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Abstract

Our previous work showed that loss of the KIAA2022 gene protein results in intellectual disability with language
impairment and autistic behavior (KIDLIA, also referred to as XPN). However, the cellular and molecular alterations
resulting from a loss of function of KIDLIA and its role in autism with severe intellectual disability remain unknown. Here,
we show that KIDLIA plays a key role in neuron migration and morphogenesis. We found that KIDLIA is distributed
exclusively in the nucleus. In the developing rat brain, it is expressed only in the cortical plate and subplate region but
not in the intermediate or ventricular zone. Using in utero electroporation, we found that short hairpin RNA (shRNA)-
mediated knockdown of KIDLIA leads to altered neuron migration and a reduction in dendritic growth and disorganized
apical dendrite projections in layer II/lll mouse cortical neurons. Consistent with this, in cultured rat neurons, a loss of
KIDLIA expression also leads to suppression of dendritic growth and branching. At the molecular level, we found that
KIDLIA suppression leads to an increase in cell-surface N-cadherin and an elevated association of N-cadherin with
6-catenin, resulting in depletion of free 5-catenin in the cytosolic compartment. The reduced availability of cytosolic
6-catenin leads to elevated RhoA activity and reduced actin dynamics at the dendritic growth cone. Furthermore, in
neurons with KIDLIA knockdown, overexpression of 6-catenin or inhibition of RhoA rescues actin dynamics, dendritic
growth, and branching. These findings provide the first evidence on the role of the novel protein KIDLIA in neurode-
velopment and autism with severe intellectual disability.
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(s )

Autism spectrum disorder (ASD) is a neurodevelopmental impairment with a strong genetic basis. The cellular
and molecular mechanisms linking autism and intellectual disability-related genes to impairments in brain
development remain to be fully elucidated. This is the first study to examine the distribution, expression, and
neurobiological function of KIAA2022/KIDLIA, a novel gene protein implicated in ASD and intellectual disability.
We report that KIDLIA is a neuron-specific nuclear protein expressed in the subplate and cortical plate in the
developing brain. Loss of KIDLIA expression impairs neuron migration, dendritic growth, and morphogenesis via
Kregulation of the N-cadherin/é-catenin signaling pathway and actin dynamics. /
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Autism spectrum disorder (ASD) is described on the
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is becoming increasingly devastating due to its high prev-
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alence, impact on families, and cost to society. Approxi-
mately one in 68 individuals in the United States has ASD,
and roughly 30% of those with ASD have intellectual
disability (ID; Baio, 2014).

The mammalian X chromosome is enriched with genes
expressed in the brain, as demonstrated by the high
incidence of X-linked ID (Skuse, 2005; Nguyen and Dis-
teche, 2006). Previous work from our group and others
identified loss of function of KIDLIA (also referred to as
KIAA2022 or Xpn) at chromosome Xq13.2 as the gene
responsible for severe ID and autistic behavior in several
families (Cantagrel et al., 2004, 2009; Ishikawa et al.,
2012; Van Maldergem et al., 2013; Charzewska et al.,
2014; Kuroda et al., 2015). We have previously shown that
knockdown of KIDLIA in rat hippocampal neurons led to
impaired neurite outgrowth (Van Maldergem et al., 2013).
Patients with a loss of KIDLIA show symptoms typical of
ASD including febrile seizures, repetitive behaviors,
impaired language, microcephaly, and strabismus (Cantagrel
et al., 2004, 2009; Van Maldergem et al., 2013), establishing the
gene as a causal factor for ASD with ID.

Accumulating evidence has shown that alterations in
neurite outgrowth and branching are a common pheno-
type in neurodevelopmental disorders including ID and
ASD (DiCicco-Bloom et al., 2006; Zikopoulos and Barbas,
2010). Many autism-related mutations, such as those in
phosphatase and tensin homolog on chromosome 10,
tuberous sclerosis complex 1, or SHANKS, result in an
excess of branching (Kwon et al., 2006; Peca et al., 2011;
Weston et al., 2014). Others, such as mutations in methyl
CpG binding protein 2, thousand and one kinase 2, and
endosomal Na*/H* exchanger 6, lead to diminished
branching (Belichenko et al., 2009; de Anda et al., 2012;
Ouyang et al., 2013). As KIDLIA is a novel gene product
involved in autism with severe ID, its role in brain devel-
opment including neurogenesis, neuron migration, and
neuron morphogenesis has not been investigated. Our
previous work has suggested an involvement of KIDLIA in
neurite outgrowth (Van Maldergem et al., 2013), but the
molecular mechanisms remain unknown.

