In keeping with our previous observations,
Neurod1-Cre-mediated mutation of Zeb2 in UL neurons led to the
aberrant localization of these cells to deeper neocortical layers at E18.5
(Fig. 1, D to F, compared to Fig. 1, A to C). Mislocalization of late-born
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Fig. 1. Zeb2 promotes the onset of radial migration. (A to C) Loss of Zeb2 causes laminar displacement of UL neurons. (A) Control (ZebZﬂ/ﬂ) and Zeb2-deficient (Zebzﬂ/ﬂ

N eXCre)

littermate animals were in utero electroporated at E14.5 with a GFP expression construct and analyzed at E18.5. (B) Representative images of GFP* neurons in neocortical

slices. Scale bar, 100 um. (C) Laminar distribution of GFP* cells in each cortical bin. The division of the neocortex into five equally sized bins is shown on the right. N=12
Zeb2™ and 5 Zeb 2™ Nex“™ animals. Two-way analysis of variance (ANOVA) with Bonferroni post hoc test. (D to F) Zeb2 regulates laminar position in a cell-intrinsic fashion.
(D) Zeb2™" animals were in utero electroporated at E14.5 with GFP in the presence or absence of Cre recombinase expressed under the postmitotic promoter Neurod1
(Cre) and analyzed at E18.5. (E) Representative images of GFP* neurons in neocortical slices. Scale bar, 100 um. (F) Laminar distribution of GFP* neurons invivo. N=11
control and 6 Cre-expressing brains. Two-way ANOVA with Bonferroni post hoc test. (G) Morphology of GFP* neurons in the CP, intermediate zone (1Z), or SVZ as indicat-
ed, at E18.5. Scale bar, 100 um. (H) Number of neurites per cell for GFP* neurons in the SVZ at E18.5. N'= 15 per condition. Unpaired t test. KO, knockout; WT, wild type.
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neurons upon loss of Zeb2 is thus a cell-intrinsic effect, indepen-
dent of Zeb2 functions in other cell types or in earlier born neurons.

A closer inspection of the SVZ of Zeb2-deficient (Zeb2™" Neuro-
dl Cm) brains at E18.5 showed that Zeb2-deficient neurons accumu-
lated here displayed multipolar morphologies that lacked clear
polarity as compared to the few control counterparts still present in
this region at this time point (Fig. 1, G and H, and fig. S1, Cand D).
On the other hand, Zeb2-deficient neurons that managed to prog-
ress into the intermediate zone, a transit region of migrating neu-
rons en route to the CP, had a relatively normal bipolar morphology
and orientation (Fig. 1, G and H, and fig. S1, C and D).

We investigated in more detail how Zeb2 regulates radial migra-
tion by live imaging of in utero labeled neurons in live brain slices.
To analyze the behavior of WT and Zeb2-deficient UL neurons
“side by side” in the same brain section, we coelectroporated a fl-
mCherry-Stop-fl-GFP reporter construct with limiting amounts of
a Cre recombinase into E14.5 Zeb2™" mice and prepared live brain
slices 1 day later. This approach generates a mixed population of
WT control (mCherry positive) and Zeb2-deficient (GFP") neurons
in the same brain slice. Electroporated cells that incorporate only
the reporter construct express mCherry (WT, Zeb2"" control cells)
and those that incorporate both constructs undergo Cre-mediated
recombination of both the Zeb2"" alleles and the loxP sites flanking
the mCherry-Stop cassette of the reporter construct and thereby
now express GFP and are Zeb2 deficient (Fig. 2A). We confirmed
that coexpression of the fl-mCherry-Stop-fl-GFP reporter and lim-
iting amounts of Cre recombinase in WT animals does not by itself
affect the radial migration of WT UL neurons (fig. S2).

Analysis of coelectroporated Zeb2™ brain slices showed that loss
of Zeb2 function led to a large decrease in the proportion of UL neu-
rons that initiated their radial migration during the imaged 51-hour
period (Fig. 2B and movie S1). Furthermore, Zeb2-deficient UL neu-
rons that began migration during imaging do so with a substantial
delay of around 24 hours when compared to control cells in the same
slice (Fig. 2, C and D). Once migration was initiated, however, Zeb2-
deficient neurons showed normal cell polarity, direction, and progres-
sion of movement with only marginally slower speed in comparison to
WT neurons (Fig. 2, E and F). This suggests that Zeb2 controls neu-
ronal laminar position by regulating the onset of radial migration.

We thus next analyzed the multipolar stage of neuronal differen-
tiation more closely. During the multipolar stage, neurons spread
sideways in the SVZ away from their position of birth (tangential
spread) and characteristically show dynamic extension and retrac-
tion of multiple neurites (8, 25). Analysis of the movement of indi-
vidual cells within the VZ/SVZ before initiation of radial migration
showed that loss of Zeb2 reduces the tangential spread and speed of
movement of neurons during the multipolar stage (Fig. 2, G to I).
To further investigate the morphology of neurons during this stage,
we electroporated GFP into Zeb2-deficient (Zeb2"" Nex“"®) and
control animals at E15.5 and analyzed the cells 36 hours later. This
revealed that Zeb2-deficient multipolar neurons in the SVZ pro-
duce more neurites than WT neurons (Fig. 2, ] and K).

Together, these data indicate that Zeb2 alters the multipolar
stage of development itself to promote initiation of radial migration.

Suppression of adhesion to the extracellular matrix is
necessary for onset of radial migration

We hypothesized that Zeb2 might regulate the onset of radial mi-
gration by altering the interactions of young cortical neurons with
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their extracellular environment (Fig. 3A). We thus searched for re-
ceptors whose expression at the plasma membrane is altered by loss
of Zeb2 using surface biotinylation of primary cortical neurons
isolated from E15.5 control (ZebZﬂ/f) and Zeb2-deficient (ZebZﬂ/ﬁ
Nex“") embryos. Biotinylated proteins were isolated and subse-
quently processed for identification by mass spectrometry (MS)
(Fig. 3, A to C). Using this approach, we identified over 200 proteins
whose surface expression was elevated upon loss of Zeb2 (Fig. 3,
A to C, and table S1). These included a number of known targets of
Zeb2, such as the fibroblast growth factor receptor (Fgfrl) and the
NT-3 growth factor receptor (Ntrk3) (14, 26, 27). Gene set enrich-
ment analysis (GSEA) indicated strong enrichment of adhesion-
related proteins in Zeb2-deficient neurons. These included integrins,
which are involved in interactions with the extracellular matrix, as
well as cadherins that are primarily involved in adhesion to other
cells (Fig. 3, A to C, and table S1).

The increase in surface expression of these molecules suggests
that Zeb2 regulates the adhesive behavior of neurons. To test this
hypothesis, we carried out in vitro cell aggregation (Fig. 3, D and E)
and adherence assays (Fig. 3, F and G) using single-cell suspensions
prepared from control (Zeb2ﬂ/ﬂ) and Zeb2-deficient (Zeb2™" Nexcre)
E15.5 littermate embryos. Zeb2-deficient neurons showed much
faster cell aggregation in suspension as compared to control cells
(Fig. 3, D and E). Similarly, Zeb2-deficient neurons specified more
extensive lamellipodia on laminin, an integrin ligand (Fig. 3,
F and G). Together, these data indicate that, in neurons, Zeb2 sup-
presses both cell-cell adhesion and adhesion to the extracellular
matrix.

