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Proper assembly of cortical circuits depends on the orderly migration of excitatory projection neurons, a multistep
process marked by dynamic cell shape remodeling, including the transition frommultipolar-to-bipolar morphology
(MP-to-BP) followed by radial glial-guided locomotion. Althoughmolecular players regulating individual stages have
been identified, how these steps are coordinated remains unclear. Here, we uncover a critical role for the multido-
main Rho-GAP oligophrenin-1 (OPHN1), an X-linked intellectual disability protein, as a dual-function regulator of
radial migration. Using a molecular replacement strategy combined with live-cell imaging, we show that OPHN1
governs successive phases of migration through distinct domains and mechanisms: its GAP domain promotes the
MP-to-BP transition by suppressing RHOA–ROCK signaling, whereas its second proline-rich domain regulates
leading process remodeling and nucleokinesis during locomotion via interaction with the protein kinase C and
casein kinase substrate in neurons 2 (PACSIN2). Together, these findings reveal a previously unrecognized role for
OPHN1 in early cortical development and demonstrate that its domain-specific functions facilitate stepwise control
of radial migration during corticogenesis.
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The neocortex, a hallmark of the mammalian brain, is
characterized by its six-layered architecture and its cen-
tral role in orchestrating higher-order cognitive and sen-
sorimotor functions (Molyneaux et al. 2007; Greig et al.
2013; Jabaudon 2017). Its construction follows a highly or-
dered developmental program whose early stages involve
the transition of neuroepithelial cells into radial glial pro-
genitors (RGPs) within the dorsal telencephalon. These
RGPs serve as the primary source of all cortical excitatory
projection neurons, which arise through successive divi-
sions either directly from RGPs in the ventricular zone
(VZ) or indirectly via intermediate progenitors in the sub-

ventricular zone (SVZ) (Malatesta et al. 2000;Miyata et al.
2001; Noctor et al. 2001; Malatesta and Götz 2013; Taver-
na et al. 2014). Once generated, the newborn projection
neurons undergo a precisely orchestrated migration from
their site of birth to the nascent cortical plate (CP), where
they settle into distinct laminar positions and differenti-
ate, extending axons and dendrites to establish appropri-
ate synaptic connectivity (Marin and Rubenstein 2003;
Kriegstein and Noctor 2004; Casanova and Trippe 2006;
Ayala et al. 2007; Valiente and Marín 2010; Cooper
2013; Greig et al. 2013; Silva et al. 2019; Hansen and
Hippenmeyer 2020; Vaid and Huttner 2022). This tightly
regulated migration is fundamental for establishing func-
tional cortical circuits. It is therefore not surprising that
disruptions at any stage of this process have been linked
to neurodevelopmental disorders, including intellectual
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disability (ID), autism spectrum disorder, and epilepsy
(Ross and Walsh 2001; Métin et al. 2008; Valiente and
Marín 2010; Wegiel et al. 2010; Fernández et al. 2016;
Stouffer et al. 2016; Francis and Cappello 2021).

To reach their final positions within the CP, cortical
projection neurons execute a multistep migratory pro-
gram composed of distinct migratory modes that evolve
as the cortical wall expands. While the earliest-born
cortical projection neurons migrate through somal trans-
location, the later-generated majority rely on radial
glia-guided locomotion as the cortical wall thickens
(Nadarajah et al. 2001; Noctor et al. 2004). This latter
mode of migration involves a series of highly coordinated
morphological transformations. Following an initial radi-
al displacement from their birthplace into the SVZ/inter-
mediate zone (IZ), newborn neurons adopt a multipolar
morphology, extending multiple dynamic neurites while
exhibiting little sustained directional migration. They
subsequently undergo a multipolar-to-bipolar (MP-to-BP)
transition, acquiring a bipolar shape with distinct leading
and trailing processes, which enables radial glia-guided lo-
comotion through the IZ and into the CP. During this
phase, neurons extend and stabilize their leading process
andmigrate via repeated cycles of nucleokinesis, in which
the centrosome moves forward into a dilation within the
proximal leading process, followed by translocation of
the nucleus toward the centrosome. Upon reaching the
upper CP and contacting the marginal zone, locomoting
neurons detach from the radial glial fibers and undergo
terminal translocation to achieve their final laminar posi-
tioning (Marin and Rubenstein 2003; Tabata and Naka-
jima 2003; Ayala et al. 2007; Valiente and Marín 2010;
Cooper 2013).

Of the successive phases of radial migration, theMP-to-
BP transition and radial glia-guided locomotion represent
the most prolonged and complex stages. Given that radial
glia-guided locomotion depends on the successful com-
pletion of the MP-to-BP transition, these successive steps
must be tightly coordinated to ensure proper neuronal
positioning and cortical layer formation. Over the past
several years, a number of studies have examined the in-
trinsic mechanisms governing each of these individual
phases, revealing distinct molecular and structural com-
ponents that regulate the dynamic remodeling of the actin
and microtubule cytoskeletons, vesicular trafficking, and
cell adhesion (Gleeson et al. 1999; Kawauchi et al. 2006;
Creppe et al. 2009; Heng et al. 2010; Jossin and Cooper
2011; Kawauchi 2011; Pacary et al. 2011; Shikanai et al.
2011; Godin et al. 2012; Moon and Wynshaw-Boris 2013;
Azzarelli et al. 2014; Insolera et al. 2014; Wu et al. 2014;
Lian and Sheen 2015; Francis and Cappello 2021; Liaci
et al. 2021). Despite these advances, how the MP-to-BP
transition and subsequent radial glia-guided locomotion
are coordinated at the molecular level remains poorly
understood.

Here, we identify oligophrenin-1 (OPHN1) as a previ-
ously unrecognized regulator of both theMP-to-BP transi-
tion and radial glia-guided locomotion. OPHN1 is a
multidomain Rho GTPase-activating protein (Rho-GAP)
belonging to the GRAF family (Billuart et al. 1998). In ad-

dition to a central GAP domain, it contains anN-terminal
Bin/Amphiphysin/Rvs (BAR) domain, a pleckstrin homol-
ogy (PH) domain, and three C-terminal proline-rich do-
mains (PRDs). Notably, OPHN1 was the first Rho-
related gene identified as causative for a syndromic form
of ID. Individuals with OPHN1 mutations typically pre-
sent with developmental delay, learning disabilities,
behavioral problems, and epileptic seizures, underscoring
its important role in normal brain development (Billuart
et al. 1998; Tentler et al. 1999; Bergmann et al. 2003; Phil-
ip et al. 2003; des Portes et al. 2004; Chabrol et al. 2005;
Zanni et al. 2005; Pirozzi et al. 2011; Santos-Rebouças
et al. 2014; Moortgat et al. 2018; Schwartz et al. 2019).
To date,most studies have focused onOPHN1’s functions
during postnatal and adult stages, particularly in synapse
development and plasticity (Govek et al. 2004; Khelfaoui
et al. 2007, 2009, 2014; Nadif Kasri et al. 2009, 2011;
Nakano-Kobayashi et al. 2009, 2014; Powell et al. 2012),
with a few addressing its role in postnatal/adult neurogen-
esis (Compagnucci et al. 2016; Redolfi et al. 2016; Allegra
et al. 2017). However, its function during early cortical de-
velopment has remained largely unexplored. Here, we
show that OPHN1 is abundantly expressed in the embry-
onic neocortex and is required for the proper migration of
cortical projection neurons, but not for their generation.
Using a molecular replacement strategy and live-cell
imaging, we demonstrate that OPHN1 governs radial mi-
gration by controlling both the MP-to-BP transition and
glial-guided locomotion. Importantly, OPHN1 regulates
these two steps through distinct domains and mecha-
nisms: its Rho-GAP domain controls theMP-to-BP transi-
tion via a RHOA/ROCK-dependent pathway, whereas its
second PRDmediates leading process morphogenesis and
nucleokinesis, key processes underlying locomotion,
through interaction with the adaptor protein PACSIN2.
Together, these findings establish OPHN1 as a key regula-
tor of the MP-to-BP transition and radial glia-guided loco-
motion, providing new insight into how sequential steps
of cortical projection neuron migration are coordinated
during early brain development and establishing a frame-
work for understanding the developmental role of this ID-
associated protein.

Results

OPHN1 is expressed in the developing neocortex

To assess the potential role ofOPHN1 inmammalian neo-
cortical development, we examined its expression in the
embryonic and early postnatal mouse neocortex. Western
blot analysis of neocortical lysates showed weak OPHN1
expression at embryonic day (E) 11, followed by a steady
increase from E13 to postnatal day (P)3, corresponding to
the peak period of cortical neurogenesis and neuronal
migration (Fig. 1A). To determine the spatial expression
patterns of OPHN1 in the developing neocortex, we per-
formed immunohistochemistry on coronal brain sections
at E16 using antibodies against OPHN1, the neural pro-
genitor marker Nestin, and the early neuronal marker
βIII-tubulin (TUJ1). OPHN1 expression was detected in
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Nestin-positive progenitors, particularly within the VZ,
and was strong in TUJ1-positive neurons in the IZ and
CP (Fig. 1B). To further examine the subcellular distribu-
tion of OPHN1 in neurons, we prepared dissociated pri-
mary cortical neurons and stained them with antibodies
against OPHN1 and NeuN, a marker for postmitotic neu-
rons. In addition to its presence at the tips of neuronal pro-
cesses, OPHN1 was localized to vesicular structures
surrounding the nucleus and was dispersed throughout
the cytoplasm (Fig. 1C). Together, these results demon-
strate that OPHN1 is prominently expressed in the devel-
oping neocortex during peak periods of neurogenesis and
neuronal migration.

