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Abstract Heterozygous loss-of-function variants of
FOXP4 are associated with neurodevelopmental disorders
(NDDs) that exhibit delayed speech development, intel-
lectual disability, and congenital abnormalities. The etiol-
ogy of NDDs is unclear. Here we found that FOXP4 and
N-cadherin are expressed in the nuclei and apical end-feet
of radial glial cells (RGCs), respectively, in the mouse neo-
cortex during early gestation. Knockdown or dominant-neg-
ative inhibition of Foxp4 abolishes the apical condensation
of N-cadherin in RGCs and the integrity of neuroepithelium
in the ventricular zone (VZ). Inhibition of Foxp4 leads to
impeded radial migration of cortical neurons and ectopic
neurogenesis from the proliferating VZ. The ectopic differ-
entiation and deficient migration disappear when N-cadherin
is over-expressed in RGCs. The data indicate that Foxp4 is
essential for N-cadherin-based adherens junctions, the loss
of which leads to periventricular heterotopias. We hypoth-
esize that FOXP4 variant-associated NDDs may be caused
by disruption of the adherens junctions and malformation of
the cerebral cortex.
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Introduction

The forkhead box P (FOXP) transcription factors are a group
of evolutionarily ancient proteins. In mammals, the FOXP
subfamily consists of four members: FOXP1-4. They share
a conserved zinc finger domain, a leucine zipper motif, and
a forkhead DNA-binding module. FOXP1, FOXP2, and
FOXP4 form homodimers or heterodimers for transcriptional
regulation and exhibit overlapping, but distinct, expression
patterns within the vertebrate brain [1, 2]. Loss-of-function
FOXP variants have been found in patients with neurode-
velopmental disorders (NDDs). For example, FOXP2 was
the first gene discovered to underlie a rare inherited speech
and language disorder [3, 4]. De novo mutations of FOXP1
have been linked to a wide spectrum of cognitive disorders,
including intellectual disability, speech impairments, and
autism [5-7]. In animal studies, ablation of cortical Foxp2
alters social behavior [8], while conditional knockout of
Foxpl in the brain results in autistic-like behaviors in mice
[9], supporting the hypothesis that the loss of Foxpl or
Foxp2 contributes to NDDs. More recently, heterozygous
loss-of-function variants in FOXP4 have been found in chil-
dren with autosomal dominant NDDs who exhibit speech/
language delays and variable congenital abnormalities.
The missense mutations of FOXP4 occur in the forkhead
DNA binding domain, resulting in loss of the transcription
repression capability but not the interaction with wild-type
(WT) FOXP4 protein [10]. However, the neural mechanism
by which the loss-of-function mutants of FOXP4 result in
NDDs remains to be determined.
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The neocortex, responsible for higher-order brain func-
tions, is the primary site of the pathological changes causing
NDDs. The development of the mammalian cerebral cor-
tex starts with the apical neural progenitors that comprise
pseudostratified neuroepithelium, a cellular layer residing
in the luminal side of the ventricular zone (VZ) in the dor-
sal telencephalon. In early gestation, the neural progenitors
of the neocortex divide symmetrically to expand the pro-
genitor pool. As neurogenesis progresses, the apical neural
progenitors begin to give rise to either an excitatory neuron
or a basal progenitor cell (BPC). The BPC moves to the
subventricular zone (SVZ) and gives rise to pairs of dif-
ferentiated neurons. After birth, the post-mitotic neurons
migrate radially toward the meninges [11]. The early-gen-
erated neurons occupy the deepest layer, whereas the late-
born neurons migrate to the superficial layers, forming a
complex six-layered ‘‘inside-out” architecture [12]. Neurons
in the different laminae have distinct molecular characteris-
tics, reflecting their time of generation. The migration and
final laminar positioning of cortical neurons are regulated
by cell type- and layer-specific transcription factors [13].
Both Foxpl and Foxp?2 are essential for the neurogenesis
and radial migration of cortical neurons [14—17]. Disruption
of the laminar structure due to defective migration leads
to severe neurological disorders, such as lissencephaly and
periventricular heterotopias [18].

The apical neural progenitors are also called radial glial
cells (RGCs) because of their highly polarized morphol-
ogy, extending a short apical process and a longer basal
(radial) process spanning the neocortex. The migration
of cortical neurons requires RGCs; the radial process of
RGCs provides an instructive scaffold for migrating neu-
rons to move toward the cortical plate (CP) [19]. Homo-
philic interactions between N-cadherin proteins located in
the plasma membrane of the RGC and the neuron support
the neuronal adhesion to the radial glial fiber is essential
for radial migration [20]. On the other hand, the apical pro-
cesses of RGCs form end-feet that connect the neighboring
RGCs via N-cadherin-mediated adherens junctions (AJs)
on the luminal surface of the VZ [21]. Cadherin-based Als
play an obligate role in maintaining neuroepithelial cohe-
sion and confine polarity proteins to appropriate membrane
compartments for the polarized RGCs, thereby governing
the integrity of the ventricular wall and neuronal migration
[22, 23]. Furthermore, the N-cadherin-based Als provide
a self-supportive niche and control the self-renewal of the
neural progenitors. Blocking the functioning or knockdown
of N-cadherin induces premature neuronal differentiation
and inhibits p-catenin signaling in the VZ [24]. p-catenin
is an intracellular binding partner for N-cadherin in the AJs
and, at the same time, plays a critical role in the proliferative
activity of the Wnt signaling pathway [24, 25]. The precise

@ Springer

molecular and cellular mechanisms responsible for main-
taining N-cadherin-based AlJs in the radial glial structures
are not fully understood. The expression of N-cadherin in
the neuroepithelium of the developing spinal cord is subject
to the regulation of forkhead transcription factors. Elevated
expression of either Foxp2 or Foxp4 represses the N-cad-
herin and disrupts the AJs of the neuroepithelium, leading to
premature neurogenesis in the VZ and luminal surface [26].
Mutations in genes known to control AJ formation cause a
group of inherited cortical malformations characterized as
neuronal heterotopias [27-29].