Our MS data showed increased surface expression of several in-
tegrin receptors, including the integrin f1 (Itgb1), in Zeb2-deficient
neurons (table S1). Integrins function as heterodimeric aff com-
plexes and are the main mediators of adhesion to the extracellular
matrix (28). We hypothesized that increased levels of integrin re-
ceptors at the surface of Zeb2-deficient UL neurons delay the onset
of their migration. To test this, we generated a construct encoding a
dominant negative mutant of Itgb1 (called here ItgB1DN). ItgB1DN
lacks the cytoplasmic domain and thereby interferes with integrin
signaling by forming unproductive complexes with multiple integ-
rin a subunits (29). Because integrin signaling is required for
progenitor cell attachment, proliferation, and survival (30), we ex-
pressed ItgB1DN specifically in postmitotic cells (under the control
of the Neurodl promoter). Coelectroporation of this Neurod1-driven
ItgB1DN construct and GFP in E14.5 WT embryos did not interfere
with the radial migration of WT UL neurons (fig. S3). However,
inhibition of integrin signaling significantly improved the laminar
position of Zeb2-deficient neurons (Fig. 3, H to J). Suppression of
integrin-mediated adhesion by Zeb2 is thus necessary for UL neu-
rons to initiate their migration away from the SVZ on time.

Nrp1is adirect target of Zeb2 involved in the regulation

of integrin-mediated adhesion

Although we observed the elevated plasma membrane localization
of several integrin subunits upon loss of Zeb2 (table S1), these were
not up-regulated at the mRNA level in Zeb2-deficient mice [fig. S4;
(14)]. We searched for a direct Zeb2 target that could regulate neu-
ronal adhesion and migration, by cross-referencing our MS list of
up-regulated surface proteins against our previously published
microarray data generated from Zeb2-deficient brains (14). This led
to the identification of Nrp1 as a potential direct Zeb2 target. In situ
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Fig. 2. Zeb2 regulates the multipolar stage. (A to ) Zeb2 regulates onset of radial migration and restricts tangential movement of multipolar cells. (A) E14.5 Zeb2™ animals
were in utero electroporated with a flox-mCherry-Stop-flox-GFP reporter and limiting amounts of Cre. Cre recombination excises Zeb2 and enables GFP expression (KO).
Unrecombined cells express mCherry (WT). Brain slices were imaged for 51 hours, 1 day after IUE. (B) Distribution of radial migration onset. N=37 mCherry" and 34 GFP*
cells. (C) Clips from a time-lapse movie showing migration of WT and KO cells. Asterisks mark the soma. Migration onset (D) and speed (E) of neurons undergoing migration.

N=46 mCherry" and 41 GFP* cells. Mann-Whitney and unpaired t test. (F) Traces of in

dividual neurons undergoing migration. (G) Movement of multipolar cells in the SVZ

(0to 20 hours). Scale bar, 5 um. A red dot marks the start and a green triangle marks the end position. Tangential spread (H) and speed (I) of neurons in the SVZ.N=15 WT

and KO cells. Unpaired t test. (J and K) Zeb2 regulates multipolar morphology. (J) Zei

62" and Zeb2™" Nex“"® animals were in utero electroporated at E15.5 with GFP and

their morphology in the SVZ was analyzed 36 hours later. Scale bar, 50 um. (K) Number of primary neurites per cell. N = 20 Zeb2™" and Zeb2™"" Nex“"® cells. Unpaired t test.

hybridization for Nrp1 confirmed its increased expression in Zeb2-
deficient (ZebZﬂ/ﬂ Nexcre) brains (Fig. 4, A and B). The expression of
Sema3A or 3C, which can function as ligands for Nrp1, or their
plexin co-receptor was not altered upon loss of Zeb2 (fig. S4, D to F).

We next asked whether Nrpl might be a direct target of Zeb2.
We used the FANTOMS5 database (https://fantom.gsc.riken.jp/5/)
to locate the potential promoter region in the locus of the Nrpl
gene. Promoter regions often show enrichment in histone H3K27
acetylation levels, CpG islands, and deoxyribonuclease (DNase) I
hypersensitivity clusters. We identified three such regions around
6 kb upstream from the Nrp1 transcriptional start site (RR1 to RR3)
and found 11 Zeb2 consensus-binding sequences, CACCT(G) (31),
within them (fig. S5). We assessed whether these sites represent
genuine Zeb2 binding by chromatin immunoprecipitation from
chromatin prepared from E15.5 WT neocortices using Zeb2-specific
antibodies followed by quantitative polymerase chain reaction
(ChIP-gPCR). This showed strong enrichment of Zeb2 at the ana-
lyzed sites, suggesting that Nrp1 is a direct target of Zeb2 (fig. S5C).

Epifanova et al., Sci. Adv. 2021; 7 : eabf1973 2 July 2021

Although an adhesion-related function for Nrpl has not been
described in neurons, Nrpl is reported to enhance integrin signaling
in other cell types (32). We addressed whether Nrp1 also regulates
integrin-mediated adhesion in neurons using a specific short hairpin-
mediated RNA (shRNA) to down-regulate Nrp1 expression in Zeb2-
deficient neurons (shNrpl; fig. S4G). Down-regulation of Nrpl
normalized the adherence of Zeb2-deficient neurons to laminin-
coated plates to a similar extent as the dominant negative Itgbl mutant,
ItgB1DN (Fig. 4, C and D). Together, these data establish Nrp1 as a
direct target of Zeb2 and as a previously unidentified regulator of
integrin-mediated adhesion to the extracellular matrix in neurons.

Nrp1 delays initiation of radial migration through regulation
of integrin signaling

Next, we asked whether repression of Nrp1 by Zeb2 is necessary for
radial migration. To test this, we down-regulated Nrp1 expression
in Zeb2-deficient (Zeb2™" Nex“"®) UL neurons by IUE of shNrp1 at
E14.5 (Fig. 4, E to G). Down-regulation of Nrp1l expression in
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Zeb2-deficient UL neurons restored their correct laminar position  control scrambled shRNA (shScr) or an shRNA against Nrpl (shNrp1).
at E18.5. To investigate whether, like Zeb2, Nrpl specifically influ- A systematic analysis of the time-lapse recordings showed that
ences the onset of radial migration, we conducted the live imaging upon down-regulation of Nrpl, Zeb2-deficient neurons initiate
of Zeb2-deficient neurons in brain slices freshly prepared from  their migration earlier and have a faster transition to bipolar mor-
E14.5 Zeb2"" animals electroporated in utero with Cre and eithera  phology (Fig. 5, A to C, and movie S2). Down-regulation of Nrpl
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did not affect the speed of movement of cells once migration was
initiated (Fig. 5D).