N-cadherin-mediated extracellular interactions have
been shown to be required for dendrite growth (Tan et al.,
2010). A major molecule that interacts with the cytoplas-
mic C terminus of N-cadherin is 6-catenin. -Catenin, a
member of the p120 catenin family, is neuron specific and
binds to the juxtamembrane segment of N-cadherin (Lu
et al., 1999). 8-Catenin is a major candidate gene in
autism and part of a protein network that is strongly
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involved in regulating dendrite growth (Turner et al., 2015).
Overexpression of §-catenin can induce dendritic protru-
sions in hippocampal neurons (Martinez et al., 2003),
whereas loss of 8-catenin reduces dendritic growth and
branching (Elia et al., 2006; Arikkath et al., 2008).

For the first time, we report a role for KIDLIA in neuron
migration and dendrite morphological development. We
show that KIDLIA is expressed exclusively in the nucleus
and is neuron specific. We find that loss of KIDLIA pro-
duces aberrant neuronal migration with major defects in
apical dendrite growth and orientation in vivo. Knockdown
of KIDLIA in vitro results in a decrease in dendritic growth
and actin dynamics. A loss of KIDLIA also leads to in-
creased N-cadherin at the plasma membrane and an
elevated interaction between N-cadherin and é-catenin.
This increased association depletes the cytoplasmic pool
of 8-catenin, causing activation of RhoA-GTP. Consistent
with this, we find that after KIDLIA knockdown in neurons,
overexpressing &-catenin or inhibiting RhoA activity res-
cues the defects in dendritic growth and actin dynamics.
These findings strongly support a role for the N-cadherin/
&-catenin—RhoA signaling system in the KIDLIA-dependent
dysregulation of dendritic morphogenesis, providing novel in-
sights into the mechanism of KIDLIA-dependent autism and ID.

Materials and Methods

Antibodies, plasmids, and drugs

Primary antibodies to the following proteins were used:
rabbit anti-KIAA2022 [1:100 (brain slice), 1:500 (primary
culture) for immunohistochemistry (IHC), 1:500 for West-
ern blot (WB), Sigma-Aldrich, St. Louis, MO; cat. #
HPA000404, RRID: AB_1079208], mouse anti-NeuN (1:
100 for IHC; Millipore, Billerica, MA), rabbit anti-GFAP
(1:100 for IHC; Millipore; cat. # MAB377, RRID: AB_
2298772), mouse anti-Tau1 (1:800 for IHC; EMD Millipore;
cat. # MAB3420, RRID: AB_94855), rabbit anti-MAP2 [1:
1000 for immunocytochemistry (ICC); Abcam, Cam-
bridge, UK; cat. # ab70218, RRID: AB_1269354] mouse
anti-N-cadherin [1:1000 for WB and 5 ug for immunopre-
cipitation (IP); BD Biosciences, Franklin Lakes, NJ; cat. #
610920, RRID: AB_2077527], mouse anti—-6-catenin (1:
1000 for WB, 5 g for IP; BD Biosciences; cat. # 611536,
RRID: AB_398994), mouse anti-RhoA (1:500 for WB;
Cytoskeleton, Denver, CO; cat. # ARHO03-A, RRID:
AB_10708069), mouse HDAC1 (1:1000 for WB; Cell Sig-
naling Technology, Danvers, MA; cat. # 5356P, RRID:
AB_10858225), mouse anti—a-tubulin (1:5000 for WB; Sig-
ma-Aldrich; cat. # 00020911 RRID: AB_10013740), and
mouse anti-GAPDH (1:3000 for WB; Abcam; cat. #
ab8245 RRID: AB_2107448). The following secondary an-
tibodies were used: immunoglobulin G/horseradish per-
oxidase for WB [1:5000; BioRad, Hercules, CA; mouse
(cat. # 170-6516 RRID: AB_11125547) and rabbit (cat. #
170-6515 RRID: AB_11125142)], Alexa Fluor 488 (1:700,
Invitrogen, San Diego, CA; mouse: cat. # A21121 RRID:
AB_141514; rabbit: cat. # A11094, RRID: AB_221544),
and Alexa Fluor 555 (1:700, Molecular Probes, mouse:
cat. # A21127 RRID: AB_141596; rabbit: cat. # A21428
RRID: AB_141784) for ICC.
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GFP-6-catenin was a gift from S. Bamiji (University of
British Colombia, Vancouver), pEGFP-N1 was obtained
from Addgene, Cambridge, MA (cat. # 2491, RRID:
SCR_005907). For lentiviral shRNA, two KIDLIA shRNA
sequences and a scrambled shRNA sequence were de-
signed using the small interfering RNA (siRNA) Wizard
v3.1 (Invivogen, San Diego, CA) and cloned into the
pLKO.1-TRC cloning vector (Addgene; cat. # 10878,
RRID: SCR_005907) using Agel and EcoRI sites. For in
utero electroporation, the same shRNA sequences were
cloned into the pCGLH GFP vector using Bglll and Sall
sites. KIDLIA siRNA oligomers for transfection were pur-
chased from Qiagen, Hilden, Germany. The RhoA inhibi-
tor, CNO6, was added directly to the culture media for the
times indicated (10 um; Cytoskeleton; cat. # CNO06).