In this study, we investigated the neural mechanisms
responsible for the NDD associated with loss-of-function
FOXP4 mutants in mice. We found that knockdown or dom-
inant-negative inhibition of Foxp4 disrupted N-cadherin-
dependent adhesion between the RGCs, and led to ectopic
neurogenesis and defective radial migration in the develop-
ing cerebral cortex. We hypothesize that the NDDs associ-
ated with FOXP4 variants may be caused by the disruption
of N-cadherin-based adhesion and the resulting malforma-
tion of the cerebral cortex.

Materials and Methods
Animals

CD1 mice were purchased from Shanghai Jisijie Laboratory
Animal Co., Ltd. The mice were housed under a standard 12
h light-dark cycle and given ad libitum access to water and
chow. The morning on which a vaginal plug was observed
in female mice was counted as embryonic day 0.5 (E0.5) for
the fetuses, and the day of birth was considered postnatal
day O (PO). All experiment procedures and husbandry were
performed strictly in compliance with the animal handling
guidelines and protocol approved by the Animal Care Com-
mittee of Wenzhou Medical University.

Plasmids

Foxp4 shRNAs were constructed and inserted into pSUPER
using BglII and HindIII sites. The interfering short-hairpin
RNA-expressing constructs shFoxp4-1 and shFoxp4-2 tar-
geted the mouse Foxp4 coding regions: 5'-GCTGACGCT
AAATGAGATTTA-3" and 5'-CAGAGCTGGAAACGA
TGAGAT-3’, respectively. Control scrambled shRNA
(shFoxp4-sc) targeting GGAAACCTATTGTCGGATAAT,
which has no mouse target genes by blast search, was cloned
into pSUPER as a negative control. The full-length Foxp4
and N-cadherin were PCR amplified from a mouse brain
complementary DNA library. Mouse Foxp4-H522N carry-
ing a point mutation of Foxp4 was generated from wild-type
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(WT) Foxp4 using the Fast Site-Directed Mutagenesis Kit
(Tiangen Biotech, KM101). WT Foxp4 and Foxp4-H522N
were cloned into the pCAGEN vector (Addgene) using
EcoRYV and Notl restriction sites. All plasmids used in this
study were verified by sequencing and extracted using the
EndoFree Plasmid kit (Qiagen).

In utero Electroporation (IUE)

E14.5 ICR female mice were used for IUE [30]. Timed-
pregnant mice were anesthetized by intraperitoneal injection
of pentobarbital sodium (50 mg/kg body weight, Miaodi,
Shanghai, China) diluted in saline. A midline abdominal
incision of ~1.5 cm was made, and the uterine horns were
carefully exposed. Plasmid DNA solutions containing 0.01%
fast green were injected into the lateral ventricles of embryos
with a glass micropipette. Electrical pulses (40 V for 50 ms,
five times, 950 ms intervals) were applied to the head of
embryos in the uterus through forceps-type electrodes con-
nected to an electroporator (BTX, ECM830). Subsequently,
the uterus was placed back, and the abdomen was sutured.
The mice were sacrificed at indicated times following IUE
to collect the electroporated brains for experiments.

Immunofluorescence of Brain Slices

The brains were dissected and fixed in 4% paraformaldehyde
in phosphate buffer (PBS, 0.1 M) at 4°C for 4-6 h. Sam-
ples were cryoprotected in 30% sucrose and frozen in OCT
compound (Thermo, 6502). Cryosections at 14 pm were
cut in the coronal plane on a cryostat (HM505E, Microm,
Germany). Heat-mediated antigen retrieval was conducted
by incubating the slides in citrate buffer (10 mM citrate,
pH 6, 0.05% Tween-20) for 5 min at 100°C. Sections were
blocked with PBS containing 0.3 % Triton X-100, 1% BSA,
and 5% donkey normal serum. After overnight incubation
at 4°C with the primary antibody, the sections were rinsed
in PBS and incubated with the appropriate secondary anti-
bodies. The following primary antibodies and dilutions
were used: goat anti-GFP (1:500, Novus NB100-1770);
rabbit anti-FOXP4 (1:150, Abcam, ab242127); mouse anti-
FOXP1 (1:250, Santa Cruz, sc-398811); rabbit anti-nestin
(1:600, Abcam, ab221660); mouse anti-N-cadherin (1:100,
Santa Cruz, sc-59987); rabbit anti-p-catenin (1:200, Abcam,
ab32572); rabbit anti-SATB2 (1:500, Abcam, ab92446);
mouse anti-FOXP4 (1:100, Santa Cruz, sc-390892);
mouse anti-SOX2 (1:100, Santa Cruz, sc-365823); rabbit
anti-TBR1 (1:400, Abcam, ab31940); rabbit anti-TBR2
(1:400, Abcam, ab23345); and mouse anti-phospho His-
tone H3 (pH3) (1:300, Abcam, ab14955). The species-
specific secondary antibodies applied in this study were
from Jackson ImmunoResearch Laboratories. They were:
Alexa Fluor™488-conjugated anti-goat, anti-mouse, and

anti-rabbit IgGs (1:500); Cy3-conjugated anti-rabbit (1:500);
Alexa Fluor™594-conjugated anti-mouse and anti-rabbit
IgG (1:500); and Alexa Fluor™647-conjugated anti-rabbit
and anti-mouse IgGs (1:500). The sections were mounted
with an anti-fade mounting medium (Invitrogen, S36938)
that contained DAPI for nuclear staining.