We then asked whether enhanced Nrp1 signaling is sufficient to
induce laminar displacement of UL neurons. Overexpression of
Nrpl1 in the neocortex at E14.5 caused the laminar displacement of
UL neurons to deeper positions in a fashion reminiscent of the phe-
notype displayed by Zeb2-deficient UL neurons (Fig. 5, E and F; see
also Fig. 1, B to F). Last, we asked whether Nrp1 controls neuronal
position in vivo through regulation of integrin signaling, by co-
expressing ItgB1DN with Nrpl in UL neurons. Inhibition of integ-
rin signaling in Nrpl-overexpressing UL neurons restored their
normal laminar position at E18.5 (Fig. 5, E to G). In other systems,
Nrp1 has been shown to form a protein complex with various inte-
grin subunits (32). To address whether this protein interaction is
conserved in neurons, we carried out a proximity ligation assay for
endogenous Nrp1 and Itgb1 in primary cortical neurons from E15.5
littermate Zeb2"/ and Zeb2" Nex“" embryos. This showed that the
interaction of endogenous Nrpl and Itgb1 proteins in cortical neu-
rons is enhanced upon loss of Zeb2 (fig. S6).

Together, these data demonstrate that Zeb2 controls the onset of
radial migration by repression of Nrpl and downstream adhesion.
Nrp1 forms protein complexes with integrins to promote the integ-
rin-driven adhesion of young neurons to the extracellular matrix.

Zeb2 regulates the postnatal orientation of neurons

and dendritic arborization

We then assessed the consequences of the delayed onset of migra-
tion for the postnatal cytoarchitecture of the neocortex. Neurons in
Zeb2-deficient (Zeb2™ Nex®™®) and control (Zeb2™") brains were
stained using the Golgi-Cox method at postnatal day 23 (P23), a

Epifanova et al., Sci. Adv. 2021; 7 : eabf1973 2 July 2021

time point at which neuronal maturity has been reached. Notably,
we observed a strong disorganization and loss of the correct parallel
orientation of pyramidal neurons located in upper neocortical layers,
whereas neurons found in deeper layers appeared to be correctly
organized (fig. S7, A and B).

To explore in greater detail the altered neuronal organization
observed in the neocortex of Zeb2-deficient animals, we labeled a
few UL neurons by IUE of GFP at E15.5 and analyzed their dendritic
morphology postnatally in mature animals (P23; Fig. 6A). In agree-
ment with the Golgi staining, the majority of Zeb2-deficient UL
neurons were incorrectly oriented with respect to the pial surface
(Fig. 6, B to D, and fig. S7C). This approach also confirmed the de-
velopmental origin of the aberrantly oriented neurons as excitatory
late-born neurons. Following radial migration, UL neurons nor-
mally extend their apical dendrites perpendicularly to the pia and
parallel to other neurons in the layer. Zeb2-deficient UL neurons, in
contrast, are tilted with respect to the pia and display a deviation in
the angle of the apical dendrite with respect to the pia of over 30°
from norm (Fig. 6D). In addition, Zeb2-deficient UL neurons were
positioned closer to the pia than control neurons (Fig. 6B and fig.
§7, C and D). The length of the apical dendrite, however, was not
altered upon loss of Zeb2 (Fig. 6E), indicating that the altered orien-
tation did not result from defective elongation of the apical den-
drite. The Golgi apparatus and centrosome were still observed to
locate to the base of the apical dendrite of neurons showing defec-
tive orientation in vivo and in cultured neurons, respectively, indi-
cating that the apical dendrite was correctly specified (fig. S7, E and
F). Furthermore, axons were observed to project at a correct per-
pendicular orientation with respect to the pia in Zeb2-deficient UL
neurons (Fig. 6B, arrows).
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Next, we analyzed the complexity of the dendritic arbor of UL
neurons using a modified Sholl analysis (3). Loss of Zeb2 function
led to a marked increase in the complexity of UL dendritic arboriza-
tion as indicated by a large increase in the number of dendritic
intersections and upward shift in the Sholl curve, in particular within
100 um from the soma (Fig. 6, F to H). This was primarily due to
increased branching of the basal dendrites with no change in the
number of primary dendrites (Fig. 6H and fig. S7G).

Last, we investigated the temporal onset of neuronal orientation
by measuring the angle of the apical dendrite with respect to the pia
at different time points following IUE of GFP into control (Zeb2"1
and Zeb2-deficient (Zeb2™" Nex“"®) mice at E15.5 (Fig. 7, A to Q).
Zeb2-deficient UL neurons showed normal orientation of their api-
cal process at E18.5. Tilting of the soma and apical dendrite upon
loss of Zeb2 was observed only from P2 onward, suggesting that
Zeb2 controls post-migratory specification of neuronal orientation.

Nrp1 signaling regulates dendritic arbor complexity but not
neuronal orientation

Next, we assessed whether the final orientation of neurons in the
postnatal neocortex was dependent on Nrp1 signaling and on the
correct onset of radial migration. We generated mosaic deletion of
Zeb2 by IUE of Cre into Zeb2™ animals at E15.5 and combined this
with down-regulation of Nrp1 expression by IUE of shNrp1 (Fig. 7,
D to I). Similar to our observations in Zeb2™" Nex“ mice, mosaic
deletion of Zeb2 in UL neurons disrupted the orientation of neurons
in the neocortex and increased dendritic complexity, indicating that
these functions are cell intrinsic (Fig. 7, F to I). Down-regulation of
Nrpl in Zeb2-deficient UL neurons reduced dendritic arbor complexity
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to levels comparable to those displayed by control neurons (Fig. 7,
E to G). However, Nrpl down-regulation failed to restore correct
apical orientation in Zeb2-deficient neurons (Fig. 7, H and I).

We also asked whether Nrpl overexpression disturbs the orien-
tation of UL neurons in the mature neocortex. We overexpressed
Nrp1 by IUE in WT UL neurons at E15.5 and analyzed at P23 (fig.
S$8). Sholl analysis revealed that overexpression of Nrpl in WT UL
neurons increased dendritic branching and the formation of an
overly complex dendritic tree, a phenotype reminiscent of Zeb2-
deficient UL neurons (Fig. 6F and fig. S8, A to D). Overexpression
of Nrp1 had no effect on the orientation of UL neurons with respect
to the pia (fig. S8E).

Together, these data demonstrate that Nrp1 regulates the com-
plexity of the dendritic arbor downstream of Zeb2 but not the ori-
entation of neurons in the neocortex. These data also indicate that
the initiation of radial migration and the post-migratory orienta-
tion of neurons in the neocortex are controlled by independent sig-
naling events.

Cdh6 regulates cell aggregation and adhesion

to the extracellular matrix downstream of Zeb2

Our biotinylation-linked MS screen identified another class of
adhesion molecules whose surface expression was increased in
Zeb2-deficient neurons, the cadherin family (Fig. 3C). Cadherins me-
diate cell adhesion through homophilic and heterophilic interactions
with other cadherins (33). We observed the highest increase in the
surface expression of Cdh6 and Cdh10 upon loss of Zeb2 (both 3.1-fold
up-regulated in Zeb2"" Nex®™ neurons; table S1). We focused
on Cdh6 as cross-referencing against our published microarray
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data from Zeb2-deficient brains (14) showed that only Cdhé exhib-
ited increased mRNA levels in the neocortex of Zeb2 mice. In situ
hybridization for Cdh6 confirmed the increased mRNA expression
of this cadherin in the CP of Zeb2-deficient (Zeb2™" Nex®™®) ani-
mals at E15.5 (Fig. 8A).