Primary neuronal culture

Cortical and hippocampal brain tissue were dissected
out from E18 rat fetus brains of either sex and prepared
for primary culture. Tissues were first digested with pa-
pain (0.5 mg/ml in Hanks balanced salt solution, Sigma-
Aldrich; cat. # 4762) at 37°C for 15 min, then gently
triturated in trituration buffer [0.1% DNase (cat. # PA5-
22017 RRID: AB_11153259), 1% ovomucoid (Sigma-Al-
drich; cat. # T2011)/1% bovine serum albumin (Sigma-
Aldrich; cat. #05470) in Dulbecco’s modified Eagle’s
medium] until neurons were fully dissociated. Dissociated
cortical neurons were then counted and plated into either
six-well plates or 60-mm Petri dishes (Greiner Cellstar) for
WB experiments. Hippocampal neurons were plated on
18-mm circular coverslips (Carolina, Burlington, NC; cat.
# 633013, No. 0) in 60-mm Petri dishes (five coverslips/
dish) and six-well glass-bottom imaging dishes (In Vitro
Scientific, Mountain View, CA; cat. # P06-20-1-N) for ICC
and fluorescence after photobleaching (FRAP) experi-
ments. Both dishes and coverslips were coated with poly-
L-lysine (Sigma-Aldrich; cat. # P2636; 100 wg/ml in borate
buffer) overnight at 37°C then washed three times with
sterile deionized water and left in plating medium [minimal
essential medium (500 mL) containing 10% fetal bovine
serum (Atlanta Biologicals, Flowery Branch, GA; cat. #
S11550), 5% horse serum (Atlanta Biologicals; cat. #
S12150), 31 mg L-cysteine, 1% penicillin/streptomycin
(Corning, Corning, NY; cat. # 30-002-Cl), and L-glutamine
(Corning; cat. # 25-005-Cl) before cell plating. Plating
medium was replaced by feeding medium (neurobasal
medium supplemented with 1% horse serum, 2% B-27,
and 1% penicillin/streptomycin and L-glutamine) the day
after cell plating. Neurons were maintained in feeding
medium with 5’-fluoro-2'-deoxyuridine (10 um; Sigma-
Aldrich; cat. # FO503) supplemented at 5 d in vitro (DIV5)
to suppress glial growth until experimental use. Cultures
treated with virus were given 250 wl of viral medium
added directly to the plating medium at time of plating.
The virus was removed 18-24 h later, when feeding me-
dium was added.

Neuronal transfection and viral infection

Hippocampal neurons were transfected at the time of
plating in six-well glass-bottom dishes for FRAP experi-
ments using Lipofectamine 2000 (Thermo Fisher Scien-
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tific, Waltham, MA; cat. # 11668019) and the target
plasmid DNA or siRNA per the manufacturer’s sugges-
tion. For live imaging experiments, neurons were trans-
fected at DIV5. For one well containing 2 ml plating
medium + cells, 3 ul Lipofectamine 2000 and 1 pg plas-
mid DNA + 2 ul siRNA (20 um) were first separately
diluted in 50 pl minimal essential medium then mixed and
incubated at room temperature for 20 min to form the
transfection complex. The transfection complex was
added to the wells and incubated at 37°C for 4 h before
the medium was removed and replaced with feeding me-
dium. Neurons were then cultured for stated times for
FRAP or live imaging experiments.