Image Acquisition and Statistical Analysis

Images were acquired using a Zeiss LSM 880 confocal micro-
scope. The fluorescence intensity of N-cadherin along the
ventricular surface in the transfected cortical region was cal-
culated by ImageJ and expressed as a percentage of the scram-
bled control, assuming the control to be 100%. Data from at
least three independent experiments were used for analysis.
Results are reported as the mean + SEM. A paired or unpaired
Student’s #-test was applied to compare the difference between
the control and experimental groups using Graphpad Prism
8. Multiple comparisons were analyzed by one-way ANOVA,
followed by Tukey’s post hoc multiple comparisons test. P
<0.05 was defined as statistically significant. Asterisks indi-
cate p values with *P <0.05, **P <0.01, and ***P <0.001.

Results
Foxp4 is Expressed in the Developing Cerebral Cortex

During the embryonic development of the rat cerebral cortex,
the Foxp4 mRNA signal is detected in the VZ/SVZ and CP by
E14 and later in all cortical layers. The expression of Foxp4
declines gradually in the early postnatal cortex [31]. In this
study, we examined Foxp4 expression in developing mouse
brains by immunofluorescence. At E12.5, the Foxp4 was
broadly expressed in the VZ, SVZ, and pre-plate. At E14.5,
FOXP4 staining was found across all layers of the developing
cortex, from the VZ/SVZ to the CP. Peak expression of Foxp4
occurred in the intermediate zone (IZ), where early-born neu-
rons were migrating toward the pial surface. Foxp4 expression
in the IZ was largely reduced at E16.5. At PO, Foxp4 was
found in the CP and SVZ but not in the VZ. Thus, Foxp4
exhibited diminished expression in the germinal zone as cor-
tical neurogenesis was completed (Fig. 1A). We also deter-
mined the identities of FOXP4" cells by double labeling of
FOXP4 with various cell-type-specific markers in the E14.5
mouse cortex. As a transcription factor, FOXP4 protein was
found in the cell nuclei, where it co-localized with SOX2* (a
marker of RGCs) in the VZ, and TBR2* (a marker of basal
progenitors) in the SVZ/IZ. In the CP, FOXP4 was enriched
in the TBR1" cells that were immature post-mitotic neurons
(Fig. 1B). The expression profile indicated that Foxp4 may
play multiple roles during cortical development.
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Fig. 1 Expression of Foxp4 in mouse neocortex during development.
A Immunostaining for FOXP4 (green) and DAPI on coronal sections
at E12.5, E14.5, E16.5, and PO. PP, pre-plate; CP, cortical plate; SVZ,
subventricular zone; VZ, ventricular zone; IZ, intermediate zone.
DAPI staining of nuclei is omitted from the figures for clarity. Scale
bars, 50 pm. B Representative images of E14.5 neocortical sections
double immunostained for FOXP4 (green) and the indicated cell-type
markers (red). FOXP4 is co-localized with SOX2, TBR2, and TBR1
(arrows). Scale bars, 50 pm in the left and 20 pm in the magnified
images.

Knockdown of Foxp4 Results in Abnormal Positioning
of Cortical Cells

To gain insight into the possible role of Foxp4, we set out
to investigate its functional importance in neuronal devel-
opment by knocking down Foxp4 expression. We designed
two short hairpin RNA (shRNA) constructs targeting dis-
tinct regions of the Foxp4 coding sequence (hereafter
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designated as shFoxp4-1 and shFoxp4-2) and a scrambled
vector (shFoxp4-sc) as the control. To test the knockdown
(KD) efficiency of the shRNA vectors, we transfected
shFoxp4-1, shFoxp4-2, or shFoxp4-sc with pPCAGGS-GFP
into the E14.5 cortex by IUE. The inhibition of Foxp4 was
assessed by immunofluorescence at E16.5. The ratio of
FOXP4-positive cells in the transfected population was
much less in the cortex receiving the interfering shRNAs
than that of the scrambled shRNA (Fig. 2A and A’ per-
centage of GFPYFOXP4™ cells: shFoxp4-sc 66.29% vs
shFoxp4-129.91% and shFoxp4-2 28.15%), showing that
the shRNAs were able to repress Foxp4 expression in vivo.

The E14.5-transfected brains were harvested at E17.5 to
evaluate the location of Foxp4 KD cells in the developing
cerebral cortex. As expected, a large proportion of cells
transfected with the control plasmid shFoxp4-sc crossed
the IZ and reached the upper layer of the CP. By contrast,
far fewer GFP* cells migrated to the CP in the KD groups
(Fig. 2B and B’, percentage of cells in the CP: shFoxp4-
sc 35.79% vs shFoxp4-1 13.90%, and shFoxp4-2 4.38%).
The majority of cells with Foxp4 KD accumulated in the
SVZ/VZ and failed to leave the 1Z (Fig. 2B and B’, 1Z:
shFoxp4-sc 32.53% vs shFoxp4-1 48.61% and shFoxp4-2
51.90%; SVZ/VZ: shFoxp4-sc 31.68% vs shFoxp4-1
37.49% and shFoxp4-2 43.73%). To study if the abnor-
mal location of cortical neurons is still present at a later
stage, we examined the transfected brains at P3. In control
brains, almost all electroporated GFP* cells had reached
the upper layers of the CP (Fig. 2C and C’, percentage
of cells in the CP: shFoxp4-sc 93.97%), showing com-
pletion of the radial migration. In contrast, only 72.14%
and 57.76% of GFP* cells were detected in the superficial
layer of the shFoxp4-1- and shFoxp4-2-transfected cor-
tex, respectively. Many Foxp4-KD cells were still stalled
and formed an ectopic nodule in the white matter (WM)
(Fig. 2C). These data demonstrate that Foxp4 expression is
required for the proper positioning of cortical cells during
embryonic development.