We analyzed the levels and localization of Cdh6 protein in the
brains of control (ZebZﬂ/ﬂ) and littermate Zeb2-deficient (Zeb2ﬂ/ﬂ
Nex®®) animals at E18.5 and P2. IUE of GFP at E14.5 was used to
visualize the position of neurons in the neocortex (Fig. 8, B to E).
Endogenous Cdh6 protein was up-regulated in Zeb2-deficient brains
at both ages (Fig. 8, B and D). In addition, we observed a change in
the distribution of Cdh6 protein in the neocortex upon loss of Zeb2
(Fig. 8, C and E). In control animals at both ages, Cdh6 shows the
highest expression levels in layer 1, an area occupied by the apical
dendrite tufts, and the lowest in an area occupied by the shaft region
of the apical dendrite in the CP {ratio of intensity in layer 1 [region
(a)] versus CP [region (b)] > 1; Fig. 8, C and E}. In contrast, upon
loss of Zeb2, elevated Cdh6 protein levels were observed in both of
these regions (Fig. 8, C and E).

To address whether Cdh6 is a direct target of Zeb2, we per-
formed ChIP-qPCR assays using a Zeb2-specific antibody and
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chromatin prepared from E15.5 WT neocortices as before. In silico
analysis for regions showing enriched histone H3K27 acetylation,
CpG islands, and DNase I hypersensitivity clusters was used to
define an approximately 4kb region upstream (RR1) and a 2-kb re-
gion downstream (Intron) from the transcriptional start site of
Cdhé as likely regulatory regions. We identified six Zeb2 CACCT(G)
consensus motifs within these regions that displayed strong enrich-
ment for Zeb2 in our ChIP-qPCR analyses, indicating that Cdh6 is
anovel direct target of Zeb2 (Fig. 8F and fig. S9).

Next, we asked whether up-regulation of Cdh6é was responsible
for increased neuronal adhesion observed upon loss of Zeb2 func-
tion. Cell aggregation assays were carried out using single-cell sus-
pensions of Zeb2-deficient cortical neurons after down-regulation
of Cdh6 with shRNA (shCdh6). Down-regulation of Cdh6 restored
cell-to-cell adhesion in Zeb2-deficient neurons to control levels,
indicating that Cdh6 mediates neuronal cell adhesion downstream
of Zeb2 (Fig. 8, G and H).

Cdhé is unusual among cadherins in containing an RGD motif
in the first extracellular domain that may be involved in interactions
with integrins (34). We therefore asked whether Cdhé also regulates
adhesion to the extracellular matrix. This was done by measuring
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the lamellipodia spread of Zeb2-deficient neurons on laminin fol-
lowing down-regulation of Cdh6. Down-regulation of Cdh6 par-
tially suppressed the enhanced adhesion of Zeb2-deficient neurons
to the extracellular matrix, suggesting that Cdh6 may also regulate
integrin function downstream of Zeb2 in neurons (Fig. 8, [ and J).

We also tested whether Cdh6, like Nrp1, regulates the onset of
radial migration. For this, we overexpressed Cdh6 in UL neurons by
IUE at E14.5 and assessed the laminar position of modified neurons
at E18.5 (fig. SI0A). We observed no effect of Cdh6 overexpression
on the laminar distribution of UL neurons, indicating that Cdh6
does not regulate radial migration (fig. S10, B and C).

Cdh6 controls the post-migratory orientation of neurons
Last, we evaluated the potential role of Cdhé in the postnatal orienta-
tion of neurons. First, we investigated whether enhanced Cdh6 levels
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in Zeb2-deficient UL neurons account for their aberrant orientation
within the neocortex. We down-regulated Cdh6 expression in Zeb2-
deficient neurons by IUE of a Cdh6-specific ShRNA (shCdhé6) at E15.5
(Fig. 9A). Down-regulation of Cdh6 almost completely restored
the orientation of Zeb2-deficient neurons at P23 (Fig. 9, B to D).

Conversely, up-regulation of Cdh6 signaling in WT neurons, by
IUE of Cdh6 at E15.5, strongly disrupted the orientation of UL neu-
rons at both P23 and P7 (Fig. 10, A to C, and fig. S10, D to F). In
addition, reminiscent of our observations in Zeb2-deficient neurons,
Cdh6 overexpressing UL neurons show normal orientation and
morphology until E18.5 (fig. S10, D to F). Together, these data show
that enhanced Cdhé6 signaling is responsible and sufficient for the
aberrant post-migratory orientation of neurons in vivo.

We then addressed whether the ability of Cdhé to interact with
integrins is required for the orientation of UL neurons in the
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neocortex. To address this, we engineered an expression vector
encoding Cdh6 with a mutated RGD motif (called here Cdhé-
RGDmut) by changing the sequence for residues p.84G>A and
p-85D>E of Cdhé6. Equivalent mutations in CDH6 and other
RGD-containing cadherins, such as the human CDH17 and CDHS5,
have been shown to specifically disrupt association with integrins
and thus adhesion to the extracellular matrix, but not homophilic
interactions or cell adhesion (35). Overexpression of Cdh6-RGDmut
in WT UL neurons by IUE did not alter their orientation (Fig. 10,
A to Cand G), demonstrating that Cdh6 controls the orientation of
neurons via its RGD motif.

Last, we investigated whether normal levels of Cdh6 signaling
are also involved in orienting UL neurons during neocortical devel-
opment by down-regulating Cdh6 expression in WT brains by IUE
of shCdhé or a control shRNA (shScr) at E15.5. Down-regulation of
Cdh6 in WT neurons disrupted the orientation of the apical den-
drite and soma of UL neurons. This was corrected by re-expression
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of Cdhé (Fig. 10, D to G, and fig. S10, G to J). Together, these
data suggest that following migration, a tight balance of Cdh6
signaling is required for the correct orientation of UL neurons in
the neocortex.

DISCUSSION

Precise organization of excitatory neurons within the neocortex en-
ables compartmentalization and sorting of different connections to
distinct layers and to distinct dendritic compartments (I, 36). Our
data show that this organization is dependent on dynamic changes
in the adhesive properties of UL neurons. The transcriptional re-
pressor Zeb2 plays an important role in suppressing adhesion to
influence two distinct stages in the organization of the neocortex:
first, the onset of radial migration of UL neurons and, second, their
orientation and final positioning within the UL upon termination
of migration as well as dendritic branching (Fig. 10H).

100f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A B WT

(Zeb2""+ shScr)

KO
(Zeb2"+ Cre)

Zeb2 "
GFP
+/- Cre

\ +/— shScr
+/— shCdh6

KO +shCdhe © D
(Zeb2" + Cre + shCdh6) KO + shCdh6
KO .9__'3 60+ *kk
------------------ S dkok
c Fkk
(0]
©
o 404
Q
Qs
o <
2 201
il
k5]
>
g o8
S
N
X
%O

Fig. 9. Cdh6 regulates apical dendrite orientation downstream of Zeb2. (A) Zeb2™ animals were in utero electroporated at E15.5 with GFP, Cre, shScr, or shCdh6 as
indicated. (B) Representative images of GFP* neurons in brain slices at P23. The apical dendrite is marked by a fine parallel tracing; the pia is marked by a thicker dashed
line. Scale bar, 50 um. (C) Tracings of 10 apical dendrites per condition showing their orientation with respect to the pia. Apical dendrites were superimposed so
that all deviations face the right-hand side of the image. Scale bar, 50 um. (D) Average deviation of the apical dendrite. N =143 Zeb2™ + shScr cells (seven animals),
57 Zeb2™" Nex“"® + Cre cells (five animals), and 85 Zeb2™ Nex“" + shCdh6 cells (four animals). One-way ANOVA (Kruskal-Wallis test) with Dunn’s multiple comparison test.