Recombinant lentiviruses were produced by transfect-
ing HEK293T cells with plasmids for the shRNA con-
structs with viral packaging and envelope proteins (pPRSV/
REV, pMDLg/RRE, and pVSVG) using polyethylenimine
reagent (Polysciences, Warrington, PA; cat. # 23966).
Conditioned medium containing lentivirus was harvested
after 48 h, centrifuged at 1000 X g for 10 min, filtered
through a 0.45-um filter, and stored at —80°C. Neurons
were infected with lentivirus on the day of plating, and
medium was changed 1 d later to feeding medium.

Animals

Timed pregnant CD-1 mice were purchased from
Charles River Laboratories (Cambridge, MA; strain code
022) for in utero electroporation experiments. All animals
were maintained in accordance with guidelines of the
Boston University Institutional Animal Care and Use Com-
mittee. Care was taken to minimize suffering of the ani-
mals during surgical procedures. The first neonatal day
was considered to be postnatal day 0 (PO0).

In utero electroporation

In utero electroporation (IUE) was performed as de-
scribed previously (Gal et al., 2006) on timed pregnant
CD-1 dams at embryonic day 14.5. Briefly, dams were
anesthetized via i.p. injection of a ketamine/xylazine mix-
ture, and the uterine horns were exposed via midline
laparotomy. One to two microliters of plasmid DNA mixed
with 0.1% fast green dye (Sigma-Aldrich; cat. # F7258)
was injected intracerebrally through the uterine wall and
amniotic sac using a pulled-glass micropipette. The plas-
mid vectors were used at a final concentration of 2-3
ng/ul. The anode of a Tweezertrode (Harvard Apparatus,
Holliston, MA) was placed over the dorsal telencephalon
above the uterine muscle, and four 35-V pulses (50-ms
duration separated by a 950-ms interval) were applied
with a BTX ECM830 pulse generator (Harvard Apparatus).
After electroporation, the uterine horns were returned to
the abdomen, the cavity was filled with a warm saline
solution, and the incisions were closed with silk sutures.
The dams were then placed in a clean cage and moni-
tored closely during recovery. The pups were allowed to
mature with the mother until the times indicated. To col-
lect the electroporated brains, animals were anesthetized
with an i.p. injection of ketamine/xylazine and transcardi-
ally perfused with ice-cold PBS. The brains were removed
and placed into 4% paraformaldehyde in PBS solution at
4°C for 6 h, followed by overnight incubation in a 30%
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sucrose PBS solution at 4°C. The brains were placed in
trays and submerged in optimum cutting temperature
embedding medium (Tissue-Tek; cat. # 25608-930) and
flash frozen by placing the trays in a bath of methanol
mixed with dry ice. Frozen brains were cut in 35-um
sections on a Leica CM 1850 cryostat (Leica Biosystems,
Buffalo Grove, IL) at —20°C. These procedures were re-
viewed and approved by the Boston University Institu-
tional Animal Care and Use Committee.

Immunocytochemistry

Hippocampal neurons were washed twice in ice-cold
artificial cerebrospinal fluid (ACSF) and fixed for 10 min in
a 4% paraformaldehyde/4% sucrose solution at room
temperature. Cell membranes were permeabilized for 10
min in 0.3% Triton X-100 (Sigma-Aldrich; cat. # T-9284) in
PBS, rinsed three times in PBS, then subjected to a
blocking procedure (1 h PBS + 5% goat serum). After
blocking, cells were incubated with primary antibodies (in
5% goat serum and PBS) for 2 h at room temperature,
washed, and incubated with Alexa Fluor-conjugated flu-
orescent secondary antibodies (1:700) for an additional
hour. Cells were then mounted to microscopy glass slides
with Prolong Gold anti-fade mounting reagent (Thermo
Fisher Scientific; cat. # P36930) for visualization.

Microscopy

For in vitro analysis of neuronal morphology, a Zeiss
inverted fluorescent microscope was used to collect im-
ages with a 40X oil-immersion objective [numerical aper-
ture (NA) 1.3] and collected with AxioVision Release 4.5
software. Neuron images were quantified in Sholl analysis
using NIH ImageJ (see below).

Brain sections taken after IUE were imaged using a
Zeiss LSM 700 laser scanning confocal microscope.
Z-stack images (25 um, 40X) were acquired using the Zen
software package. GFP-positive cells were traced with
the Neurond plugin in Imaged for analysis of dendrite
morphology. Sections from at least three embryos were
counted and analyzed for each experiment, and surgeries
for each combination of plasmids were repeated to con-
firm the results.