Knockdown of FOXP family member FOXP1 inhibits
the radial migration of cortical neurons [14]. To exclude
the possibility that Foxp4 shRNA may mediate the KD
from off-target effects, we analyzed the expression of the
closely-related protein FOXP1 at P3 when the transfected
cells co-localize with FOXP1 in the cortex. We examined
the superficial cortical layers where all or part of E14.5-
transfected cells resided at P3 (Fig. 2D). The fractions
of FOXP1% cells in the transfected population were simi-
lar in the brains receiving shFoxp4-sc and shFoxp4-1 or
shFoxp4-2 (Fig. 2D and D', percentage of GFP*FOXP1*
cells in layers II-IV: shFoxp4-sc 82.51% vs shFoxp4-1
79.92 % and shFoxp4-2 84.07 %), supporting the conclu-
sion that the shRNA acts specifically in vivo.
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Fig. 2 Knocking down Foxp4 alters the positioning of cortical cells.
A Cortices at E16.5 immunostained with anti-FOXP4 (red) and GFP
antibodies (shFoxp4-sc, shFoxp4-1, or shFoxp4-2 with pCAGGS-
GFP was transfected into E14.5 cortices by IUE). Arrows indicate
GFP* cells that express FOXP4 and arrowheads indicate those that
do not. Scale bar, 50 pm (left panel) and 20 pm (right panels). A’
Ratio of FOXP4" cells in the transfected population in A (shFoxp4-1
and shFoxp4-2 reduce the FOXP4" cells in vivo). n = 3—4 brains,
*#%P < (0.001, one-way analysis of variance (ANOVA), followed by
Tukey’s multiple-comparisons test. B, C E14.5-electroporated corti-
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ces at E17.5 (B) and P3 (C). Nuclei are counterstained with DAPI
(blue). Scale bars, 50 pm. WM: white matter. B, C' The distribution
of GFP* cells in distinct cortical regions in B and C. n = 3—4 brains,
##*P < 0.001, **P < 0.01. ns: no significant difference. D Brains
receiving shRNAs immunostained with FOXP1 (red) and GFP anti-
bodies at P3. Arrows mark the GFP* cells expressing FOXP1. Scale
bar, 50 pm (left panel) and 20 pm (right panels). D’ Ratios of GFP*
cells co-expressing FOXP1 in layers II-IV. The Foxp4-interfering
shRNAs did not change the expression of FOXP1.
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Knockdown of Foxp4 Alters the Proliferation
and Differentiation of RGCs

To determine the identities of the ectopic cells after Foxp4
KD, we immunostained brain sections with the cell-type-
specific markers TBR2 and SATB2 (a marker for imma-
ture neurons). Foxp4 inhibition decreased the proportion
of GFPTSATB2* cells in the CP compared to the control
(Fig. 3A and C, percentage of GFP*SATB2" cells in the
CP: shFoxp4-sc 35.01% vs shFoxp4-2 5.58%), confirming
the deficiency in neuronal migration. We also noted that
KD of Foxp4 led to the ectopic spill-over of GFP*SATB2*
neurons to the SVZ/VZ, in contrast to the control brain
where SATB2% cells were excluded from the SVZ/VZ
(Fig. 3A and C, percentage of GFP*SATB2" cells in the
SVZ/VZ: shFoxp4-sc 0% vs shFoxp4-2 14.88%). TBR2-
labeled GFP* cells normally resided in the SVZ but not the
apical surface of the VZ as expected for basal progenitor
cells. However, in the shFoxp4-2-transfected brain, TBR2-
positive cells were found in the apical VZ, in addition to
being present in the VZ/SVZ (non-apical VZ) (Fig. 3B
and D, percentage of GFPTTBR2™ cells at the apical VZ:
shFoxp4-sc 0 % vs shFoxp4-2 5.53%). The VZ is the neu-
rogenic layer of epithelial cells that lines the neural tube
during the development of the cerebral cortex. The prolif-
eration of neural progenitor cells is sustained in the VZ,
which consists almost exclusively of dividing precursors.
When neural precursors are removed from the VZ, they
exit the cell cycle and differentiate, suggesting that the VZ
provides a supportive environment for proliferation [32].
The ectopic location of TBR2* basal progenitor cells and
SATB2* neurons in the VZ indicates a possible loss of
the cellular microenvironment required for supporting the
self-renewal of neural stem cells.

To investigate whether precocious differentiation in the
VZ may be associated with changes in the proliferation
of RGCs, we applied pH3 (an M-phase marker) immu-
nostaining to the electroporated brain. We noted that KD
induced a distinct localization of mitotic cells. Most of the
GFP*pH3* cells were normally aligned on the ventricle
wall in the control brains. By contrast, upon Foxp4 KD,
the mitotic GFP*pH3™* cells were no longer concentrated
on the apical surface of the VZ (Fig. 3E, F, percentage of
GFP*pH3* cells at the apical VZ: shFoxp4-sc 5.34% vs
shFoxp4-2 1.06%), but were ectopically scattered across
the VZ/SVZ, and occasionally in the IZ (non-apical VZ)
(Fig. 3E, F, percentage of GFPTpH3™ cells at the non-
apical VZ: shFoxp4-sc 1.67% vs shFoxp4-2 6.20%). Thus,
the proliferating cells had detached from the neuroepithe-
lium and abnormally intermingled with basal progenitor
cells and neurons, suggesting that KD of Foxp4 disrupts
the lamination of the developing cortex.
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Foxp4 KD Disrupts the Polarity of RGCs
and the Integrity of the Neuroepithelium