OPHN1 regulates cortical projection neuron migration
in a cell-autonomous manner

Prompted by the observed expression pattern of OPHN1,
we next examined its function during embryonic cortical
development using an acute loss-of-function approach.
We employed RNA interference (RNAi) with vectors en-
coding two independent, previously validated short hair-
pin RNAs (shRNAs) targeting Ophn1 (Ophn1#1 and
Ophn1#2) (Nadif Kasri et al. 2009). Each Ophn1-targeting
or control (scr#1) shRNA vector was coelectroporated
with an EGFP plasmid into E14mouse embryonic cortices
by in utero electroporation (IUE), and the distribution of
EGFP+ cells was analyzed 4 days later at E18 across dis-
tinct regions of the developing neocortex. As expected,

many EGFP+ cells in the scr#1 shRNA group were located
in the upper CP (uCP) (Fig. 2A,B). In contrast, a large frac-
tion of EGFP+ cells in theOphn1#1 andOphn1#2 shRNA
groups accumulated in the IZ, with markedly fewer in the
uCP (Fig. 2A,B), suggesting thatOPHN1-depleted neurons
failed to migrate properly through the IZ into the CP. Res-
cue experiments using an RNAi-resistant OPHN1-EGFP
cDNA confirmed the specificity of the RNAi effect (Fig.
2A,B).
To determinewhether the altered neuronal distribution

observed upon OPHN1 depletion was indeed attributable
to a migration defect rather than secondary effects on
RGP proliferation, scaffold integrity, neuronal produc-
tion, or laminar fate specification, we performed 5-
bromo-2′deoxyuridine (BrdU) incorporation assays, rescue
experiments using a Neurod1-driven OPHN1 cDNA, and
analyses of neuronal and layer-specific markers. BrdU in-
corporation revealed no significant difference in the num-
ber of BrdU+ cells between the control and Ophn1#1 or
Ophn1#2 shRNA groups (Supplemental Fig. S1A,B), indi-
cating that progenitor proliferation was unaffected. More-
over, coexpression of RNAi-resistant OPHN1-EGFP
driven by the Neurod1 promoter, which is active only in
postmitotic neurons, rescued the neuronal distribution
defect caused by Ophn1#2 shRNA (Fig. 2C,D). Immunos-
taining with an anti-Nestin antibody further demonstrat-
ed that RGP scaffold integrity was preserved following
OPHN1 depletion (Supplemental Fig. S1C,D). Neuronal
productionwas also unchanged, as assessed by the propor-
tion of EGFP+ cells expressing TUJ1 (Supplemental Fig.
S1E,F), and laminar fate specification was unaffected
based on the expression of CUX1 and CTIP2, markers of
upper- and deep-layer neurons, respectively (Supplemen-
tal Fig. S1G,H). Together, these findings indicate that
the aberrant neuronal distribution following OPHN1
depletion results from a migration defect rather than
from defects in progenitor proliferation, scaffold integrity,
neuronal production, or laminar fate specification.
Next, we investigated whether the migration defect in-

duced byOphn1RNAi persists into postnatal stages. IUEs
were performed at E14, and brainswere analyzed at P10. In
contrast to the scr#1 control, where most EGFP+ cells
were located in the upper cortex (uC) as expected, a signif-
icant fraction of EGFP+ cells in the OPHN1-depleted
group remained in thewhitematter (WM) and in the lower
and middle regions of the cortex (lC and mC) at P10 (Fig.
2E,F), indicating that the defect persists into postnatal
stages. Taken together, these results demonstrate a cell-
autonomous role for OPHN1 in regulating the migration
of projection neurons in the developing neocortex.

OPHN1 is required for bipolar polarization of migrating
cortical projection neurons

To gain initial insight into the cellular basis of the migra-
tion defect caused by OPHN1 depletion, we performed a
more detailed morphological analysis of newborn projec-
tion neurons in the IZ and CP at E18 following IUE at
E14. Compared to the control scr#1 shRNA and rescue
groups, the Ophn1#2 shRNA group showed a marked

A C

B

TUJ1

Figure 1. Expression and localization of OPHN1 in the develop-
ing mouse cortex. (A) Western blot of cortical lysates from E11 to
P7 brains probed with antibodies to OPHN1 and γ-tubulin (load-
ing control). (B) Coronal sections of E16 mouse neocortex immu-
nostained for OPHN1 and either the neural stem/progenitor
marker Nestin or the early neuronal marker βIII-tubulin (TUJ1).
(VZ) ventricular zone, (SVZ) subventricular zone, (IZ) intermedi-
ate zone, (CP) cortical plate. Scale bars, 50 µm. (C ) Cultured cor-
tical neurons (DIV4) isolated from E15 neocortices and
immunostained for OPHN1 and NeuN (a postmitotic neuronal
marker). (Top right) An enlarged view of the boxed tip of the neu-
ronal process. Arrows indicate regions of strong OPHN1 immu-
noreactivity. Scale bars, 5 µm.
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increase in the proportion ofmultipolar (MP) neurons at the
expense of bipolar (BP) neurons (Fig. 3A,B). Notably, many
neurons that remained in the WM and deep cortical layers
at P10 also displayed an MP morphology (Fig. 2E). These
findings support a role for OPHN1 in regulating the MP-
to-BP transition of migrating cortical projection neurons.

To further examine this, we performed real-time imag-
ing to track the migratory behavior and dynamic cell
shape changes of control and OPHN1-depleted neurons.
IUEs were performed at E14 to introduce control scr#1
shRNA with EGFP, Ophn1#2 shRNA with EGFP, or
Ophn1#2 shRNA together with RNAi-resistant OPHN1-
EGFP (rescue), and organotypic cortical slices were pre-
pared at E16. Slices containing sparsely labeled neurons
were then subjected to time-lapse imaging over a 13 h pe-
riod (Fig. 3C). Most neurons in the scr#1 shRNA and res-
cue groups transitioned from an MP to a BP morphology
and migrated efficiently into the CP (Fig. 3C,D; Supple-
mental Movies S1, S3). In contrast, many neurons in the

Ophn1#2 shRNA group failed to undergo this transition
and remained largely within the IZ as MP cells through-
out the imaging period (Fig. 3C,D; Supplemental Movie
S2). Accordingly, their migration velocity was signifi-
cantly reduced compared to the control groups (Fig. 3E).
Together, these results demonstrate that OPHN1 regu-
lates the MP-to-BP transition of newborn cortical projec-
tion neurons, a key step that enables their progression
through the successive phases of radial migration.

OPHN1 regulates radial migration through GAP-
dependent and PRD2-dependent pathways

To probe the molecular mechanisms underlying
OPHN1’s regulation of cortical projection neuron migra-
tion, we began by testing whether its Rho-GAP activity
and/or proline-rich domains (PRDs) are required for this
function. To this end, we used previously characterized
OPHN1 mutants harboring debilitating amino acid

A

C D

E F

B Figure 2. OPHN1 is required cell-autonomously for
proper cortical neuronal migration. (A,B) Knockdown
ofOphn1 impairs radial migration. (A) Representative
confocal images of E18 neocortices coelectroporated
at E14 with an EGFP-expressing vector and either a
vector expressing nontargeting shRNA (scr#1) or
Ophn1-targeting shRNA (Ophn1#1 or Ophn1#2), or
with Ophn1#2 shRNA and OPHN1WT-EGFP, show-
ing the distribution of EGFP+ transfected cells across
the VZ, SVZ, IZ, and lower, middle, and upper cortical
plate (lCP, mCP, uCP). Scale bar, 50 µm. (B) Quantifi-
cation of the percentage of EGFP+ cells in each region.
For quantification, laminar boundaries were defined
independently for each brain based on DAPI staining
(not shown for clarity) and differences in cell density.
Data are presented as mean±SEM; n=3–4 brains per
condition. (∗∗∗) P<0.001, one-way ANOVAwith Dun-
nett’s post hoc test, compared to the scr#1 control. (C,
D) Neuron-specific expression of OPHN1WT rescues
the Ophn1 RNAi-induced migration defect. (C ) Rep-
resentative confocal images of E18 neocortices coelec-
troporated at E14 with an Ophn1#2 shRNA-
expressing vector and a vector expressing EGFP or
OPHN1WT-EGFP driven by the Neurod1 promoter
(NeuroD:OPHN1WT), showing the distribution of
EGFP+ transfected cells across the indicated regions
of the developing neocortex. Scale bar, 50 µm. (D)
Quantification of the percentage of EGFP+ cells in
each region. Data are presented as mean±SEM; n=
3–4 brains per condition. (∗∗) P <0.01, Student’s t-
test. (E,F )Ophn1 RNAi-induced migration defect per-
sists into postnatal stages. (E) Representative confocal
images of P10 neocortices coelectroporated at E14
with an EGFP-expressing vector and a vector express-
ing scr#1 or Ophn1#2 shRNA, showing the distribu-
tion of EGFP+ cells across the white matter (WM)
and lower, middle and upper cortex (lC, mC, and
uC). (Right panels) Enlarged views of boxed cells. Scale
bar, 50 µm. (F ) Quantification of the percentage of
EGFP+ cells in each region. Data are presented as
mean±SEM; n =3 brains per condition. (∗) P <0.05,
(∗∗) P <0.01, Student’s t-test. Unmarked comparisons
(vs. control) in B,D, and F are not significant (P >0.05).
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substitutions in the Rho-GAP domain (GAP∗) or in the
first (PRD1∗), second (PRD2∗), or third (PRD3∗) PRD (Fig.
4A; Nakano-Kobayashi et al. 2009; Nadif Kasri et al.
2011). Each mutant, fused to EGFP, was cointroduced
with Ophn1#2 shRNA into E14 mouse cortices, and their
ability to rescue the Ophn1 RNAi-induced migration
defect was assessed 4 days after IUE. While OPHN1PRD1∗

andOPHN1PRD3∗ were able to rescue themigration defect
caused by OPHN1 depletion, OPHN1GAP∗

and

OPHN1PRD2∗ were not (Fig. 4B,C).Notably, the defects ob-
served in OPHN1GAP∗

- and OPHN1PRD2∗-expressing neu-
rons were distinct. A large fraction of OPHN1GAP∗

-
expressing neurons remained in the IZ and retained an
MPmorphology resembling that of OPHN1-depleted neu-
rons (Fig. 4B–E). In contrast, many OPHN1PRD2∗-express-
ing neurons were located beyond the IZ and exhibited a
BP morphology; however, a substantial fraction remained
stalled in the lower CP (lCP) and middle CP (mCP) and