Sholl analysis

MAP2-positive dendrites were traced from images
of neurons stained with MAP2 and tau1 using the Neurond
(RRID: SCR_002074) plugin in Imaged (RRID: SCR_
003070). The Snapshot tool in Neurond was used to save
the tracings as an image file that was converted to 8-bit,
and these images were analyzed with the Sholl analysis
plugin in ImagedJ. The range of measurement was set
using the straight line tool traced from the center of the
soma to the outermost neurite. Dendrite intersections
were analyzed from a starting radius of 10 um with 10-um
steps to the outer radius. The resulting numbers of inter-
sections per cell were used to calculate the mean and
SEM for each radius interval. Treatments were applied to
sister cultures that originated from the same neuron cul-
ture preparation.
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Western blot

Cortical neurons cultured in either 60 mm dishes (3 X
108 cells/dish) or six-well plates (108 cells/well) were
treated with virus at the time of plating and any other
drugs as stated. Neurons were lysed in Laemmli 2X sam-
ple buffer (4% SDS, 10% 2-mercaptoethanol, 20% glyc-
erol, 0.004% bromophenol blue, and 0.125 m Tris-HCI)
and boiled for 10 min at 95°C for SDS-PAGE electropho-
resis. After separation in SDS-PAGE, proteins were trans-
ferred to polyvinylidene fluoride membranes (Bio-Rad,
Richmond, CA) and probed for different targets with the
stated antibodies. Immunoblots were visualized using a
chemiluminescence detection system (GE Healthcare,
Piscataway, NJ), exposed to Fuji medical X-ray films
(Thermo Fisher Scientific), scanned, and analyzed using
Imaged.

Quantitative real-time PCR

Total RNA from rat cortical cultures was purified using
TRIzol (Thermo Fisher Scientific; cat. # 12183555) and
reverse-transcribed using the SuperScript Il Reverse
Transcription System (Thermo Fisher Scientific; cat. #
12574035). The optical density A260/A280 ratio was con-
firmed to be >1.9 for each sample. For N-cadherin, we
used the following oligonucleotides: 5'-ATCATTCGCCA
AGAGGAAGG-3' and 5'-GGCTGAAAATAGACCCTGT
GA-3'. Quantitative real-time PCR was performed with a
7300 real-time PCR system (Applied Biosystems, Foster
City, CA) using Power SYBR Green Master Mix (Applied
Biosystems; cat. # 4367659) with the following PCR con-
ditions: initial hold at 95°C for 10 min, followed by 40
cycles of a 15-s denaturing step at 95°C and a 60-s
annealing and extension step at 60°C. Transcript levels
were normalized to the housekeeping gene GAPDH using
the following oligonucleotides: 5'-CCATCAACGACC
CCTTCATT-3' and 5'-CTGAGAATGGGAAGCTGGTC-3'.

Cell-surface protein biotinylation assay

Cortical neurons were rinsed with ACSF once and in-
cubated with EZ Link-Sulfo-NHS-LC-Biotin (Thermo
Fisher Scientific; cat. # 21327) dissolved in 1 ACSF (1
mg/ml) for 10 min at room temperature and another 20
min at 4°C. Excess biotin reagent was quenched with two
washes of ACSF with 20 mm glycine followed by another
two washes with ACSF. Neurons were then lysed in lysis
buffer 1 (1X PBS with 0.5% SDS, 0.5% sodium deoxy-
cholate, and 1% Triton X-100) with the addition of a
protease inhibitor cocktail (Roche, Basel, Switzerland;
cat. # 04693116001), sonicated, then head-to-toe rotated
at 4°C for 30 min to achieve thorough cell lysis. After
spinning down at 13,000 rpm for 15 min, one tenth of the
supernatant volume was mixed with an equal volume of
Laemmli 2X sample buffer, boiled for 10 min at 95°C, and
saved as a total lysate control. The rest of the supernatant
was removed to a new Eppendorf 1.5-ml tube containing
40 wl of pre-equilibrated NeutrAvidin beads (Thermo
Fisher Scientific; cat. # 29200), and the pellet was dis-
carded. NeutrAvidin beads, along with the supernatant,
were head-to-toe rotated at 4°C for at least 2 h. The
beads were rinsed three times in PBS (with 0.5% Triton
X-100), before being mixed with an equal volume of
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Laemmli 2X sample buffer and boiled for 10 min at 95°C
in preparation for WB analysis.