Onset of migration requires suppression of Nrp1

and integrin-mediated adhesion

UL neurons have been shown to sojourn around a day in a multipo-
lar state in the SVZ before initiating migration (8). The reason for
this is still unclear but may reflect a temporal state necessary for
changes in the proteome of newborn neurons. Several steps are likely
involved in this multipolar-to-bipolar transition. One critical step,
for example, appears to be the expression of N-cadherin (Cdh2), a
cadherin required for the interaction of newborn neurons with ra-
dial glia and thus for their motility along the radial glial fibers (37).
In addition, radial glia and neuronal cytoskeletal integrity are essen-
tial for radial migration and their disruption also results in accumu-
lation of multipolar neurons in the VZ/SVZ (38, 39).

Our data reveal that the decision to initiate migration is con-
trolled independently of migration itself, through regulation of
adhesive pathways. The transcriptional repressor Zeb2, whose own
expression is initiated shortly after neurogenesis (14), directly regu-
lates the multipolar stage of neuronal development by restricting
neurite formation and promoting increased tangential movement
of multipolar neurons in the SVZ. This function is dependent on
Zeb2-mediated suppression of adhesion to the extracellular matrix
through inhibition of integrin signaling. Zeb2 suppresses adhesion
by repression of Nrpl expression, a novel direct target of Zeb2
(Figs. 3 to 5). An adhesive role for Nrpl in the neocortex had not
previously been described, but Nrp1 directly interacts with and pro-
motes integrin signaling in a variety of cancer and endothelial cells
(32). Furthermore, Nrpl has been shown to regulate the internal-
ization of integrin receptors in endothelial cells (40), providing a
possible mechanism for the enhanced presence of integrins at the
plasma membrane in the absence of Zeb2 (table S1). We observe
enhanced association of Nrpl and Itgbl in Zeb2-deficient neurons
(fig. S6). Moreover, inhibition of integrin signaling in vivo restores
the laminar position of Zeb2-deficient or Nrpl-overexpressing
neurons (Figs. 3, H to J, and 5, E to G). Thus, our data show the
existence of a conserved signaling relationship between Nrpl and
integrins in neurons and demonstrate its function in regulating the
onset of radial migration downstream of Zeb2 (Fig. 10H).
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In the neocortex, Nrpl is known to act as a receptor for
semaphorin-3 (Sema3) ligands during, for example, axon repulsion
(41). Sema3A has been shown to regulate laminar positioning in the
neocortex, but it was unclear whether Nrp1 is involved (42, 43).
Here, we show that enhanced Nrp1 signaling leads to laminar mis-
positioning of UL neurons at E18.5, specifically by delaying the start
of migration and without altering cell movement itself (Figs. 4 and
5). This is unlikely due to enhanced Sema3A signaling as expression
of Sema3A and 3C was not altered in Zeb2-deficient mice (fig. S4)
and enhanced Sema3A signaling would be expected to promote
migration (42, 44). We have also uncovered an additional role for
Nrpl later in development, in the promotion of dendritic arbor
complexity (Fig. 7, E to G, and fig. S8).

Cdh6 regulates the post-migratory orientation of neurons
Although the parallel organization of neurons is an essential feature
of neocortical architecture and function, we do not understand how
this is achieved or whether this orientation is predetermined by
events during radial migration or, for example, by inherent differ-
ences in the growth of apical and basal dendrites.

Our data show that parallel orientation of UL neurons occurs
after completion of radial migration, around P2, and that it is inde-
pendent of radial migration or dendritic growth. Furthermore, our
data indicate that the orientation of apical dendrites and their soma
is under the control of adhesive pathways that are distinct from
those involved in radial migration and early polarization events.
Nrpl signaling regulates the onset of radial migration but is not in-
volved in controlling neuronal orientation (Fig. 7, H and I). This is
in line with observations made in Nrpl-deficient mice where neu-
rons show normal orientation in the neocortex (43).

Aberrant orientation of the apical dendrite has been reported
upon loss of the chemo-attractants Reelin or Sema3A, or their
downstream signaling effectors (45, 46). For Sema3A, these effects
are restricted to layer V neurons, raising the possibility that differ-
ent orientation cues operate in different cortical layers (46, 47). We
did not observe orientation defects in the proximal region of the
apical dendrite of layer V Zeb2-deficient neurons (fig. S7, A and B),
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Fig. 10. A balance of Cdh6 signaling regulates neuronal orientation. (A to C) Cdh6 regulates neuronal orientation through its RGD motif. (A) WT E15.5 animals were
in utero electroporated with Cdh6 or an RGD mutant of Cdh6 (Cdh6-RGDmut). (B) GFP* neurons at P23. Scale bar, 50 um. (C) Tracings of 10 apical dendrites showing their
orientation with respect to the pia. Apical dendrites were superimposed to face the right-hand side of the image. Scale bar, 50 um. (D to F) Cdh6 is necessary for neu-
ronal orientation. (D) E15.5 WT animals were in utero electroporated with shScr or shCdhé. (E) GFP* neurons at P23. Scale bar, 50 um. (F) Tracings of 10 apical dendrites per
condition. Scale bar, 50 um. (G) Average deviation of the apical dendrite for experiments (A to F). N =25 Cdh6 + shScr cells (from three animals), 53 Cdh6-RGDmut + shScr
cells (four animals), 31 shScr cells (seven animals), and 66 shCdh6 cells (five animals). One-way ANOVA (Kruskal-Wallis test) with Dunn'’s multiple comparison test. (H) Zeb2
shapes neocortical cytoarchitecture by regulating adhesion at distinct time points of development through repression of Nrp1 and Cdhé. Repression of Nrp1 and down-
stream integrin signaling by Zeb2 promotes multipolar-bipolar transition and initiation of radial migration. Following migration, Zeb2 regulates Cdh6 expression for cor-
rect neuronal orientation. Subsequently, Zeb2 determines dendritic complexity through repression of Nrp1.
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although we cannot rule out that distal portions of the apical den-
drite of these neurons are incorrectly oriented.

Both Reelin and Sema3A, however, are potent and necessary promoters
of dendritic growth and cytoskeletal remodulation (44, 45, 48, 49).
Loss of either Reelin or Sema3A is associated with laminar displace-
ment of neurons and profound morphological defects during and follow-
ing radial migration, including severely underdeveloped dendritic
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arbors and loss of a clear apical dendrite (46, 50). Reelin and Sema3A
thus likely regulate neuron orientation principally by directing and
promoting the growth and stabilization of their leading process and
apical dendrite (45, 51, 52).