Proper interactions between neural precursor cells gen-
erate a supportive niche to regulate self-renewal in the
VZ [24]. To explore whether the aberrant proliferation
and differentiation of RGCs were caused by the altera-
tion of cell-cell contacts, we examined the morphology
of RGCs and the integrity of the neuroepithelium in the
VZ by nestin immunofluorescence. Nestin is an interme-
diate filament protein participating in the regulation of
cell shape and mechanical integrity [33]. E14.5 embryos
were electroporated with either shFoxp4-2 or the control
plasmid and analyzed at E17.5. RGCs in the control group
had bipolar morphology with dense and well-arranged
fibers perpendicular to the pial surface. The VZ neuroep-
ithelium contained uniformly packed RGCs, the apical
processes of which formed an end-foot attachment con-
necting the cell body to the ventricular lumen. In contrast,
the RGCs transfected with shFoxp4-2 were disorganized,
and the apical surface was irregularly bent (Fig. 4A), sug-
gesting that Foxp4 KD disrupts the integrity of the neu-
roepithelium in the VZ.

As the RGCs with Foxp4 KD looked disoriented, we
examined the polarity of RGCs by y-tubulin staining of
centrosomes. Centrosomes anchor to the apical surface and
control the mechanical properties of RGCs [34]. In control
brains, centrosomes were positioned at the apical surface
of RGCs during the interphase of the cell cycle. Occasion-
ally, two separated centrosomes were spotted on opposite
sides of a dividing nucleus (Fig. 4B). However, the KD
of Foxp4 caused y-tubulin positive puncta to scatter ran-
domly throughout the VZ, with reduced apical condensation
(Fig. 4B, C), supporting the conclusion that the KD disrupts
the anchorage of centrosomes to the apical membrane and
destroys the apico-basal polarity of the RGCs.

Foxp4 is Essential for the N-cadherin-dependent
Adhesion of RGCs

The integrity of VZ neuroepithelium and the apico-basal
polarity of RGCs are maintained by AlJs that form adhe-
sions between the adjacent progenitor cells [20, 35, 36].
N-cadherin and p-catenin are the AJ proteins in the neuro-
genic niche of the developing cerebral cortex [23]. We first
examined the expression of N-cadherin in the developing
cerebral cortex. N-cadherin was prominently concentrated in
the apical end-feet of the RGCs throughout the development
from E12.5 to PO. However, at higher magnification, sub-
tle differences became notable. At early time points (E12.5
and E14.5), N-cadherin staining produced a continuous solid
band lining the luminal surface of the ventricle even at a
higher magnitude. In contrast, the apical N-cadherin staining
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Fig. 3 Knockdown of Foxp4 induces the ectopic proliferation and
differentiation of RGCs. A Coronal sections immunostained with
GFP and SATB?2 (red) antibodies at E17.5 (pCAGGS-GFP plus either
shFoxp4-sc or shFoxp4-2 were co-transfected into E14.5 mouse
brains). Nuclei are counterstained with DAPI (blue). (a-¢) Magni-
fied images of transfected cells in the CP (a), IZ (b), and SVZ/VZ (c).
Arrows indicate the GFP" cells expressing SATB2 and arrowheads
indicate those that do not. Scale bars, 50 pm (left panel) and 10 pm
(right panels). B Brain sections stained with TBR2 (red) and GFP
antibodies; nuclei are counterstained with DAPI (blue). (a, b) Magni-
fied images of boxes showing transfected cells in the non-apical (a)
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and apical VZ (b). Arrows indicate GFP" cells expressing TBR2 and
arrowheads indicate those that do not. Scale bars 50 pm (left panel)
and 10 pm (right panels). C, D Quantification of the GFP* cells co-
expressing SATB2 (C) or TBR2 (D) in the indicated regions. n = 3
brains, ***P <0.001, **P <0.01, *P <0.05, t-test. E Representative
images of E17.5 brain sections immunostained for pH3 (red). Arrows
indicate the pH3*GFP* progenitors confined to the apical surface of
the VZ. Arrowheads mark the pH3*GFP* cells in the non-apical VZ.
Scale bars, 50 um. F Proportions of pH3*GFP™ cells in the apical and
non-apical VZ. n = 3, ¥**P <(.001, t-test.

luminal clustering of N-cadherin in the RGCs is reduced or
interrupted during late cortical neurogenesis.

To determine whether disorganization of the corti-
cal lamina is related to the loss of N-cadherin-based Als,
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Fig. 4 Suppression of Foxp4 disrupts the integrity of neuroepi-
thelium and the polarity of RCGs. A Cortical sections were stained
for NESTIN (red) and GFP at E17.5 (shFoxp4-sc or shFoxp4-2,
along with pCAGGS-GFP, were delivered into RGCs of the E14.5
mouse cortex). a, b Magnified views of the boxes in the left panel.
shFoxp4-sc-transfected cells at the ventricular surface have apical
end-feet attachment (asterisks). The cells expressing shFoxp4-2 show
irregular shapes with diminished nestin in the apical region (arrow-
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heads). Nuclei are stained with DAPI. Scale bars, 50 pm (left pan-
els) and 20 pm (right panels). B Cortical sections immunostained
with y-tubulin (red) and GFP. y-Tubulin is clustered in the luminal
surface of the VZ in control, whereas in the KD brain, they are dis-
persed throughout the VZ. Scale bar, 20 pm. C Statistics of y-tubulin-
positive puncta (centrosomes) in the apical and non-apical surfaces of
the VZ. n = 3 brains, **P <0.01, t-test.
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Fig. 5 Knockdown of Foxp4 A
disrupts N-cadherin-based AJs
in the VZ. A N-cadherin (red)
expression pattern in mouse
cortex on E12.5, E14.5, E16.5,
and P0. a—d Magnification

of selected luminal surfaces
(boxes) in the left panel. Arrows
indicate cells with thinner or
weakened apical N-cadherin
staining. Arrowheads illus-
trates the loss of N-cadherin
expression on the apical surface.
Scale bars, 50 pm (left panels)
and 10 pm (right panels). B,