Fluorescence after photobleaching

Images were taken with a Zeiss LSM 700 laser scanning
confocal microscope. The inverted microscope was
equipped with an incubation system featuring tempera-
ture and CO, control. All experiments were performed at
37°C and 5% CO.. Live images were acquired using a
63X oil-immersion objective lens (NA 1.32).

FRAP experiments were performed using the following
protocol: three single prebleach scans were acquired at
3-s intervals, followed by up to five bleach scans at full
laser power until the fluorescence reached 25% of the
original prebleach levels, over a circular area of 4 um in
diameter. During the postbleach period, scans were ac-
quired at 3-s intervals.

Fluorescence was quantified using the FRAP plugin in
Imaged. Background fluorescence was measured in a
random field outside of the region of interest (ROI) and
subtracted from all the measurements. Growth cone flu-
orescence was determined for each image and normal-
ized to the initial prebleach fluorescence to determine the
rate of fluorescence recovery.

The net fluorescence recovery (mobile fraction, M)
measured in the region of interest was determined as
My = (Fore = Fpost) = (Fore = Fena), @and the immobile fraction
(IMy) was calculated as IM; = (Fpre = Fpost) = (Fena = Fpost)s
where F,,, is the ROl mean intensity at steady state, F,;
is ROl intensity postbleach, and F is mean ROl intensity
prebleach.

RhoA activation assay

RhoA activity was assessed using a RhoA Activation
Assay Biochem Kit according to the manufacturer’s in-
structions (Cytoskeleton; cat. # BKO036). Briefly, GTP-
RhoA was immunoprecipitated from whole-cell lysates
with glutathione S-transferase-tagged Rhotekin bound to
glutathione agarose beads. The beads were washed, and
immunoprecipitates were analyzed by WB using a RhoA-
specific monoclonal antibody. The lysate was also probed
for total RhoA, and GTP-RhoA was normalized to total
RhoA levels.

Statistical analyses
An unpaired Student’s t-test or one-way ANOVA with
post hoc Tukey’s test was used as appropriate.

Results

KIDLIA shows nuclear localization and neuron-
specific expression in vivo

In situ hybridization studies have shown a lack of
KIDLIA mRNA in proliferating, bromodeoxyuridine-posi-
tive cells, indicating that it may be expressed in postmi-
totic neurons only (Cantagrel et al., 2009); however,
KIDLIA protein expression has not been examined in neu-
rons. By immunostaining KIDLIA in brain slices from PO
(day of birth) mouse cortex, we observed an exclusive
nuclear localization of KIDLIA that colocalized with the
nuclear marker Hoechst (Fig. 1A). To further investigate
the KIDLIA expression pattern in cortical layers in vivo, we
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compared the KIDLIA distribution in embryonic day 17
(E17) and PO mouse brains. In E17 brain slices, KIDLIA
was not expressed in the ventricular zone (VZ) or interme-
diate zone (12). Up from the VZ, only minimal background
staining of KIDLIA protein was detected until the subplate
(SP) region, where KIDLIA expression levels were sharply
increased and maintained throughout the entire cortical
plate (CP) (Fig. 1B). Similarly, immunostaining of PO brains
showed that strong KIDLIA expression was restricted to
the CP in contrast to the VZ/IZ area (Fig. 1C). To deter-
mine whether KIDLIA was preferentially expressed be-
tween neurons and glia, we coimmunostained KIDLIA
with the neuron-specific marker NeuN or the glial marker
GFAP. We found that immunofluorescent signals of
KIDLIA completely colocalized with NeuN-positive neu-
rons at PO and P14 (Fig. 1D, E), but not with GFAP-
positive glia (P14; Fig. 1F), indicating that KIDLIA
expression was neuron specific.

In utero knockdown of KIDLIA regulates neuronal
migration without affecting the multipolar-to-bipolar
transition

To investigate KIDLIA’s role in neuronal migration, we
used IUE to knock down KIDLIA expression during early
development. KIDLIA shRNA-GFP or a scrambled control
was electroporated into mouse embryonic brains at E15
and returned to the pregnant dam to develop (Fig. 2A).
Brains were first collected at E17 and immunostained for
KIDLIA. In GFP-positive shRNA electroporated neurons,
KIDLIA expression was significantly reduced compared
with scrambled controls and nearby nonelectroporated
neurons (Fig. 2B).