A

B

C D

E

Figure 3. OPHN1 is required for the bipolar polarization ofmigrating cortical projection neurons. (A) Representative high-magnification
images and computer-based reconstructions of neurons in the IZ/lCP of E18 neocortices coelectroporated at E14 with vectors expressing
scr#1 and EGFP, Ophn1#2 shRNA and EGFP, or Ophn1#2 shRNA and OPHN1WT-EGFP. Scale bar, 50 µm. (B) Percentage of EGFP+ cells
exhibiting bipolar morphology with an unbranched or branched leading process, multipolar morphology, or round morphology lacking
processes in the indicated regions of the developing neocortex. n=6 brains per condition. (C ) Time-lapse images acquired over a 13 h pe-
riod, taken 2 days after E14 coelectroporation with indicated constructs, showing representative transfected neurons as they exit the IZ
and enter theCP. Scale bar, 20 µm. (Right panels) Computer-based reconstructions ofmigrating neurons at the start of the recording and at
7 and 13 h. (D) Quantification of the percentage of migrating EGFP+ neurons exhibiting the indicatedmorphologies within the IZ and CP.
Data are presented as mean±SEM; n=26–41 cells per condition pooled from three independent IUEs. (∗∗) P<0.01, (∗∗∗) P <0.001, one-way
ANOVAwith Tukey–Kramer post hoc test. (E) Quantification of mean migration velocity. Data are presented as median (IQR); n =26–41
cells per condition pooled from three independent IUEs. (∗∗∗) P< 0.001, Kruskal–Wallis with Dunn’s post hoc test.
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displayed an aberrantly branched leading process and im-
paired attachment to radial glial fibers (Fig. 4B–E; Supple-
mental Fig. S2A,B). The defects observed in both
OPHN1GAP∗

- and OPHN1PRD2∗-expressing neurons per-
sisted into postnatal stages (Supplemental Fig. S3A,B).

To further examine these defects and visualize theirmi-
gratory dynamics, we performed live imaging during the
MP-to-BP transition and locomotion phases (Fig. 5A).
Consistent with our observations in fixed tissue,
OPHN1GAP∗

-expressing neurons largely failed to undergo
the MP-to-BP transition and remained in the IZ with an
MP morphology throughout the 13 h imaging period
(Fig. 5B,C; Supplemental Movie S4). Accordingly, their
migration velocity was substantially reduced (Fig. 5D).
Most OPHN1PRD2∗-expressing neurons, on the other
hand, transitioned from an MP to a BP morphology and

traversed the IZ, but largely stalled in the CP during the
locomotion phase, exhibiting extensive leading process
branching (Fig. 5B–D; Supplemental Movie S5). Given
that forwardmigration of locomoting neurons relies on re-
petitive cycles of nucleokinesis, during which the centro-
some first advances into a dilation within the leading
process followed by nuclear translocation, we next as-
sessed whether this process was also affected. While con-
trol OPHN1WT-expressing (rescue) neurons typically
underwent two to three nucleokinesis events,
OPHN1PRD2∗-expressing neurons exhibited a marked re-
duction, with the majority undergoing zero to one event
over the 13 h imaging period (Fig. 5E). To further confirm
defective nucleokinesis, we analyzed the movements of
the centrosome and the cell soma. To label the centro-
some, we cointroduced a plasmid expressing Centrin-1

A B

C

E

D

Figure 4. OPHN1 regulates radialmigration viaGAP-dependent and PRD2-dependentmechanisms. (A) Domain structure and point-mu-
tated constructs of OPHN1. (B) Representative confocal images of E18 neocortices electroporated at E14 with vectors expressing scr#1
shRNA and EGFP or Ophn1#2 shRNA together with EGFP, OPHN1WT-EGFP, OPHN1GAP∗

-EGFP, OPHN1PRD1∗-EGFP, OPHN1PRD2∗-
EGFP, or OPHN1PRD3∗-EGFP, showing the distribution of EGFP+ transfected cells across the indicated regions of the developing neocor-
tex. Scale bar, 50 µm. (C ) Quantification of the percentage of EGFP+ cells in each region. Data are presented as mean±SEM; n=3–6 brains
per condition. (∗) P <0.05, (∗∗) P< 0.01, (∗∗∗) P<0.001, one-way ANOVAwith Tukey–Kramer post hoc test. Only selected post hoc compar-
isons are shown. (D) Representative high-magnification images and computer-based reconstructions of neurons in the IZ/lCP of E18 neo-
cortices coelectroporated at E14 with vectors expressing Ophn1#2 shRNA together with OPHN1WT-EGFP, OPHN1GAP∗

-EGFP, or
OPHN1PRD2∗-EGFP. Scale bar, 50 µm. (E) Percentage of EGFP+ cells exhibiting bipolar morphology with an unbranched or branched lead-
ing process, multipolarmorphology, or roundmorphology lacking processes in the indicated regions of the developing neocortex. Data are
mean±SEM. n =4 brains for each condition.
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fused to DsRed-Express along with vectors expressing
Ophn1#2 shRNA and either OPHN1WT-EGFP or
OPHN1PRD2∗-EGFP. In contrast to control OPHN1WT-ex-
pressing neurons, which showed progressive advance-
ment of the centrosome into the leading process in tight
coordination with nuclear translocation, OPHN1PRD2∗-
expressing neurons exhibited minimal movement of
both the centrosome and nucleus/soma, remaining most-
ly stationary during the 13 h imaging period (Supplemen-
tal Fig. S4A–C), consistent with a defect in nucleokinesis.

Taken together, our molecular replacement strategy en-
abled the identification of a dual role for OPHN1 in neuro-
nal migration: regulating the MP-to-BP transition via a
GAP-dependent mechanism and controlling dynamic lead-
ing process branching and nucleokinesis via a PRD2-depen-
dent mechanism. To provide additional evidence that the
GAP and PRD2 domains of OPHN1 have independent
roles, we tested whether the migration defect caused by
OPHN1 depletion could be rescued by coexpressing both
the OPHN1GAP∗

and OPHN1PRD2∗ mutants with

A

C D E

B

Figure 5. OPHN1 GAP and PRD2 domains control the MP-to-BP transition and locomotion phases, respectively. (A) Schematic of the
sequential steps of neuronal migration in the embryonic neocortex. (B) Time-lapse images acquired over a 13 h period, taken 2 days after
E14 coelectroporation with vectors expressing Ophn1#2 shRNA and eitherOPHN1WT-EGFP, OPHN1GAP∗

-EGFP, orOPHN1PRD2∗-EGFP,
showing representative transfected neurons as they exit the IZ and enter the CP. (Right panels) Computer-based reconstructions of mi-
grating neurons at the start of the recording and at 7 and 13 h. Scale bar, 20 µm. (C ) Quantification of the percentage of EGFP+ neurons
that remained multipolar (MP) or transitioned to a bipolar (BP) morphology, and of BP neurons exhibiting a branched leading process dur-
ing the 13 h recording period. Data are presented as mean±SEM; n=20–28 cells per condition pooled from four independent IUEs. (∗∗) P<
0.01, (∗∗∗) P <0.001, one-wayANOVAwith Tukey–Kramer post hoc test. (D,E) Quantifications ofmeanmigration velocity (D) and number
of nucleokinesis events per 13 h (E). Data are presented as median (IQR); n =20–28 cells per condition pooled from four independent IUEs.
(∗∗∗) P<0.001, Kruskal–Wallis with Dunn’s post hoc test.
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Ophn1#2 shRNA. Consistent with independent functions
of the GAP and PRD2 domains, coexpression of
OPHN1GAP∗

andOPHN1PRD2∗ rescued themigration defect
caused by OPHN1 depletion (Supplemental Fig. S5A,B).

OPHN1-GAP regulates MP-to-BP transition by
suppressing the RHOA–ROCK pathway

Our data reveal that theGAP domain of OPHN1 is critical
for theMP-to-BP transition of cortical projection neurons.
To investigate how the OPHN1-GAP domain regulates
this process, we tested whether it acts by antagonizing
RHOA signaling. Although previous in vitro GTPase as-
says showed that OPHN1 can reduce the levels of active
RHOA, RAC1, and CDC42 (Billuart et al. 1998; Govek
et al. 2004), the OPHN1GAP∗

mutant most closely phe-
nocopied the effects of elevated RHOA signaling, charac-
terized by impaired MP-to-BP transition and
consequently defective radial migration (Nguyen et al.
2006; Govek et al. 2011; Pacary et al. 2011; Cappello
et al. 2012; Koch et al. 2014; Tang et al. 2014; Xu et al.
2019). Therefore, we coelectroporated a dominant-nega-
tive (DN)RHOA (RHOAN19)-expressing construct togeth-
er with vectors expressing Ophn1#2 shRNA and
OPHN1GAP∗

-EGFP into E14 mouse cortices and analyzed
the distribution and morphology of transfected cells
4 days later. We found that RHOAN19 rescued the MP-
to-BP transition defect of neurons with impaired
OPHN1 Rho-GAP activity (Fig. 6A–C), indicating that
OPHN1-GAP regulates this step by suppressing RHOA
activity, thereby restoring neuronal migration.

Key downstream effectors of RHOA involved in actin
cytoskeleton regulation and implicated in the polariza-
tion of newborn neurons are the Rho-associated coiled-
coil-containing protein kinase (ROCK) family of serine/
threonine kinases, also known as Rho-kinases (Uehata
et al. 1997; Amano et al. 2000; Pacary et al. 2011). The
ROCK family comprises two members, ROCK1 and
ROCK2, both of which are expressed in newborn cortical
neurons (Riento and Ridley 2003; Govek et al. 2011; Xu
et al. 2019). To test whether ROCK proteins mediate the
effects of OPHN1-GAP on MP-to-BP polarization, we de-
pleted both ROCK1 and ROCK2 and examined whether
this rescued the defect caused by impaired OPHN1-GAP
activity. We generated mir-30-based shRNA vectors tar-
geting Rock1 and Rock2 and validated their efficacy in
HEK293T cells (Fig. 6D). Vectors expressing Rock1#1
and Rock2#2 shRNAs were then coelectroporated into
E14 mouse cortices together with vectors expressing
OPHN1GAP∗

-EGFP and Ophn1#2 shRNA, and neuronal
distribution and morphology were analyzed 4 days later.
Coexpression of Rock1#1 and Rock2#2 shRNAs rescued
the MP-to-BP transition defect resulting from loss of
OPHN1-GAP activity, thereby restoring neuronal migra-
tion (Fig. 6E–G). Taken together, these findings demon-
strate that OPHN1-GAP regulates the MP-to-BP
transition by suppressing the RHOA/ROCK pathway, a
step required for proper subsequent radial neuronal
migration.