C Representative images of
N-cadherin (B) and f-catenin
(C) immunostaining at E17.5
(pCAGGS-GFP plus either

|N-cadherin / DAPIl

shFoxp4-sc or shFoxp4-2 was | E12.5

E14.5 E16.5 Mag |

co-transfected into E14.5 mouse

brains). Nuclei are stained with

”N Ladhelm” Merge ” Magnification

| D

DAPI in the merged images.
The right panels are magnified
images from the boxes. Scale
bars, 50 pm (left panels) and

20 pm (right panels). shFoxp4-
sc-transfected cells display
condensed N-cadherin (red) and
B-catenin (red) expression at the
ventricular surface (arrows and
asterisks). The Foxp4 KD cells
lack apical clustering of N-cad-
herin or B-catenin (arrowheads).
D, E Fluorescence intensity of
N-cadherin (B) and p-catenin
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we examined N-cadherin and f-catenin in the brains with
Foxp4 KD. Immunostaining results showed that N-cadherin
was intensely condensed on the VZ surface in the control
brains. In contrast, in shFoxp4-2 transfected brains, the
ventricular surface was largely devoid of the clustering of
N-cadherin (Fig. 5B, D), suggesting that the KD of Foxp4
likely dissolved the N-cadherin-based AJs. f-catenin is the
intracellular binding partner for N-cadherin, and the bind-
ing stabilizes the cadherin zipper structure in AJs [37]. The
intensity of f-catenin staining in the apical end-feet was
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severely reduced in shFoxp4-2-transfected brains compared
to the control (Fig. 5C, E). These results indicate that Foxp4
KD represses the accumulation of the AJ protein N-cadherin
and P-catenin in the apical processes of RGCs, suggesting
disruption of N-cadherin-based AJs by KD.

Since N-cadherin is essential for radial migration [20] and
AlJs maintain the self-renewal of the neural progenitors in the
VZ [24, 38], we postulated that the defective migration and
ectopic differentiation induced by the KD might be caused by
the loss of N-cadherin clustering. To test this, we introduced
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Fig. 6 Expression of N-cadherin restores radial migration and neu-
ronal differentiation. A E14.5 cortices transfected with shFoxp4-
sc plus pCAGEN (control), shFoxp4-2 plus pCAGEN (KD), or
shFoxp4-2 plus pCAG-Ncad (rescue) immunostained for N-cadherin
(Red) at E17.5. The rescue partially recovered the apical condensa-
tion of N-cadherin. Scale bar, 20 pm. B Relative fluorescence inten-
sity of N-cadherin (A) at the ventricular surface. n = 3 brains, ***P
<0.001, paired t-test. C Distribution of GFP-labeled cells in the
E17.5 cortex electroporated with indicated plasmids at E14.5. Scale
bar, 50 um. D Proportions of GFP* cells in distinct cortical regions
as calculated from C. Expression of N-cadherin restored the cells
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migrating toward the CP. n = 3, ***P <0.001, **P <0.01, *P <0.05,
one-way ANOVA. E, F Representative images of SATB2 (E) and
TBR2 (F) immunostaining in the E17.5 cortex. Arrows indicate that
the electroporated cells on the apical surface do not express SATB2
(red) or TBR2 (red). Arrowheads show the presence of GFP*SATB2*
or GFP*TBR2" cells at the ventricular surface. Scale bars, 50 pm
(left images) and 10 pm (right images). G, H Quantification of
the GFP* cells co-expressing SATB2 in the indicated lamina (E)
and TBR2 in the non-apical and apical VZ (F). n = 3 brains, ***P
<0.001, **P <0.01, *P <0.05, r-test.
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Fig. 7 Expression of the Foxp4 mutant leads to periventricular het-
erotopia. A, B E14.5 embryos were electroporated with pPCAGEN or
mFoxp4-H522N in the presence of pCAGGS-GFP. The brains were
harvested and sectioned at E17.5 (A) or P3 (B). Scale bars, 50 pm. C,
D Fractions of GFP* cells in each cortical layer as calculated from A
and B. n = 3, ***P <0.001, **P <0.01, *P <0.05, r-test.

shFoxp4-2, in the presence or absence of the N-cadherin
expression construct (pCAG-Ncad), into the RGCs at E14.5.
The brains were sectioned and analyzed at E17.5. Expres-
sion of WT N-cadherin in Foxp4-KD brains recovered the
N-cadherin-positive belt facing the ventricle (Fig. 6A, B).
Overexpression of N-cadherin substantially up-regulated the
population of cells migrating into the CP compared to that
expressing shFoxp4-2 alone (Fig. 6C, D, CP: shFoxp4-sc
+ pCAGEN: 35.79%, shFoxp4-sc + pCAG-Ncad: 32.71%,
shFoxp4-2 + pCAGEN: 14.48%, shFoxp4-2 + pCAG-Ncad:
31.31%). Mis-expression of N-cadherin alone did not disturb
the normal radial migration (Fig. 6C, D). The ectopic distribu-
tion of SATB2* or TBR2™ cells in the apical surface of the VZ
caused by the Foxp4 KD disappeared upon the introduction of
N-cadherin (Fig. 6E-H). The rescue experiment supports the
conclusion that KD of Foxp4 inhibits neuronal migration and
alters the differentiation of RGCs by regulating N-cadherin.