Here, we show that signaling by the cadherin, Cdhé, directs UL
neuron orientation in the neocortex, independently of radial migra-
tion or of dendritic growth. Enhanced Cdh6 signaling results in a
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marked aberrant orientation of UL apical dendrites without affecting
apical dendrite length or radial migration (Figs. 9 and 10 and fig.
S10, A to C). Loss of Zeb2 is associated with both defective orientation
of UL neurons and with increased dendritic outgrowth. Arbor
complexity, but not orientation, can be restored by down-regulation
of Nrp1 (Fig. 6), again demonstrating that postnatal neuronal ori-
entation is independent of dendritic outgrowth. To the best of our
knowledge, this is the first report that events independent of radial
migration or dendritic growth direct the orientation of neurons in
the neocortex.

Cdh6 has been poorly studied in the nervous system, and a role
in neocortical development remained uncharted. Like other cad-
herins, Cdhé can signal through homophilic and heterophilic inter-
actions with other cadherins (33). Heterophilic interactions of Cdh6
with multiple cadherins are thought to be involved in axon-target
matching in a subset of retinal cells (53, 54) and the regulation of
high-magnitude LTP in the hippocampus (55) and, like other cad-
herins, to cause the disruption of the overall morphology of the
murine barrel cortex upon exogenous overexpression (56). In addi-
tion, Cdhé is one of five cadherins known to have a highly con-
served RGD motif (34, 35), a classic integrin-binding motif, in the
extracellular domain. We show that Cdh6 regulates the adhesion of
neurons not only to each other but also to integrin substrates
(Fig. 8, G to J). Moreover, we show that the Cdh6 RGD motif is
necessary for determining the orientation of neurons in vivo
(Fig. 10, A to C). Our data thus indicate that interactions of Cdh6
with integrin receptors and downstream modulation of the adhe-
sion to the extracellular matrix provide positional information
during neuronal orientation.

Both enhancement and down-regulation of Cdh6 signaling in-
terfere with the post-migratory orientation of UL neurons (Fig. 10
and fig. S10). This suggests that it is essential to achieve the right
balance of Cdh6-dependent adhesion for neurons to correctly ori-
ent within the neocortex. The role of Zeb2, therefore, is principally
to modulate this balance by restricting Cdh6 expression level. More-
over, our finding that, under normal circumstances, Cdh6 protein
expression is elevated in layer 1 may indicate that a gradient of the
subcellular localization of this receptor provides positional infor-
mation. In keeping with this notion, layer 1 is rich in various integ-
rin substrates and activation of Itgbl during perinatal stages has
been specifically observed in this region (57, 58).

The stereotypical organization of the neocortex is a critical re-
quirement for its function. In summary, we show here that dynamic
changes in the adhesion of UL neurons enable both multipolar-
bipolar transition and initiation of radial migration and, subsequent-
ly, the orientation of UL neurons within the neocortex. Furthermore,
we have identified two novel adhesion pathways downstream of the
transcriptional repressor Zeb2 involved in these processes, namely,
an Nrpl/integrin pathway involved in prolonging the multipolar
stage and delaying migration and a Cdhé/integrin pathway required
for the correct post-migratory parallel orientation of neurons within
the neocortical layer.

MATERIALS AND METHODS

Experimental design

This study aims to understand how higher cellular organization is
achieved in the mammalian neocortex. Multiple in vivo and in vitro
manipulations of signaling pathways in the mouse brain, including
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in utero electroporation into WT and genetically modified mouse lines
and live imaging of neurons in live brain slices as well as novel can-
didate identification by MS-linked screens, are used for this purpose.

Animals

All animal experiments were performed at the Charité—Universi-
titsmedizin Berlin in accordance with German Law using protocols
approved by the Landesamt fiir Gesundheit und Soziales, Berlin. To
inactivate Zeb2 in developing cortex, we crossed Zeb2"" mice with
Nex“" line in which Cre recombinase expression is driven by Nex
(Neurod6) gene allele (22, 23). Please see table S4 for genotyping
primers. WT mice (NMRI strain) for overexpression studies were
obtained from Charles River Laboratories. Experimental ages used
are indicated in the figure legends.

In/ex utero electroporation

In utero and ex utero electroporations were carried out as previous-
ly described (3, 59). Briefly, the DNA mixture was prepared in en-
dotoxin-free water and 0.1% Fast Green FCF (Sigma-Aldrich) and
injected into the lateral ventricle of the embryo using micropipettes
prepared from 1.5 to 1.8 x 100 mm borosilicate glass capillaries
(Kimble and Chase). DNA uptake by neuronal progenitor cells was
induced by the application of six pulses of 35 to 40 V across the
uterine wall using platinum electrodes. For the analysis of the lami-
nar distribution of the modified cells, electroporation was per-
formed at E14.5 embryos and analyzed at E18.5. For live imaging,
embryos were electroporated in utero at E14.5 and cortical slice cul-
tures were prepared after 24 hours. For the morphological analysis
of postnatal neurons, embryos were electroporated in utero at
E15.5 and animals were collected at P2, P7, or P23. Primary corti-
cal cell culture cells were prepared from embryos electroporated
at E15.5.

Live imaging of slice culture

Slice cultures were prepared as previously described with small
changes (60). Brains of electroporated embryos were isolated and
embedded in 4% low-melting point agarose (Promega) in complete
Hanks’ balanced salt solution (HBSS) on ice. Coronal vibratome
sections (250 um) (Leica, VT1200S) were collected on laminin/
poly-L-lysine-coated (1 pm/ul) (Sigma-Aldrich) cell culture inserts
(Millicell, Merck Millipore) placed inside FluoroDishes (WPI) con-
taining slice culture medium (60). Sections were allowed to recover
at 37°C, 5% CO, for 6 hours. Imaging was performed using a spin-
ning disk confocal microscope (Zeiss ZEN 2012) equipped with a
humidified incubation chamber at 37°C, 5% CO,. Brain slices of
different conditions under comparison were imaged in parallel. Im-
aging was performed using a spinning disk confocal microscope
(Zeiss ZEN 2012) equipped with a humidified incubation chamber
at 37°C, 5% CO,. z-stack images were taken once every 20 min for a
maximum of 80 hours. Movies were analyzed using Image] soft-
ware and the TrackMate plugin.

Primary cortical cell cultures, cell aggregation,

and adhesion assays

Primary cortical neurons were prepared from E15.5 embryos. Brains
were dissected in ice-cold HBSS under a stereomicroscope. Where
necessary, cells were transfected before plating using NucleofectorTM
technology (Lonza) according to the manufacturer’s instructions.
Primary neurons were grown on laminin/poly-1L-lysine-coated
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plates or coverslips in complete BrainPhys medium (STEMCELL
Technologies) at 37°C in the presence of 5% carbon dioxide. Trans-
fected neurons were grown for 2 days to enable expression of the
nucleofected DNA constructs before preparation of single-cell
suspensions. Where transfection was not required, single-cell sus-
pensions were prepared directly from dissected E15.5 cortices. All
cell suspensions were prepared using 1 mM EDTA/HBSS.