OPHN1-PRD2 interacts with PACSIN2

In addition to its GAP-dependent role in the MP-to-BP
transition, our data reveal a GAP-independent, PRD2-de-
pendent function of OPHN1 in regulating dynamic lead-
ing process branching and nucleokinesis. As no proteins
have previously been reported to selectively interact
with the PRD2 domain of OPHN1, we sought to identify
candidate interactors to gain insight into its mechanism.
To this end, we performed BioID (Roux et al. 2012)
using OPHN1WT and the OPHN1PRD2∗, OPHN1GAP∗

,
OPHN1PRD1∗, and OPHN1PRD3∗ mutants to assess
domain-specific interactions. We generated tetracycline-
inducible HEK293 cell lines stably expressing N-terminal
BirA∗-FLAG-taggedOPHN1WT or eachmutant fusion pro-
tein (Supplemental Fig. S6A), and confirmed their expres-
sion by western blot and immunofluorescence
(Supplemental Fig. S6B,C). After 24 h of labeling, biotiny-
lated proteins were affinity-purified and analyzed by mass
spectrometry (Supplemental Table S1). Given that pro-
line-rich domains (PRDs) preferentially bind Src homo-
logy 3 (SH3) domain-containing proteins, we filtered
the OPHN1WT proximal proteome for SH3 domain-con-
taining proteins using InterPro (Blum et al. 2025; Pay-
san-Lafosse et al. 2025), identifying 26 such proteins.
Subsequent SAINTexpress scoring (Teo et al. 2014) re-
vealed that five of them represent high-confidence puta-
tive OPHN1 interactors (SAINT score ≥0.9):
ARHGAP10, MYH10, NEBL, PACSIN2, and SH3GL1
(Fig. 7A). We next assessed which of these candidates re-
tained association with OPHN1GAP∗

, OPHN1PRD1∗, and
OPHN1PRD3∗, but not with OPHN1PRD2∗, in the mutant
BioID data sets. PACSIN2 was the only candidate that
met this criterion (Fig. 7B). To further substantiate the
selective binding of PACSIN2 SH3 domain to the PRD2
domain of OPHN1, we performed GST pull-down assays
using lysates from HEK293T cells expressing GFP-tagged
OPHN1WT or the respective OPHN1 mutants. Recombi-
nant GST-PACSIN2-SH3 efficiently pulled down
OPHN1WT, OPHN1PRD1∗, OPHN1PRD3∗, and OPHN1GAP∗

,
but not OPHN1PRD2∗ (Fig. 7C), demonstrating that
PACSIN2 is a PRD2-specific interactor of OPHN1.

PACSIN2 (protein kinase C and casein kinase sub-
strate in neurons protein 2; also known as Syndapin II)
is a member of the Pacsin family of F-BAR domain-con-
taining adaptor proteins involved in membrane remod-
eling, actin cytoskeleton organization, and
endocytosis (Dumont and Lehtonen 2022). These func-
tions, however, have been characterized primarily in
nonneuronal cells, and its role in the developing neocor-
tex has not been examined. Therefore, before function-
ally characterizing PACSIN2’s role in cortical
projection neuron migration (see below), we first exam-
ined its expression in the embryonic neocortex. Immu-
nohistochemistry on E16 coronal brain sections
revealed that, like OPHN1, PACSIN2 is expressed in
Nestin-positive progenitors and is prominent in new-
born cortical projection neurons (Fig. 7D). Moreover,
PACSIN2 exhibits a localization pattern similar to
that of OPHN1, localizing to vesicular structures
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surrounding the nucleus and to the tips of neuronal pro-
cesses, where it colocalizes with OPHN1 in dissociated
cortical projection neurons (Fig. 7E). Together, these
data identify PACSIN2 as a novel interactor of
OPHN1-PRD2 and a potential mediator of its role in
cortical migration.

PACSIN2 mediates the OPHN1-PRD2-dependent
regulation of leading process branching and
nucleokinesis during cortical projection neuron
locomotion

To assess the functional relevance of the OPHN1-PRD2–
PACSIN2 interaction, we reasoned that if this interaction

A

D

E F G

B C

RHOAN19

RHOAN19

RHOAN19

Figure 6. OPHN1-GAP promotesMP-to-BP transition via RHOA–ROCK pathway inhibition. (A) Representative confocal images of E18
neocortices electroporated at E14 with vectors expressing Ophn1#2 shRNA together with OPHN1WT-EGFP, OPHN1GAP∗

-EGFP, or
OPHN1GAP∗

-EGFP plusRHOAN19, showing the distribution of EGFP+ transfected cells across the indicated regions of the developing neo-
cortex. Scale bar, 50 µm. Computer-based reconstructions of representative neurons in the IZ/lCP are shown at the bottom. (B) Quanti-
fication of the percentage of EGFP+ cells in each region. Data are presented asmean±SEM; n=3–4 brains per condition. (∗) P <0.05, (∗∗∗) P<
0.001, one-way ANOVA with Tukey–Kramer post hoc test. (C ) Percentage of EGFP+ cells exhibiting bipolar morphology with an un-
branched or branched leading process, multipolar morphology, or round morphology lacking processes. Data are mean±SEM. n =4–5
brains per condition. (D) Validation of miR30-based shRNAs against Rock1 and Rock2. Western blot of total lysates fromHEK293T cells
cotransfectedwith a plasmid expressingRock1-EGFP orRock2-EGFP and one of the indicated RNAi constructs, probedwith antibodies to
GFP and γ-tubulin as a loading control. (E) Representative confocal images of E18 neocortices electroporated at E14 with vectors express-
ing Ophn1#2 shRNA together with OPHN1WT-EGFP, OPHN1GAP∗

-EGFP, or OPHN1GAP∗
-EGFP plus Rock1/2-targeting shRNAs

(Rock1#1+Rock2#2), showing the distribution of EGFP+ transfected cells across the indicated regions of the developing neocortex. Scale
bar, 50 µm. Computer-based reconstructions of representative neurons in the IZ/lCP are shown at the bottom. (F ) Quantification of the
percentage of EGFP+ cells in each region. Data are presented asmean±SEM; n=3–4 brains per condition. (∗) P <0.05, (∗∗) P <0.01, one-way
ANOVA with Tukey–Kramer post hoc test. (G) Percentage of EGFP+ cells exhibiting the indicated morphologies. Data are presented as
mean±SEM; n= 5 brains per condition.
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is required for cortical projection neuron migration, then
depleting PACSIN2 should phenocopy the migration de-
fects observed in neurons expressing OPHN1PRD2∗ in an
Ophn1 RNAi background. To test this, we generated vec-
tors coexpressing EGFP and miR30-based shRNAs target-
ing Pacsin2 or a control sequence. The efficiency of the
Pacsin2-targeting shRNAs was confirmed by western
blot in HEK293T cells (Fig. 8A). Control (scr#2) or Pac-
sin2#2 or Pacsin2#3 shRNA-expressing vectors were
then introduced into E14 embryonic cortices via IUE,
and neuronal distribution was assessed at E18. Similar
to OPHN1PRD2∗-expressing neurons, most neurons ex-

pressing either Pacsin2 shRNA underwent the MP-to-BP
transition, but a substantial number remained stalled in
the lower and middle CP (Fig. 8B,C). In addition, many
of these neurons exhibited an aberrantly branched leading
process (Fig. 8D,E) and impaired attachment to radial glial
fibers (Supplemental Fig. S2A,B).

We next performed live-cell imaging to corroborate
these findings. The majority of PACSIN2-depleted neu-
rons, while able to undergo the MP-to-BP transition and
traverse the IZ, exhibitedminimalmovement in the lower
CP and showed extensive leading process branching
throughout the 13 h imaging period (Fig. 8F–H;

A

C

D
E

B

PACSIN2
PACSIN2

PACSIN2

PACSIN2

PACSIN2

TUJ1PACSIN2

Figure 7. OPHN1-PRD2 interactswith PACSIN2. (A) Scatter plot comparing SAINT score and log2 fold change (over control) for the 26 SH3
domain-containing proteins detected in the BirA∗-FLAG-OPHN1WT BioID experiment. High-confidence interactors (SAINT score ≥0.9) are
highlighted in blue. (B) Heat map showing relative protein abundance of the five high-confidence SH3 domain-containing candidate inter-
actors of OPHN1WT, represented as log2 transformed average spectral count (AvgSpec) across BirA∗-FLAG-OPHN1WT and the indicated
OPHN1 domain mutants. PACSIN2 (highlighted in red) is the only prey protein that shows loss of enrichment in the BirA-F-OPHN1PRD2∗

bait condition. (C ) Validation of theOPHN1–PACSIN2 interaction byGSTpulldown assay. (Right panel) GST-PACSIN2-SH3 fusion protein
or GST alone (Coomassie blue staining), immobilized on beads, was incubated with lysates from HEK293T cells transfected with vectors
encoding OPHN1WT-EGFP, OPHN1PRD1∗-EGFP, OPHN1PRD2∗-EGFP, OPHN1PRD3∗-EGFP, or OPHN1GAP∗