Expression of a Foxp4 Mutant Leads to Periventricular
Heterotopia

The genetic mutation of FOXP4 is linked to severe neurode-
velopmental disorders with speech/language delays, growth

defects, and variable congenital abnormalities. The het-
erozygous de novo mutation H517N located in the foxhead
box DNA-binding domain of FOXP4 has been reported in a
child with delayed speech development and intellectual dis-
ability [10]. The mutant shows a loss of the transcriptional
repression capability but has an intact leucine zipper motif
that mediates the interaction with FOXP4 protein. A study
with bioluminescence resonance energy transfer confirmed
that the mutant is able to dimerize with WT FOXP4 [10].
To elucidate the relationship between the FOXP4 heterozy-
gous mutation and the neuropathology, we created mFoxp4-
HS522N, a mouse homolog of the human variant H517N.
We introduced mFoxp4-H522N and pCAGGS-GFP into the
E14.5 mouse neocortex, which was analyzed at E17.5 and
P3. Similar to Foxp4-KD, the mutant-transfected cells failed
to migrate to the CP (Fig. 7A, C, percentage of cells in CP:
PCAGEN 32.35% vs mFoxp4-H522N 7.10%) but stalled in
the SVZ/VZ at E17.5 (Fig. 7A, C, percentage of cells in the
SVZ/VZ: pCAGEN 29.70% vs mFoxp4-H522N 69.98%).
At P3, GFP" cells formed an ectopic nodule in the WM
(Fig. 7B, D, percentage of cells in the WM: pCAGEN 2.58%
vs mFoxp4-H522N 47.61%). In comparison, the majority of
vector-transfected neurons were normally settled in the super-
ficial layers (Fig. 7B, D, percentage of cells in layers II-IV:
pCAGE: 96.69% vs mFoxp4-H522N 42.80%). These data
suggest that the mis-expression of H522N results in abnormal
positioning of cortical cells and periventricular heterotopia.

To investigate the impact of the loss-of-function Foxp4
variant on RGC differentiation, we immunostained the brain
sections using TBR2 and SATB2 antibodies at E17.5. The
percentage of SATB2* newborn neurons in the SVZ/VZ
increased in the mutant-electroporated cortices compared with
the control (Fig. 8A, C, percentage of GFP*SATB2™ cells
in the SVZ/VZ: pCAGEN 0% vs mFoxp4-H522N 12.86%).
Furthermore, the mutant led to TBR2™" cells on the apical sur-
face of the VZ (Fig. 8B, D, percentage of GFP*TBR2" cells
at the apical VZ: pCAGEN 0% vs mFoxp4-H522N 6.24%).
These ectopic phenotypes were similar to those induced by
Foxp4 shRNAs (Fig. 3). To determine whether the preco-
cious locations were related to the alteration of N-cadherin,
we examined the expression of N-cadherin. The cortices
expressing the control vector had intense N-cadherin staining
lining the luminal surface of the VZ. However, overexpres-
sion of mFoxp4-H522N diminished the apical clustering of
N-cadherin (Fig. 8E, F). This finding indicates that the over-
expression of H522N probably disrupts the N-cadherin-based
AlJs and leads to the abnormal differentiation of RGCs.

Discussion

Genetic loss-of-function mutations of FOXP4 have been
implicated in cognitive disorders that affect language

@ Springer



1142

Neurosci. Bull. July, 2023, 39(7):1131-1145

H
R

pCAGEN

[ H522N-pCAGEN ||

< 3 d L
A A A
1 . ‘
A A
. s .

@]

vy

pCAGEN

| H522N-pCAGEN ||

T 50 mm pCAGEN
& B H522N
H 40
€3
Q 30
+
o
2 20-
&
4 104
-9
=
o 0-
CP 1Z SVZ/VZ
D
< 304
N B pCAGEN
iy B H522N
5 20
i~
=
LX)

8
ot 10 ek
B
S

0...

Vv <
\0

=5

pCAGEN | g

[H522N-pCAGEN] |

Fig. 8 mFoxp4-H522N induces ectopic differentiation of RGCs
and reduces apical N-cadherin. A, B Brain sections immunostained
for SATB2 (red, A) or TBR2 (red, B) at E17.5 (E14.5 cortices were
transfected with pCAGEN or mFoxp4-H522N in the presence of
pCAGGS-GFP). Nuclei are stained with DAPI. The right panels are
magnified images of the boxes in VZ/SVZ (A) or apical VZ (B).
Arrowheads indicate that the transfected cells do not express SATB2
(A) or TBR2 (B). Arrows designate co-localization of the cell type
maker with GFP. Scale bars, 50 pm (left images) and 10 pm (right
images). C, D Proportions of SATB2*GFP* (C) or TBR2TGFP*