Callosal projecting pyramidal neurons are born around
E15 in the VZ and migrate to their final location in layers
II/1Il in the CP. At E17, 60% of the neurons electroporated
with scrambled shRNA were found in the 1Z, and only
13% had entered the CP. Strikingly, after electroporation
of KIDLIA shRNA, 44% of the neurons were found in the
IZ and 28% of the neurons had already migrated into the
CP (Fig. 2C, D). These results strongly indicate that loss of
KIDLIA expression alters the migration process in the
developing brain.

To investigate the effect of KIDLIA on neuron migration
at a later stage, we next collected brains at PO after IUE at
E15. In agreement with our findings at E17, we found that
79% of KIDLIA-shRNA neurons had already reached the
upper CP at PO, compared with only 64% in scrambled
controls. Additionally, in shRNA electroporated brains,
only 5% of neurons were found in the IZ compared with
15% in scrambled control brains (Fig. 2E, F). Interestingly,
although KIDLIA knockdown resulted in changes in the rel-
ative layer distribution of the migrating neurons, it did not
affect their final laminar destination, with the majority of the
electroporated neurons residing in layer II/1ll (Fig. 2E).

After birth in the VZ, multipolar pyramidal neurons move
within the 1Z/SP, where they must adopt a bipolar mor-
phology to enter the CP. This multipolar-to-bipolar tran-
sition is key to proper migration and integration of
neurons into the cortical plate. KIDLIA proteins begin to
be expressed in the SP region below the cortical plate at

eNeuro.org



Meuro

New Research 6 of 17

B
KIDLIA Hoescht Merged
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Figure 1. KIDLIA is expressed in neurons and is localized in the nucleus. A, Immunohistochemistry in brain slices of PO mouse cortex.
KIDLIA was colocalized with the nuclear marker Hoechst. Scale bar = 10 um. B, C, Immunohistochemistry of KIDLIA at E17. KIDLIA
expression began in the SP region of the upper IZ and throughout the cortical plate and was restricted to the cortical plate at P0O. Scale
bars = 20 um. D, E, KIDLIA was expressed only in cells positive for the neuronal marker NeuN at PO (left) and P14 (right). F, KIDLIA
expression was not observed in cells expressing the glia marker GFAP at P14. Scale bars = 20 um (full picture); 10 um (enlarged area).

UpCP, upper cortical plate; LoCP, lower cortical plate.

E17 and may be involved in neuronal migration. We there-
fore wanted to know whether loss of KIDLIA expression
resulted in neurons bypassing the multipolar stage, allowing
them to move into the CP directly. In mice electroporated
with KIDLIA shRNA at E15, we found that in E17 brains both
KIDLIA shRNA and scrambled control neurons showed a
typical multipolar morphology in the 1Z/SP region. Similar to
controls, KIDLIA knockdown neurons showed a normal bi-
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polar morphology after entering the CP (Fig. 2G, H). These
findings suggest that KIDLIA does not affect multipolar-to-
bipolar transition during neuronal migration.