-EGFP. Bound OPHN1 (WT or
mutant) was detected by immunoblotting using an anti-GFP antibody. γ-Tubulin served as a loading control. (TL) Total lysate. (D) Coronal
sections of E16mouse neocortex immunostained for PACSIN2 and the neural stem/progenitor marker Nestin or the early neuronal marker
βIII-tubulin (TUJ1). Scale bars, 50 µm. (E) Cultured cortical neurons (DIV4) isolated from E15 neocortices and immunostained for OPHN1
and PACSIN2. Right panels show enlarged views of the boxed tips of the neuronal processes. Arrows indicate regions of strong overlapping
OPHN1 and PACSIN2 immunoreactivity. Scale bars, 5 µm.
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Figure 8. PACSIN2 depletion phenocopies the OPHN1-PRD2mutant phenotype. (A) Validation ofmiR30-based shRNAs against Pacsin2.
Western blot of total lysates fromHEK293T cells cotransfected with a plasmid expressing Pacsin2-MYC and one of the indicated RNAi con-
structs, probed with antibodies toMYC and Vinculin as a loading control. (B) Representative confocal images of E18 neocortices electropo-
rated at E14 with an EGFP-expressing vector together with a vector expressing scr#2, Pacsin2#2, or Pacsin2#3 shRNA, showing the
distribution of EGFP+ transfected cells across the indicated regions of the developing neocortex. Scale bar, 50 µm. (C ) Quantification of
the percentage of EGFP+ cells in each region. Data are presented as mean±SEM; n=4–6 brains per condition. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗)
P<0.001, one-way ANOVA with Tukey–Kramer post hoc test. (D) Representative high-magnification images and computer-based recon-
structions of neurons in the IZ and lCP of E18 neocortices electroporated at E14 with vectors expressing PACSIN2 and scr#2 or Pacsin2#2
shRNA. Scale bar, 20 µm. (E) Percentage of EGFP+ cells exhibiting bipolarmorphologywith an unbranched or branched leading process,mul-
tipolarmorphology, or roundmorphology lacking processes in the indicated regions of the developing neocortex.Data are presented asmean
±SEM; n=4–5 brains per condition. (F ) Time-lapse images acquired over 13 h period, performed 2 days after E14 coelectroporationwith vec-
tors expressing EGFP and either scr#2 or Pacsin2#2 shRNA, showing representative transfected neurons as they exit the IZ and enter the CP.
Scale bar, 20 µm. (Right) Computer-based reconstructions of migrating neurons at the start of the recording and at 7 and 13 h. (G) Quanti-
fication of the percentage of EGFP+ neurons that remained multipolar (MP) or transitioned to a bipolar (BP) morphology, and of BP neurons
exhibiting a branched leading process during the 13 h recording period. Data are presented as mean±SEM; n=26–38 cells per condition
pooled from four independent IUEs. (∗) P<0.05, Student’s t-test with Welch’s correction. (H,I ) Quantifications of mean migration velocity
(H) and number of nucleokinesis events per 13 h (I ) in neurons expressing the indicated constructs. Data are presented as median (IQR); n=
26–38 cells per condition pooled from four independent IUEs. (∗∗∗) P<0.001,Mann–WhitneyU-test. (J) Summary schematic illustrating how
OPHN1 governs radial migration through distinct domains andmechanisms. Its Rho-GAP domain controls theMP-to-BP transition by sup-
pressing the RHOA/ROCK pathway, whereas its second PRD (PRD2) regulates leading process (LP) morphogenesis and nucleokinesis
through interaction with PACSIN2.
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Supplemental Movie S6). Furthermore, as in neurons ex-
pressing OPHN1PRD2∗, the number of nucleokinesis
events was markedly reduced compared to the control
scr#2 shRNA group (Fig. 8I). Analysis of centrosome and
soma dynamics revealed that both remained largely sta-
tionary over the imaging period in PACSIN2-depleted
neurons, phenocopying the behavior of OPHN1PRD2∗-ex-
pressing neurons (Supplemental Fig. S7A–C).

Combined with our biochemical data showing that
PACSIN2 specifically interacts with the PRD2 domain
of OPHN1, these findings support a key role for PACSIN2
in mediating the PRD2-dependent function of OPHN1
during the locomotion phase of projection neuron migra-
tion, particularly in the regulation of leading process
branching and nucleokinesis.

Discussion

Critical to the establishment of proper functional connec-
tivity in the developing neocortex is the tightly regulated,
multistep migration of excitatory projection neurons, in-
cluding the MP-to-BP transition and subsequent glial-
guided locomotion. Although progress has been made in
identifying regulators of individual stages of radial migra-
tion, how these sequential steps are coordinated at the
molecular level remains poorly understood. Here, we
identify OPHN1, a multidomain Rho-GAP and member
of the GRAF family, as a dual-function regulator of radial
migration that governs both the MP-to-BP transition and
subsequent locomotion. OPHN1 controls these succes-
sive steps through distinct domains and interaction part-
ners: its GAP domain promotes the MP-to-BP transition
by antagonizing RHOA–ROCK signaling, whereas its sec-
ond proline-rich domain (PRD2) regulates leading process
branching and nucleokinesis during locomotion via inter-
action with PACSIN2 (Fig. 8J).

Initially identified through the analysis of a balanced
t(X;12) translocation in a female patient with mild intel-
lectual disability (ID) (Billuart et al. 1998), mutations in
OPHN1 have since been linked to a syndromic form of
ID typically accompanied by developmental delay, behav-
ioral abnormalities, seizures, and structural brain abnor-
malities (Billuart et al. 1998; Tentler et al. 1999;
Bergmann et al. 2003; Philip et al. 2003; des Portes et al.
2004; Chabrol et al. 2005; Zanni et al. 2005; Pirozzi
et al. 2011; Santos-Rebouças et al. 2014; Moortgat et al.
2018; Schwartz et al. 2019). Although OPHN1 has been
extensively studied in dendritic spine development, syn-
aptic plasticity, and more recently postnatal/adult neuro-
genesis (Govek et al. 2004; Khelfaoui et al. 2007, 2009,
2014; Nadif Kasri et al. 2009, 2011; Nakano-Kobayashi
et al. 2009, 2014; Powell et al. 2012; Compagnucci et al.
2016; Redolfi et al. 2016; Allegra et al. 2017; Zhang et al.
2017; Wang et al. 2021; Cresto et al. 2022; Kawa et al.
2022), its role in early cortical development has remained
largely unexplored.We found that OPHN1 is prominently
expressed in the developing neocortex during periods of
active neurogenesis and neuronal migration. To investi-
gate its developmental function, we employed an acute

depletion strategy designed to minimize the compensato-
ry effects often associated with germline knockout mod-
els (Deuel et al. 2006; Corbetta et al. 2009; Valiente and
Marín 2010), particularly given that OPHN1 belongs to
a family of four closely related GRAF proteins. Using
this approach, we uncovered a cell-autonomous role for
OPHN1 in regulating cortical projection neuron migra-
tion. Of note, our finding that acute OPHN1 depletion re-
sults in persistent migration defects raises the possibility
that impaired neuronalmigrationmay contribute to some
of the brain abnormalities associated with OPHN1-relat-
ed disorder (Biswas et al. 2026).

Our domain-specific molecular replacement studies
further revealed a dual role for OPHN1 in regulating suc-
cessive stages of cortical projection neuron migration
through distinct molecular mechanisms. Notably, these
distinct functions would have remained obscured by
depletion studies alone, as early stalling in the IZ masks
later requirements during locomotion. We found that
the GAP domain of OPHN1, previously shown to sup-
press RHOA activity in neurons, is essential for the MP-
to-BP transition. This is consistent with prior studies
demonstrating that precise control of RHOA activity is re-
quired for neuronal polarization, with elevated RHOA ac-
tivity hampering this step (Govek et al. 2005; Nguyen
et al. 2006; Pacary et al. 2011; Koch et al. 2014; Tang
et al. 2014; Xu et al. 2019). Our findings position
OPHN1 as a key upstream regulator of RHOA and its
downstream effector ROCK (Amano et al. 1996) during
this developmental transition. Indeed, suppression of
RHOA–ROCK signaling rescued the MP-to-BP transition
impaired by loss of OPHN1-GAP activity, thereby restor-
ing subsequent neuronal migration. As to how suppres-
sion of this pathway facilitates the MP-to-BP transition,
a major downstream effector of RHOA–ROCK signaling
in actin cytoskeleton remodeling is nonmuscle myosin
II (Amano et al. 1996; Kimura et al. 1996). Previous
work has shown that activation of nonmuscle myosin II
restrains neuronal polarization by promoting the forma-
tion of actin arcs and preventing microtubule protrusion
into the nascent axon growth cone (Dupraz et al. 2019).
Building on these findings, a plausible scenario is that
OPHN1 facilitates the MP-to-BP transition by suppress-
ing RHOA–ROCK activity, thereby limitingmyosin II-de-
pendent actin arc formation and enabling neuronal
polarization.