@ Springer

I shFoxp4-sc
I shFoxp4-2

Relative fluorescent intensity

(D) cells in the specified regions. n = 3, ***P <0.001, **P <0.01,
*P <0.05, t-test. E Co-staining of N-cadherin (red) and GFP in the
E17.5 mouse brain. Nuclei are stained with DAPI. Control plasmid-
transfected cells have intense N-cadherin at the ventricular surface
(arrows and asterisks). mFoxp4-H522N-expressing cells are devoid
of the clustering of N-cadherin (arrowheads). Scale bars, 50 pm (left
images) and 20 pm (right images). F Relative fluorescent intensity of
N-cadherin (E) at the ventricular surface. n = 3 brains, ***P <0.001,
paired z-test.
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acquisition and intellectual development. In this study, we
found that the transcription factor FOXP4 was expressed in
RGCs (Fig. 1B). Interestingly, the transmembrane protein
N-cadherin formed prominent end-feet in the apical surface
of the RCGs during the early stage of cortical neurogenesis.
The end-feet became less compact and disappeared sporadi-
cally at birth (Fig. 5SA). The N-cadherin in RGCs appears to
be regulated by Foxp4 as both knockdown and dominant-
negative inhibition of Foxp4 by IUE led to the loss of its
surface condensation (Figs 5B and 8E). Although in utero
electroporation transfected only a small subset of cortical
cells, the disruption of surface N-cadherin along the VZ and
the orientation of RGCs across the infected region seemed to
be global (Fig. 5). This discrepancy is puzzling but has been
noted in previous studies on AJs by IUE, and explained by
the postulation of non-cell-autonomous actions across the
neuroepithelium [39, 40].

Foxp4 KD disrupted N-cadherin-based AJs and the integ-
rity of the VZ neuroepithelium, leading to ectopic neuro-
genesis (Fig. 3). The inhibition of Foxp4 also eliminated
the apico-basal polarity of RGCs (Fig. 4), and rendered the
RGCs unable to support radial migration (Fig. 2B). The
faulty position of cortical neurons may also arise directly
from the lack of cadherin-based adhesion since the attach-
ment of migrating neurons to the radial glial fibers depends
on homophilic interactions between N-cadherin proteins
located in the RGC and the neuron [20, 41]. Overexpressing
N-cadherin reversed the ectopic differentiation and deficient
migration, indicating that Foxp4 mediates the KD effects by
regulating N-cadherin.

Foxp4 and Foxp2 are expressed in the spinal cord dur-
ing motor neuron development. A graded increase in the
expression of Foxp4 coincides with the downregulation of
N-cadherin and detachment of neural progenitor cells from
the neuroepithelium. Mis-expressing either Foxp4 or Foxp2
represses the expression of N-cadherin in vivo [26]. The
apparent conflicting results in the regulation of N-cadherin
by Foxp4 between the developing cerebral cortex and the
spinal cord might be related to spatial differences in the
neuroepithelia. However, we noted that the expression of
N-cadherin in the neuroepithelium is reduced in the develop-
ing spinal cord of the Foxp4 knockout mice, as shown in the
same study that demonstrates the inhibition of N-cadherin
by mis-expressing Foxp4. The Foxp4 knockout mice also
exhibited disruption of the neuroepithelial cytoarchitecture
([26]: supplemental Fig. S8 panels T and Y). Thus, we do
not exclude the possibility that N-cadherin and the integrity
of neuroepithelia may be under dual regulation of the tran-
scription factor FOXP4.

The molecular and cellular mechanisms responsible
for the regulation of N-cadherin by Foxp4 are unclear.
N-cadherin may be a direct target of Foxp4, which binds to

a highly conserved element within intron 3 of N-cadherin
[26], although we do not know if this binding site contrib-
utes to the positive or negative regulation of N-cadherin
expression. Alternatively, Foxp4 may control N-cadherin
indirectly in the plasma membrane. After biosynthesis from
the Golgi complex, N-cadherin density at the AJs is regu-
lated by recycling between internal and plasma membrane
pools [42]. N-cadherin in the plasma membrane undergoes
rapid internalization that is required for synaptic plasticity
[43]. It remains to be determined whether Foxp4 regulates
the endocytic machinery in neural progenitors. However,
FOXP subfamily member FOXP1 represses the expression
of huntingtin-interacting protein 1-related, which controls
the internalization of cell surface receptors via endocytosis
in the germinal center of diffusive large B-cell lymphoma
[44]. Furthermore, the stability of cadherin-based AlJs is
controlled by protein tyrosine phosphorylation of associated
components in the cell adhesion complex [45]. For example,
phosphorylation of the binding partner 3-catenin on tyrosine
residue 654 modulates endocytosis by enhancing its associa-
tion with N-cadherin, and over-expression of the tyrosine
mutant Y654F promotes the surface population of N-cad-
herin [43]. Interestingly, FOXP4 promotes p-catenin tran-
scription by binding to the f-catenin promoter in esophageal
squamous cell carcinoma [46]. Future studies are needed to
explore the molecular mechanisms underlying the regulation
of N-cadherin-based AJs by Foxp4.

In human patients, most heterozygous mutations of
FOXP4 cause a loss-of-function in the mutated protein [10],
leading to the haploinsufficiency of this transcription factor.
However, as the mutants remain able to interact with WT
FOXP4, the mutated protein may further interfere with the
normal function of the WT allele via dimerization. Since
Foxp4-H522N repressed the apical clustering of N-cadherin,
induced the ectopic differentiation of RGCs, and impeded
radial migration in the mouse brain that harbored two WT
alleles of Foxp4 (Figs 7 and 8), the abnormalities found in
the mFoxp4-H522N-expressing brains cannot be attributed
to loss of the WT FOXP4 protein. Instead, the function
of WT Foxp4 was likely compromised by the introduced
mutant. Therefore, human heterozygous mutants may exac-
erbate the severity of NDDs by superimposing their interfer-
ence on that from a heterozygous loss of FOXP4.

In conclusion, in this study, we found that the loss of
Foxp4 induces ectopic neurogenesis and inhibits radial
migration by disrupting N-cadherin-based AJs in the ger-
minal zone. Deficiency in migration and periventricular het-
erotopias are hallmarks of human neurological and psychiat-
ric disorders [18, 27, 47]. The malformation of the cerebral
cortex may underlie the NDDs associated with the FOXP4
mutations, supporting a causal relationship between loss-of-
function FOXP4 variants and NDDs in humans.
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