For the aggregation assay, primary cortical neuron suspensions
with equalized cell numbers were placed in uncoated wells filled
with serum-free medium under gentle agitation in a humidified in-
cubator at 37°C, 5% CO,. Wells were imaged and the size of cell
aggregates was determined at 0, 30, and 60 min.

For the adhesion assay, primary cortical neuron suspensions
with equalized cell numbers were plated on laminin/poly-1-lysine—
coated coverslips in serum-free medium and allowed to settle for
2 hours. Aggregation and adhesion assays were both imaged using
an Axiovert 40 CFL microscope.

Histology

Perfusion

Mice were injected with a lethal dose of pentobarbital (Narcoren,
Boehringer Ingelheim). Mouse unresponsiveness was checked
by toe-pinch response. Intracardiac perfusion with 4% parafor-
maldehyde (PFA)/phosphate-buffered saline (PBS) was performed
manually on animals older than P2. Brains were collected in ice-
cold PBS and fixed in 4% PFA/PBS overnight at 4°C. Brains were
stored for later use in 0.01% sodium azide/PBS (Sigma-Aldrich)
at 4°C.

Sectioning

Fixed brains were prepared for cryosectioning by incubation through
a sucrose/PBS gradient and subsequently snap-frozen in isopentane
(Roth) cooled to around 70° to 80°C using dry ice. Fifty-micrometer
sections of E16.5-P2 brains were prepared on a Leica CM3050S
cryostat and collected in either wells filled with 0.01% sodium azide/
PBS or directly on Superfrost Plus glass slides.

For in situ hybridization, E15.5 brains were isolated in PBS/
diethyl pyrocarbonate (DEPC) and fixed overnight in 4% PFA/15%
sucrose/PBS/DEPC at 4°C. Fixed brains were processed through a
sucrose/PBS/DEPC gradient, embedded in Tissue-Tek O.C.T. TM
Compound (Sakura) at around —70°C, and sectioned at a thickness
of 16 um on a Leica CM3050S cryostat. P7 to P23 brains were sec-
tioned at 100 um on a vibratome (Microm, HM650V) and collected
in 0.01% sodium azide/PBS.

Immunohistochemistry

All stainings were carried out in parallel on samples derived from
littermate animals. Brain sections of P23 and P7 perfused animals
were incubated for 5 min with sodium borohydride (1 mg/ml) (Sigma-
Aldrich) and then washed three times in PBS. Sections were incu-
bated for 30 to 60 min in blocking solution (5% horse serum and
0.05% Triton X-100 in PBS) and then overnight with primary anti-
bodies and nuclear stain (DRAQS5, Invitrogen or DAPI, Sigma-
Aldrich) diluted in blocking solution at +4°C. Next, sections were
washed twice with PBS, incubated for 2 to 4 hours with secondary
antibodies diluted in blocking solution, washed twice, and mounted
on Superfrost Plus glass slides (Thermo Fisher Scientific) with a
cover glass (Menzel-Gldser) and Immu-Mount mounting medium
(Shandon, Thermo Fisher Scientific). Please see table S5 for a list of
antibodies used. Brain slices were imaged as 2-um-spaced z stacks
using Leica SL and Sp8 confocal microscopes.
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Biotinylation-linked MS
Biotinylation and isolation of surface proteins
Primary cortical neuron cultures were prepared from littermate
Zeb2"" and Zeb2™" Nex“" E15.5 embryos and cultured for 2 days
on laminin/poly-1-lysine-coated six-well plates. Cells were gently rinsed
with ice-cold rinsing solution [PBS (pH 7.5), containing 0.1 mM CaCl,
and 1 mM MgCl;] and then incubated on ice with EZ-Link Sulfo-
NHS-SS-biotin (1 mg/ml) (Thermo Fisher Scientific) in rinsing solu-
tion for 30 min. Biotinylation was ended by washes in quenching
solution (rinsing solution supplemented with 100 mM glycine) on ice
followed by a short wash in rinsing solution. Labeled cells were lysed
in lysis buffer [50 mM tris (pH 7.4), 100 mM NaCl, 1 mM EDTA,
and 1% v/v Triton X-100] containing protease and phosphatase inhibi-
tors [40 mM Na3zVO, (Sigma-Aldrich), pepstatin (10 pg/ml) (Sigma-
Aldrich), leupeptin (10 pg/ml) (Sigma-Aldrich), aprotinin (10 pug/ml)
(Sigma-Aldrich), 1x PhosStop (Roche), and 1x protease inhibitor cocktail
(Sigma-Aldrich)] and clarified by centrifugation at 13,500 rpm at 4°C,
and the protein concentrations were determined using Bradford assay.
Lysates from five embryos were pooled per genotype and bioti-
nylated proteins from equal amounts of total protein were isolated
by incubation with Pierce NeutrAvidin agarose beads (Thermo
Fisher Scientific) for 2 hours at 4°C under rotation. Beads were
washed thoroughly in lysis buffer and bound proteins were eluted
by boiling in sample buffer.
SDS-PAGE and Coomassie staining of gels for MS
Samples were subjected to SDS—polyacrylamide gel electrophoresis
(PAGE), and the resolved gels were stained overnight with colloid
Coomassie Brilliant Blue G-250 (CBB G-250) dye [0.02% w/v CBB
G-250, 5% aluminum sulfate-(14-18)-hydrate, and 10% v/v ethanol
2% orthophosphoric acid] as previously described (61). Gels were
destained in 10% v/v ethanol 2% orthophosphoric acid and subsequently
washed in deionized H,O. Gel regions containing the separated
proteins were cut and subjected to tryptic digestion, as previously
described (62).

Mass spectrometry

Tryptic peptides were analyzed by online nanoflow liquid chroma-
tography tandem MS (LC-MS/MS) using a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Pep-
tide mixtures were fractionated by an Ultimate 3000 RSLCnano
(Thermo Fisher Scientific) with a two-linear-column system. Di-
gests were concentrated onto a trapping guard column (PepMap
C18, 5 mm x 300 um X 5 pm, 100 A; Thermo Fisher Scientific).
Samples were eluted from the analytical column, a 75-pm inside
diameter x 250 mm nano LC column (Acclaim PepMap C18, 2 um;
100 A; Thermo Fisher Scientific). Separation was achieved using a
mobile phase from 0.1% formic acid (FA, buffer A) and 80% aceto-
nitrile with 0.1% FA (buffer B) and by applying a linear gradient from
8 to 28% of buffer B for 60 min at a flow rate of 300 nl/min. The Q Ex-
active instrument was operated in the data-dependent mode to auto-
matically switch between full scan MS and MS/MS acquisition.
Survey full scan MS spectra [350 to 1650 mass/charge ratio (m/z)]
were acquired in the Orbitrap with 70,000 resolution (200 m/z) after
50-ms accumulation of ions to a 3 x 10° target value. Dynamic ex-
clusion was set to 10 s. The 10 most intense multiply charged ions
(z = 2) were sequentially isolated and fragmented by higher-energy col-
lisional dissociation (HCD) with a maximal injection time of 100 ms,
automatic gain control 5 x 10%, and a resolution of 17,500. Typical
mass spectrometric conditions were as follows: spray voltage, 2.1 kV;
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no sheath and auxiliary gas flow; heated capillary temperature, 275°C;
and normalized HCD collision energy 27%. In addition, the back-
ground ion m/z 445.1200 acted as lock mass.