In contrast to the early migration block observed with
the OPHN1GAP∗

mutant, we found that disruption of the
PRD2 domain does not impair early polarization but com-
promises locomotion within the cortical plate. Neurons
expressing the OPHN1PRD2∗ mutant exhibit excessive
leading process branching, impaired attachment to radial
glial fibers, and defective nucleokinesis, highlighting a
distinct requirement for PRD2 during glial-guided migra-
tion. Until now, the function of the OPHN1-PRD2
domain and identity of its interacting partners remained
unknown. Our data identify PACSIN2 as a selective
PRD2-binding partner and provide multiple lines of evi-
dence supporting the functional relevance of this interac-
tion in cortical migration. Both proteins are coexpressed
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in migrating cortical projection neurons and colocalize
within vesicular compartments surrounding the nucleus
and at the tips of neuronal processes. Most importantly,
PACSIN2 depletion phenocopies the locomotion defects
observed upon OPHN1-PRD2 disruption, including ex-
cessive leading process branching, reduced attachment
to radial glial fibers, and impaired nucleokinesis.
How the interaction between PACSIN2 and OPHN1

controls the locomotion of cortical projection neurons re-
mains to be fully elucidated. However, given the estab-
lished roles of PACSIN2 in regulating both actin
cytoskeleton dynamics and vesicular/endosomal traffick-
ing (Qualmann and Kelly 2000; Braun et al. 2005; Kessels
and Qualmann 2006; Grimm-Gunter et al. 2008; Wang
et al. 2009; de Kreuk et al. 2011; Quan and Robinson
2013; Dorland et al. 2016; Dumont and Lehtonen 2022),
PACSIN2 is well positioned to coordinate the membrane
and cytoskeletal remodeling events that govern radial
glia-guided locomotion (Marin and Rubenstein 2003; Sol-
ecki et al. 2006; Govek et al. 2011; Cooper 2013; Lian and
Sheen 2015). Mechanistically, as an adaptor protein capa-
ble of oligomerization via its F-BAR domain (Snider et al.
2021), PACSIN2 may assemble localized signaling com-
plexes that spatially coordinate adhesion dynamics and
cytoskeletal rearrangements during locomotion. An addi-
tional layer of regulation is highlighted by the finding that
PACSIN2 is regulated by intramolecular SH3–F-BAR
autoinhibition (Senju et al. 2011). A possible model is
that binding of OPHN1 to the PACSIN2 SH3 domain re-
lieves this autoinhibition, thereby enabling spatially and
temporally restricted PACSIN2 function during locomo-
tion. Future studies will be needed to test this model
and further define how OPHN1 and PACSIN2 cooperate
to facilitate glial-guided locomotion.
In summary, our findings uncover a previously unrecog-

nized role for OPHN1 in early cortical development, dem-
onstrating that it orchestrates successive phases of
cortical projection neuronmigration through domain-spe-
cific mechanisms. While the GAP domain regulates the
MP-to-BP transition via RHOA–ROCK signaling, the
PRD2 domain governs locomotion through its newly
identified interaction with PACSIN2. This modular orga-
nization illustrates how distinct domains within a single
protein can coordinate sequential steps in neuronalmigra-
tion, a process essential for the assembly of functional cor-
tical circuits.

Materials and methods

cDNA and RNAi constructs

pCA-OPHN1WT-EGFP, pCA-OPHN1GAP∗
-EGFP, pCA-

OPHN1PRD1∗-EGFP, pCA-OPHN1PRD2∗-EGFP, and pCA-
OPHN1PRD3∗-EGFP were generated by cloning full-length
wild-type OPHN1 or full-length OPHN1 cDNAs carrying
mutations in the indicated domains into the pCAG-EGFP
vector (gift from Wilson Wong; Addgene plasmid # 89684;
http://n2t.net/addgene:89684; RRID:Addgene_89684).
pND1-EGFP, pND1-OPHN1WT-EGFP, and pND1-dsRed

were constructed by cloning EGFP, OPHN1WT, or dsRed
cDNAs into pNeuroD1 (gift from Franck Polleux).
BirA-FLAG-OPHN1WT, BirA-FLAG-OPHN1GAP∗

, BirA-
FLAG-OPHN1PRD1∗, BirA-FLAG-OPHN1PRD2∗, and BirA-
FLAG-OPHN1PRD3∗ were generated by cloning into the
pcDNA5-pDEST-FRT vector. pEGFP-C1-Rock1-GFP,
pEGFP-C1-Rock2-GFP were gifts from Alpha Yap (Addg-
ene plasmid 187296, http://n2t.net/addgene:187296; and
RRID:Addgene_187296 and 101296, http://n2t.net/
addgene:101296; RRID:Addgene_101296, respectively).
pcDNA3-MYC-RHOAT19N was a kind gift from Dr. Rich-
ard Cerione. pCMV-MYC-Pacsin2 and pGST-PACSIN2-
SH3 were kind gifts from Dr. Markus Plomann and have
been described previously (Modregger et al. 2000). For
RNAi knockdown experiments, DNA fragments encoding
short hairpin RNAs (shRNAs) directed against mouse
Ophn1 mRNA were described previously (Nadif Kasri
et al. 2009). Briefly, Ophn1#1 (5′-GAACCTATCTACCA
CACTC-3′), Ophn1#2 (5′-GAAGAGCAGCTCTTTCT
GG-3′), and control shRNA scr#1 (5′-GCTCACCCTTCC
TACTCTC-3′) were cloned into the pSUPER.basic vector
(oligoengine). For RNAi knockdown of Rock1, Rock2,
and Pacsin2, the following target sequences were inserted
into the pCA-EGFP-miR30 vector: Rock1#1 (5′-TTTAT
TTCCTGTTTCATCTGTT-3′), Rock1#2 (5′-TTTAATTG
CATTTCATTATGCA-3′), Rock2#1 (5′-TGATTTAGCT
TCTTCAATGGAT-3′), Rock2#2 (5′ TTACTCATAAGG
TTGACGAGGT-3′), Pacsin2#2 (5′-TTGCATTTTTC
TATCTTGTCTT-3′), and Pacsin2#3 (5′-TCAAAGTCTTC
ATTCATCAGTG-3′). For time-lapse imaging experi-
ments, pCA-DsRed-Express-Centrin-1 (kind gift from Dr.
Songhai Shi), pCAG-LPL-Lyn-EGFP, and pCAG-Cre were
used in combination with the indicated RNAi and rescue
plasmids.

Cell culture and transfection

HEK293T cells and stable Flp-In T-REx HEK293 cells
(Thermo Fisher Scientific) were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin–streptomycin in a humidified incubator at
37°Cwith 5%CO2.HEK293T cellswere transfected using
Lipofectamine 2000 (Thermo Fisher Scientific). Stable
Flp-In T-REx HEK293 cell lines expressing N-terminal
BirA∗-FLAG-tagged OPHN1WT or OPHN1 mutant fusion
proteins were generated using the Flp-In T-REx system ac-
cording to the manufacturer’s instructions (Thermo Fish-
er Scientific). BirA-FLAG was fused to the N terminus of
OPHN1 to preserve accessibility of its C-terminal pro-
line-rich domains. Briefly, pcDNA5-pDEST-FRT-BirA∗-
FLAG-OPHN1 plasmids were cotransfected with the Flp
recombinase expression vector pOG44 into Flp-In T-REx
HEK293 cells at ∼80% confluence using Lipofectamine
2000, and stable integrants were selected with hygromy-
cin for 2–3 weeks. Protein expression was induced with
1 µg/mL tetracycline for 24 h. For BioID experiments, cells
were incubated with tetracycline and 50 µM biotin for
24 h before harvest.
Cultured cortical neuronswere prepared from embryon-

ic day (E) 15.5 C57BL/6 mouse cortices. Briefly, cortices
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were dissected into dishes containing dissociation medi-
um consisting of 97.5% Hank’s balanced salt solution
(HBSS; Gibco), 1 mM sodium pyruvate (Sigma-Aldrich),
0.1% glucose, and 10 mM HEPES (pH 7.3; Gibco). They
were then digested in fresh dissociation medium contain-
ing a final concentration of 0.05% trypsin/EDTA for
20 min at 37°C, followed by the addition of 0.5 mL of
DNase I solution and incubation for 5 min at room tem-
perature. Tissue was subsequently washed with fresh dis-
sociation medium and resuspended in plating media
consisting of 86.55% DMEM, 10% heat-inactivated fetal
bovine serum, 0.45% glucose, 1 mM sodium pyruvate,
1% GlutaMAX (Gibco), and 1% penicillin–streptomycin.
Tissue was gently triturated using a fire-polished glass
Pasteur pipette, and the resulting cell suspension was
passed through a 70 µm sterile nylon cell strainer. Cells
were plated at a density of 2.5× 104 to 5 × 104 cells per
well on 12 mm coverslips (Assistent) precoated with
0.02 mg/mL poly-D-lysine. After 2 h, plating medium
was replaced with maintenance medium consisting of
96% neurobasal (Gibco), 2% B-27 (Gibco), 1% penicil-
lin–streptomycin, and 1% GlutaMAX. Neurons were
maintained at 37°C in a humidified incubator with 5%
CO2, and half of the medium was replaced every 4 days.

In utero electroporation (IUE) and BrdU
administration

IUE was performed largely as previously described (Yang
et al. 2012). Briefly, timed pregnant CD1 mice (Charles
River) at E14 were anesthetized and the uterine horns
were exposed. Approximately 1–2 µL of plasmid DNA
was injected into the lateral ventricles of the embryos us-
ing a beveled, calibrated glass micropipette. Five 50 msec
pulses of 40 V were delivered at 950 msec intervals using
3.5 mm electrode paddles positioned on either side of the
embryonic head (BTX ECM830). After electroporation,
the uterine horns were returned to the abdominal cavity,
and the incision was surgically sutured. For BrdU labeling
experiments, embryos were electroporated at E14, and
BrdU (150 mg/kg body weight) was administered at E17.
Animals were sacrificed 2 h later. All procedures were ap-
proved by theCold SpringHarbor Laboratory Animal Care
and Use Committee.

Immunofluorescence and immunohistochemistry

For immunostaining of 4 day in vitro (DIV4) cortical neu-
rons, neurons isolated from E15 mouse cortices were
plated on coverslips coated with poly-D-lysine. Neurons
were fixed in 4% paraformaldehyde (PFA), followed by
permeabilization in 0.1% Triton X-100 and blocking in
PBS containing 5% normal goat serum (NGS). Cells
were incubated overnight at 4°Cwith primary antibodies
diluted in PBS containing 5% NGS and 0.1% Triton
X-100. The following primary antibodies were used:
anti-OPHN1 (mouse mAb IgG2a, 1:100; Santa Cruz Bio-
technology [F-3] sc-376037), anti-NeuN (mouse mAb
IgG1, 1:500;MilliporeMAB377), and anti-PACSIN2 (rab-
bit mAb, 1:250; Proteintech 84763-4-RR). After washing,

cells were incubated with the appropriate Alexa
Fluor-conjugated goat secondary antibodies for 2 h at
room temperature, and coverslips were mounted with
Fluoromount-G mounting medium (Thermo Fisher Sci-
entific). Images were acquired using a Zeiss LSM800 con-
focal microscope equipped with a 63× oil objective (1.4
NA).