Protein identification

Relative label-free quantification of the proteins was performed
with MaxQuant software version 1.6.0.1 and default Andromeda
LFQ parameter. Spectra were matched to a Mus musculus database
(17,040 reviewed entries, downloaded from uniprot.org), a contam-
inant and decoy database. MS/MS spectra were searched with a pre-
cursor mass tolerance of 10 parts per million, a fragment tolerance
of 0.05 Da, trypsin specificity with a maximum of two missed cleav-
ages, cysteine carbamidomethylation set as fixed, and methionine
oxidation as variable modification. Identifications were filtered at
1% false discovery rate (FDR) at the peptide level.

Analysis of MS data

String software version 11.0 was used to identify the top Gene Ontology
terms of surface proteins up-regulated by at least 1.5-fold upon loss
of Zeb2. GSEA (C2:KEGG database, max set size, 500; min set size,
5) and Cytoscape 3.7.2 software were used to build the network.

In situ hybridization

In situ hybridization was performed using E15.5 mouse brain cryo-
sections. Tissue sections were dried using a vacuum chamber and
incubated with the probe and hybridization solution [50% forma-
mide (AppliChem), 5x SSC, 1% Boehringer block, DEPC-H,O0,
5 mM EDTA, 0.1% Tween 20 (Sigma-Aldrich), 0.1% CHAPS (Sigma-
Aldrich), Heparin (0.1 mg/ml), and yeast RNA (100 pug/ml) (Invitrogen)]
overnight at 70°C. Slides were washed twice in wash solution (50%
formamide/1x SSC pH 4.5/0.1% Tween 20) for 30 min at 65°C and
twice in 1x maleic acid buffer containing Tween 20 (MABT) solu-
tion [100 mM maleic acid, 150 mM NaCl, and 0.1% Tween 20 (pH
7.5)] for 30 min at room temperature (RT). The slides were then
incubated overnight in blocking solution (10% sheep serum in 1x
MABT) with Digoxigenin-alkaline phosphatase antibody (Roche
Diagnostics) at 4°C in a humidified chamber. Next, slides were washed
in 1x MABT three times for 15 min at RT and in freshly prepared
prestaining solution [5 M NaCl, 1 M MgCl,, 1 M tris (pH 9.5), 200 ul
of Tween 20, and Milli-Q water] twice for 5 min at RT. Staining was
carried out by incubation in staining solution (25 ml of prestaining
solution containing nitro blue tetrazolium and bromochloroindolyl
phosphate at a dilution of 1:1000; Roche) and 25 ml of 10% poly-
vinylalcohol (Sigma-Aldrich) until color development. Last, slides
were dried and mounted with Entellan medium (Merck) and imaged
on an Olympus BX60 microscope.

ChIP-qPCR

The promoter regions of Nrpl and Cdh6 gene were defined based
on regions with increased H3K27ac modification, the presence of
CpG islands, and DNase hypersensitivity clusters surrounding the
start codon (using UCSC genome browser, FANTOMS5). These
regions were then searched for the presence of CACCT(G) sites.
For ChIP analysis, we used E15.5 Zeb2"" and Zeb2™" Nex“™ em-
bryonic cortices. ChIP was carried out using the ChIP-IT Express
Kit (Active Motif) with slight changes. Briefly, cortices were lysed
with 0.05% trypsin (Gibco), incubated 10 min at 37°C, spun down,
and fixed with freshly prepared 1% PFA/PBS for 10 min at RT. Fol-
lowing centrifugation, pellets were then washed with ice-cold PBS and
respun. Next, cells were lysed in lysis buffer containing protease and
phenylmethylsulfonyl fluoride (both Active Motif), homogenized
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using a chilled dounce homogenizer, and spun down. Pellets were
diluted in shearing buffer (Active Motif) and sonicated using a
Bioruptor (Diagenode). The obtained chromatin was precleared
with magnetic beads (Dynobeads Protein G, Invitrogen) and then
incubated overnight with magnetic beads precoupled to anti-Zeb2
antibody (13). Bound DNA was eluted in elution buffer (Active Motif)
and cleaned up according to the manufacturer’s instructions. The
obtained DNA was used for a series of QPCRs using GoTaq qPCR
Master Mix (Promega) and StepOnePlus Real-Time PCR System
(Applied Biosystems). Please see table S4 for primer sequences.

Quantification and statistical analysis

Morphological analysis of postnatal neurons

Morphological analysis was carried out as previously described (3).
Briefly, 1-um-spaced z-stack images of brain slices were imaged on
an Olympus BX60 microscope using AxioVision 4.8 (Zeiss) and
CellSens Dimension software. Dendritic tree reconstructions were
made using the Simple Neurite Tracer plugin in Image]J. Sholl anal-
ysis was performed blindly on the z-stack images using a starting
radius of 10 um and a 10-pm step size increase in radius and the
Sholl analysis plugin in ImageJ. The images of the neuronal recon-
structions shown are maximal projections.

The angle of the apical dendrite was determined using the angle
tool in Image]. The apical dendrite was defined as the dendrite
extending from the Golgi-containing, triangular side of the soma
that extends toward the MZ. Cells, where the identity of the apical
dendrite was unclear, were not analyzed.

Quantification of distribution of cortical neurons

The laminar distribution of neurons and cell fate analysis was per-
formed as described previously (59). Briefly, z stacks of 50-pum-thick
in utero electroporated mouse cortices were acquired with a Leica
Sp2 confocal microscope with 20x or 40x objective lens. Maximal
projections were divided into five identically sized bins (as indicated
in Fig. 1B). The number of electroporated neurons in each bin was
manually counted with Cell Counter plug-in of Image] software
and expressed relative to the total number of transfected cells.
Quantification of in vitro adhesion experiments

The average maximal diameter of cell aggregates was determined at
the indicated time points and normalized to the average size of con-
trol aggregates at the zero time point. The area of adherent cells was
determined after staining for F-actin using phalloidin-tetramethyl
rhodamine isothiocyanate (Sigma-Aldrich) or GFP and using thresh-
olded images and Image] software and the linewidth tool.
Quantification of live-imaging experiments

GFP" or mCherry" neurons were manually identified and followed
throughout the imaged period using Image] software and the
Simple Neurite Tracer plugin. Speed was determined as the dis-
tance traveled per hour during the period of cell migration. Multi-
polar cells were defined as cells containing more than two neurite
projections and lacking a clear leading process.

Statistical analyses

All statistics were conducted using GraphPad Prism 5 software.
Values and statistical details for all experiments are listed in the fig-
ure legends and in full detail in tables S2 and S3. Normality of dis-
tribution was analyzed using D’ Agostino-Pearson and Shapiro-Wilk
normality tests. For normally distributed data, we used unpaired
two-tailed t test or one-/two-way analysis of variance (ANOVA)
with Bonferroni post hoc test. For nonnormally distributed data, we
applied Mann-Whitney test or Kruskal-Wallis test with Dunn’s
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multiple comparison. Probabilities were presented in graphs as fol-
lows: *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabf1973/DC1

View/request a protocol for this paper from Bio-protocol.
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