For immunostaining of stable Flp-In T-REx HEK293
cells, cells were plated on coverslips overnight in the pres-
ence of 1 µg/mL tetracycline and 50 µM biotin prior to fix-
ation. Cells were washed with PBS and fixed for 15 min
with 3.7% formaldehyde prepared in CSK buffer (100
mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES
pH 6.8), followed by permeabilization with 0.1% Triton
X-100 in PBS. Cells were then incubated with anti-
FLAG (M2) antibody (mouse mAb IgG1, 1:150; Sigma-Al-
drich F3165) diluted in TBS containing 1% BSA and 0.1%
Triton-X100. After five washes with TBS, cells were incu-
bated with Alexa Fluor 568 goat antimouse IgG secondary
antibody together with Alexa Fluor 633 Streptavidin.
Cells were subsequently washed 10 times with TBS, fol-
lowed by a final wash in water before mounting the cover-
slips with Mowiol. Images were acquired with a DM6
upright microscope (Leica Microsystems) equipped with
an ORCAflash 4.0V.2 monochromatic camera (Hamama-
tsu Photonics).

For immunostaining of brain sections, animals were
deeply anesthetized with isoflurane and transcardially
perfused with PBS followed by 4% PFA in 0.1 M phos-
phate buffer. Brains from embryos or P10 pups were fixed
overnight at 4°C in 4% PFA in 0.1 M phosphate buffer
and subsequently cryoprotected in 30% sucrose in PBS.
Coronal brain sections (50 µm) were subsequently pre-
pared using a Leica VT1000S Vibratome. Sections were
blocked and permeabilized in PBS containing 10% nor-
mal goat serum (NGS) and 0.3% Triton X-100 for 30
min at room temperature, followed by overnight incuba-
tion at 4°C with primary antibodies diluted in PBS con-
taining 10% NGS and 0.3% Triton X-100. The
following primary antibodies were used: anti-OPHN1
(rabbit pAb, 1724, 1:100) (Govek et al. 2004), anti-Nestin
(mouse mAb IgG1, 1:200; Chemicon MAB5326, and
chicken pAb, 1:500; Aves Labs NES), anti-Tuj1 (mouse
mAb IgG2a, 1:500; Covance MMS-435P), anti-GFP
(chicken pAb, 1:500; Aves Labs GFP-1020), anti-BrdU
(rat mAb IgG2a, 1:500; AbD Serotec OBT0030), anti-
CUX1 (rabbit pAb, 1:500; Santa Cruz Biotechnology
SC-13024); anti-CTIP2 (rat mAb IgG2a, 1:500; Abcam
ab18465), and anti-RFP (rabbit pAb, 1:500; Rockland
600-401-379). Sections were incubated with the appro-
priate Alexa Fluor-conjugated secondary antibodies for
2 h at room temperature and mounted with Fluoro-
mount-G mounting medium. Nuclei were counter-
stained with 0.3 µg/mL 4′,6-diamidino-2-phenylindole
(DAPI; Sigma) during secondary antibody incubation.
All sections were counterstained with DAPI, although
DAPI images were not always included in the figures
for clarity. Images were acquired using a Zeiss LSM 800
confocal microscope equipped with 20× dry (0.4 NA)
and 63× oil (1.4 NA) objectives.
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Quantitative analyses of electroporated fixed brain
slice preparations

All image quantificationswere performed by investigators
blinded to experimental conditions.

BrdU, TUJ1, CUX1, and CTIP2 quantifications Ana-
tomically matched coronal sections from electroporated
brains were immunostainedwith the indicated antibodies
and imaged under identical acquisition settings. Distinct
cortical regions were identified based on DAPI staining,
cell density, and marker distribution. For each section,
the electroporated area was defined by EGFP expression,
and marker-positive cells were quantified within the
EGFP+ population. BrdU and TUJ1 quantifications were
expressed as the percentage of EGFP+ cells positive for
the indicated marker. For laminar fate analyses, the per-
centages of EGFP+ cells positive for CUX1 and CTIP2
were determined within the cortical plate or the indicated
cortical regions. At least three adjacent anatomically
matched sections were analyzed per brain, and the mean
value for each brain was used for statistical analyses.

Nestin+ radial glial fibers Coronal sections immunos-
tained with anti-Nestin antibodies were analyzed in elec-
troporated cortices. Only sections containing EGFP+

neurons were included. A 200 µm-wide radial column
was positioned perpendicular to the ventricular surface
in anatomically matched regions across brains, and the
number of Nestin-positive radial glial fibers intersecting
a line spanning the width of the column was quantified
at three defined distances from the ventricular zone using
FIJI/ImageJ. Values were expressed as the number of Nes-
tin+ radial glial fibers per 200 µm, and the mean value ob-
tained from all analyzed sections was used as a single
biological replicate for each brain.

Percentage of leading processes as a function of distance
from Nestin+ radial glial fibers To assess the relation-
ship between neuronal morphology and proximity to radi-
al glial fibers, high-magnification (63×) images of EGFP+

neurons in Nestin-immunostained sections were ana-
lyzed in anatomically matched cortical regions. For each
neuron, the shortest distance between its leading process
(branched or unbranched) and the nearest Nestin+ radial
glial fiber was measured. Three-dimensional reconstruc-
tions generated usingNeurolucida 360 software (MBF bio-
science) were used to quantify these distances. Distances
were grouped into the indicated distance intervals, and
the percentage of leading processes within each interval
was determined. Mean values from all analyzed sections
were calculated and used as a single value for each brain
for statistical analysis.

Distribution of transfected cells across neocortical lay-
ers For distribution analyses, a 200 µm-wide radial col-
umn was positioned perpendicular to the ventricular
surface in anatomically matched regions of the electropo-
rated neocortex, and all EGFP+ cells within this region

were quantified. In embryonic brains, laminar boundaries
were defined independently for each brain based on DAPI
staining, differences in cell density, and cortical position.
The cortex was subdivided into the ventricular zone (VZ),
subventricular zone (SVZ), intermediate zone (IZ), and
three equal subdivisions of the cortical plate: lower, mid-
dle, and upper cortical plate (lCP, mCP, and uCP). In rep-
resentative figure panels, zone labels were positioned
according to the laminar boundaries in the first image
and applied at the same positions to subsequent images
displayed at the same scale. Because the thickness of indi-
vidual zones varied somewhat between brains, these la-
bels served only as a reference for subsequent images
and did not necessarily correspond precisely to the lami-
nar boundaries of each individual image. For postnatal
analyses, the distribution of EGFP+ cells was quantified
in the white matter (WM) and the lower, middle, and up-
per cortex (lC, mC, and uC). The number of EGFP+ cells in
each region was expressed as a percentage of the total
number of EGFP+ cells counted in the corresponding sec-
tion. Themean percentage from all analyzed sections was
calculated for each brain and used for statistical analysis.

Multipolar, bipolar branched, bipolar unbranched, and
round process-lacking morphologies in IZ, lCP, mCP,
and uCP For morphological analyses, high-magnifica-
tion images of EGFP+ neurons were acquired from the IZ
and CP of electroporated neocortices. The CP was subdi-
vided into lCP, mCP, and uCP. EGFP+ neurons were clas-
sified into four morphological categories based on cell
shape and process organization: round cells lacking obvi-
ous processes, multipolar (MP) cells bearing three or
more processes extending from the cell body, bipolar un-
branched (BP unbranched) cellswith a bipolarmorphology
and a single unbranched leading process, and bipolar
branched (BP branched) cells with a bipolar morphology
and a branched leading process. For each region, the num-
ber of cells in each category was expressed as a percentage
of the total number of EGFP+ cells analyzed in that region.
Reconstructions of representative neuronswere generated
with Adobe Illustrator from high-magnification confocal
images.

Slice culture and time-lapse imaging

Time-lapse imaging of brain slices was performed largely
as previously described (Bultje et al. 2009; Insolera et al.
2014) with minor modifications. Briefly, mouse embryos
were electroporated at E14 with plasmids expressing the
indicated constructs. Two days later, uterine horns con-
taining the embryos were transferred to ice-cold complete
HBSS consisting of 1× HBSS supplemented with 2.5 mM
HEPES (pH 7.4), D-glucose, 1 mM CaCl2, and 1 mM
MgSO4. Brains were dissected in ice-cold complete HBSS
and embedded in 3% low-melting-point agarose prepared
in complete HBSS, and coronal sections (250 µm) were
prepared using a Leica VT1000S vibratome. Slices were
transferred onto optically clear membrane inserts (Milli-
cell, 30 mm, 0.4 µm pore size) precoated with 0.1 mg/
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mL poly-D-lysine (Sigma P6407-5MG) and maintained as
organotypic cultures at 37°C in 5%CO2. Slice cultureme-
diumconsisted of basalmediumEagle supplementedwith
completeHBSS, D-glucose, 1mML-glutamine, 100U/mL
penicillin–streptomycin, and 5%horse serum. Sliceswere
allowed to recover for∼2 h at 37°C in 5%CO2 before being
transferred to glass-bottom microwell dishes (MatTek).
Samples were imaged using a Zeiss LSM780 confocal mi-
croscope equipped with an environmental chambermain-
tained at 37°C and 5% CO2. Images were acquired every
15 min for ∼13 h using a 20× long-working-distance dry
objective (0.45 NA). Time-lapse movies were generated
and analyzed using FIJI/ImageJ.

Quantitative analyses of time-lapse imaging

Time-lapse imaging data sets were analyzed to quantify
neuronal migration dynamics and cellular morphology
using a combination ofmanual annotation and semi-auto-
mated tracking in FIJI/ImageJ and Neurolucida 360. All
analyses were performed on data sets acquired under sim-
ilar imaging conditions, and only cells that remained
within the field of view throughout the 13 h imaging peri-
od were included. Electroporated (EGFP+) neurons located
in the IZ and entering the CP were individually tracked
and classified based on dynamic and morphological crite-
ria into four categories: round,MP, BP unbranched, and BP
branched. Persisting MP cells were defined by the pres-
ence of three or more dynamic processes and the absence
of sustained radialmigration throughout the imaging peri-
od. Cells were classified as transitioning to BP when they
underwent a clear transition from MP to BP morphology,
accompanied by stabilization of the leading and trailing
processes and the onset of sustained directional migra-
tion. BP branched cells were defined as bipolar neurons
that persistently extended secondary branches from the
leading process within the CP. Classification was per-
formed across the entire time series, and the percentage
of cells in each category was calculated relative to the to-
tal number of tracked EGFP+ neurons for each condition.

Mean velocity, nucleokinesis, and nucleus–centrosome
analyses

Mean migration velocity was determined by tracking the
position of the cell soma over the 13 h recording period.
For each neuron, the total distance traveled by the soma
was divided by the total duration of the recording to calcu-
late mean migration velocity. Only neurons that could be
unambiguously tracked throughout the imaging period
were included. Values from individual cells were pooled
across independent in utero electroporations and used
for statistical comparisons between conditions. Nucleoki-
nesis was quantified in time-lapse recordings by scoring
discrete forward translocation events of the nucleus dur-
ing the imaging period. Each event was defined as a dis-
crete saltatory forward translocation of the nucleus
followed by a pause phase. The total number of nucleoki-
nesis events was determined for each tracked neuron
over the full recording period, and the mean number of

events was calculated for each experimental condition.
Nucleus–centrosome coupling was analyzed in live-im-
aged neurons in which both the nucleus and centrosome
could be clearly identified. Measurements were per-
formed in cells coexpressing EGFP and the centrosomal
marker DsRed-Express-Centrin1. At each time point,
the distance between the center of the centrosome and
the leading edge of the nucleus was measured in individ-
ual neurons. In addition, the cumulative distance trav-
eled by the centrosome and the soma was quantified for
each neuron. For each condition, nucleus–centrosome
distances were averaged across all analyzed time points.
Mean values were then calculated for each experimental
condition.

BioID affinity purification and mass spectrometry (MS)

BioID experiments were performed as previously de-
scribed (Bagci et al. 2020; Nahlé et al. 2022). Briefly, tetra-
cycline- and biotin-treatedHEK293 cells stably expressing
N-terminal BirA∗-FLAG-tagged OPHN1 fusion proteins
were lysed in ice-cold RIPA lysis buffer supplemented
with DTT, PMSF, and protease inhibitors. Cleared lysates
were incubated with 70 µL of streptavidin beads (GE
Healthcare 17-5113-01) for 3 h at 4°C. Beads were washed
with lysis buffer followed by 50 mM ammonium bicar-
bonate (Biobasic AB0032, 500G). For on-bead digestion,
1 µg of trypsin (Sigma-Aldrich) was added to each 100 µL
of sample in 50mM ammonium bicarbonate and incubat-
ed overnight, followed by addition of another 1 µg of tryp-
sin for 2 h. Supernatants were transferred to fresh
microcentrifuge tubes, and the beads were washed twice
with 100 µL of H2O. Thewashes were pooled with the ini-
tial supernatant, acidified with formic acid (final concen-
tration 5%; Sigma-Aldrich), and dried in a SpeedVac.
Pellets were resuspended in 15 µL of 5% formic acid and
stored at−80°C until analysis. Tryptic peptides were load-
ed onto a self-packed C18 column (75 µm internal diame-
ter × 150 mm) installed on an Easy-nLC 1000 system
(Proxeon Biosystems). Chromatography buffers consisted
of 0.2% formic acid (buffer A) and 90% acetonitrile/
0.2% formic acid (buffer B). Peptides were eluted at a
flow rate of 250 nL/min using a two-step gradient inwhich
buffer B increased from 2% to 35% over 100min and then
from 35% to 80% over 10 min. The liquid chromatogra-
phy system was coupled to a Nanospray Flex ion source
and an LTQ-Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific). Full-scan MS survey spectra (m/z 360–
2000) were acquired in profile mode in the Orbitrap at a
resolution of 60,000. The 15 most intense peptide ions
were selected for fragmentation by collision-induced dis-
sociation, and MS/MS spectra were acquired in the linear
ion trap. Data were acquired across different experimental
runs to minimize batch effects.

MS data analyses

Raw MS files from OPHN1 BioID samples were analyzed
as previously described (Bagci et al. 2020) using the Mas-
cot search engine through the iProphet pipeline integrated
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in ProHits and the RefSeq database supplemented with
“common contaminants” from the Max Planck Institute,
theGlobal ProteomeMachine, and decoy sequences.Mas-
cot search parameters included trypsin specificity with up
to two missed cleavages allowed and oxidation (M) and
deamidation (NQ) as variable modifications. Mass toler-
ances for precursor and fragment ions were set to
15 ppm and 0.6 kDa, respectively, and peptide charges of
+2, +3, and +4 were considered. Mascot search results
were individually processed using PeptideProphet, and
peptides were assembled into proteins using parsimony
rules originally described in ProteinProphet using the
Trans-Proteomic Pipeline with the following parameters:
-p 0.05 -x20 -PPM - “DECOY,” iProphet option: pPRIME,
and PeptideProphet: pP. Relative protein abundance
across wild-type OPHN1 and domain-specific mutant
data sets was determined by spectral counting. Sample re-
producibility was assessed using Perseus from raw spec-
tral counts of each biological replicate by calculating
Pearson’s correlation coefficients. Two replicates of each
bait and each control (BirA∗ alone and BirA∗-FLAG-
EGFP) were used for each experiment.

Interaction scoring and bioinformatics analyses

Each OPHN1 proteomics data set (WT, GAP∗, PRD1∗,
PRD2∗, and PRD3∗) was analyzed independently against
its corresponding BirA∗ alone and BirA∗-FLAG-EGFP
control data sets within the ProHits suite, and SAINT-de-
rived average probability (AvgP) scores were calculated.
Across the individual OPHN1 data sets, 1129–1225 pro-
teins were identified. To identify interactions potentially
mediated by the proline-rich domains of OPHN1, proteins
containing Src homology 3 (SH3) or SH3-like domains
were first identified among proteins identified in the
OPHN1WT proximal proteome based on their domain an-
notations in InterPro (Blum et al. 2025; Paysan-Lafosse
et al. 2025). This filtering step yielded 26 SH3 domain-
containing candidates. Subsequently, SAINTexpress was
applied, identifying five high-confidence OPHN1 interac-
tors (SAINT score ≥0.9). These high-confidence SH3
domain-containing candidateswere then compared across
the OPHN1 mutant data sets using mean spectral counts
to assess domain-specific interactions.

GST pull-down assay

For pull-down experiments, expression of GST or GST fu-
sion proteins was induced with IPTG in BL21 Escherichia
coli. Bacteria were lysed and sonicated in lysis buffer con-
taining 140mMNaCl, 2.7mMKCl, 10mMNa2HPO4, 1.8
mM KH2PO4, and cOmplete protease inhibitor cocktail
(Roche). GST-PACSIN2-SH3 fusion protein or GST alone
was immobilized on glutathione-sepharose beads (GE
Healthcare Biosciences). HEK293T cells expressing
OPHN1WT-GFP or OPHN1mutant constructs were lysed
in the same buffer, and equal amounts of lysatewere incu-
bated with GST-PACSIN2-SH3 or GST control beads.
Bound proteins were analyzed by immunoblotting using
anti-GFP (mouse mAb IgG2a, 1:500; NeuroMab N86/8).

Anti-γ-tubulin (mouse mAb IgG1, 1:5000; Sigma GTU-
88) was used as a loading control.

Western blot analyses

For western blot analyses of the developing cortex, mouse
cortices (E11–P7) were homogenized with micropestles
(Eppendorf) in lysis buffer containing 75 mM Tris-HCl
(pH 6.8), 3.8% SDS, 4M urea, and 20% glycerol. For west-
ern blot analyses of HEK293T cells, transfected cells were
lysed in RIPA buffer supplemented with protease inhibi-
tors. Protein concentrations were determined using the
Pierce BCA protein assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Lysates
were resolved by SDS-PAGE and transferred to Immobi-
lon-P PVDF membranes (Millipore). Membranes were
blocked for 30 min at room temperature in Tris-buffered
saline containing 0.5% Tween 20 (TBST) and 5% nonfat
milk, followed by overnight incubation at 4°C with
primary antibodies diluted in TBST containing 5% bovine
serum albumin (BSA; Equitech-Bio, Inc.) and 0.05%
NaN3. Membranes were then incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugat-
ed secondary antibodies diluted in blocking buffer. The
following primary antibodies were used: anti-OPHN1 an-
tibody (rabbit pAb, 1724, 1:500) (Govek et al. 2004), anti-
MYC (mouse mAb IgG1 9E10, 1:500; BioLegend
626802), anti-FLAG (mouse mAb IgG1 [M2], 1:500;
Sigma-Aldrich F3165), anti-GFP (mouse mAb IgG2a,
1:500; NeuroMab N86/8), anti-γ-tubulin (mouse mAb
IgG1, 1:5000; Sigma GTU-88), and anti-vinculin (mouse
mAb IgG2, 1:5000; R&D Systems MAB6896).

Statistical analysis

All data analyzed with parametrical tests are presented as
mean±SEM, while data analyzed with nonparametrical
tests are presented as median (interquartile range). Statis-
tical analyses were performed usingGraphPad Prism 11 or
Microsoft Excel. For fixed-tissue quantifications, each
brain was considered a biological replicate. For live-imag-
ing experiments, cells were pooled from independent
IUEs, and the numbers of cells and independent experi-
ments are reported in the corresponding figure legends.
Comparisons between two groups were performed using
unpaired, two-tailed Student’s t-tests or Mann–Whitney
U-test. Comparisons among more than two groups were
performed using one-way analysis of variance (ANOVA)
followed by Dunnett’s or Tukey–Kramer post hoc multi-
ple-comparison tests or the Kruskal–Wallis test followed
by Dunn’s post hoc test. Statistical significance was de-
fined as follows: P< 0.05 (∗), P< 0.01 (∗∗), and P < 0.001
(∗∗∗). P-values ≥0.05 were considered not significant.
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