Knockdown of KIDLIA affects apical dendrite
orientation in vivo

To examine the role of KIDLIA in neuronal development,
we analyzed dendritic growth and soma location of neu-
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Figure 2. In utero electroporation of KIDLIA shRNA disrupts neuronal migration but does not affect the multipolar-to-bipolar
transition. A, Schematic of the IUE procedure. Pups were injected with shRNA-GFP DNA into the lateral ventricle (LV) at E15,
and the anode of the Tweezertrode was placed above the dorsal telencephalon. Pups were the returned to the mother to mature
until the times indicated. B, Representative images of scrambled and KIDLIA shRNA electroporated neurons at E17. Immuno-
staining of KIDLIA shows a clear reduction of KIDLIA expression compared with scrambled controls and nearby nonelectro-
porated neurons. Scale bar = 10 um. C, Brain slices taken at E17 after IUE of KIDLIA shRNA-GFP or scrambled shRNA-GFP
at E15. Scale bar = 50 um. D, KIDLIA knockdown caused a greater percentage of neurons in the upCP and a smaller fraction
in the 1Z. More than 1500 GFP™ neurons from five brains were analyzed in each group. E, Brain slices taken at PO after IUE of
KIDLIA shRNA-GFP or scrambled shRNA-GFP at E15. Scale bar = 50 um. F, Analysis of neuronal migration at PO showed that
more neurons were in the upCP and less in the IZ compared with scrambled controls. More than 1200 GFP* neurons from four
brains were analyzed in each group. G, H, Analysis of the multipolar-to-bipolar transition. In E17 brain, multipolar neurons were
observed in the upper IZ (magnified lower right) before CP entry, and neurons showed a normal transition back to a bipolar
morphology after CP entry (magnified upper right) in both KIDLIA and scrambled shRNA electroporated neurons. Scale bars =
10 um. *#p < 0.01, #xxp < 0.001. Error bars = SEM. Yellow dashed line indicates the pia. UpCP, upper cortical plate; LoCP,
lower cortical plate.
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rons after IUE of KIDLIA shRNA at E15. At P4, neurons
have reached their proper laminar location at layer Il/1lI,
but the somas of neurons electroporated with KIDLIA-
shRNA were located closer to the pial surface (Fig. 3A, C),
possibly as a result of a facilitated migration rate or a
disruption in the termination of migration. Similar to
scrambled controls, neurons with KIDLIA shRNA showed
a clear apical dendrite growing as single straight process
directed orthogonally to the pial surface (Fig. 3A, B).
However, neurons expressing KIDLIA shRNA had a longer
apical neurites (Fig. 3A, D). The percentage of cells whose
apical neurites reached the pia was not significantly dif-
ferent from controls at P4 (Fig. 3E).

Strikingly, brains analyzed at P14 showed that electro-
poration of KIDLIA shRNA significantly disrupted the ori-
entation of the apical dendrite. The apical dendrites of
neurons after KIDLIA knockdown were largely disorga-
nized and not directed toward the pia, compared with
age-matched controls (Fig. 3F, G). A significant increase
and variation in the angle of the apical dendrite to the pia
was observed in KIDLIA shRNA electroporated brains
compared with scrambled controls (Fig. 3H). KIDLIA
knockdown also produced a 35% decrease in the length
of the major apical dendrite and a significant decrease in
the distance of their somas to the pia (Fig. 3/, J). Addi-
tionally, after KIDLIA knockdown, the number of dendrite
tips that reached the pia was significantly decreased
compared with controls (Fig. 3K), presumably owing to a
disorganization of the apical dendrite orientation and de-
creased dendritic growth. These in vivo results showed
that after knockdown of KIDLIA, neuronal somas were
positioned at sites closer to the pial surface at both P4
and P14. A loss of KIDLIA caused aberrant dendrite ori-
entation and decreased apical dendrite growth, indicating
that the directed outgrowth and branching of the dendritic
tree was significantly impaired, possibly as a conse-
quence of the neurons’ early arrival into the CP or a subtle
shift in laminar localization.

Knockdown of KIDLIA decreases dendritic
outgrowth in primary cultured neurons

To further investigate the molecular mechanisms un-
derlying the effect of KIDLIA on dendritic growth and
arborization, we suppressed KIDLIA expression in primary
cultured neurons. We infected cortical neurons at the time
of plating (DIVO) with lentiviral shRNA containing the same
targeting sequences as those used for IUE in vivo and
found a ~60% reduction in KIDLIA protein expression 6 d
after infection (Fig. 4A, B). Consistent with the in vivo
observations, we confirmed a similar nuclear localization
of KIDLIA in cultured neurons (Fig. 4A, C).

To investigate the effect of KIDLIA knockdown on den-
dritic outgrowth, we infected neurons with KIDLIA shRNA
virus at DIVO and immunostained for MAP2 and taul at
DIV12 to label the dendrite and axon, respectively (Fig.
4D). Strikingly, Sholl analysis revealed a large decrease in
dendritic branching after KIDLIA knockdown (Fig. 4E).
Compared with scrambled controls, we observed a
~25% reduction in the length of the longest dendrite, a
nearly 50% reduction in the number of dendritic

September/October 2016, 3(5) e0238-16.2016

New Research 8 of 17
branches, and a 55% reduction in total dendritic length
(Fig. 4F-H). These results show that loss of KIDLIA ex-
pression severely stunted neuronal development in vitro.

Knockdown of KIDLIA leads to an increase in
surface N-cadherin/-catenin association

N-cadherin, the neural member of the cadherin su-
perfamily, has been shown to be involved in neurite
outgrowth (Bard et al., 2008). N-cadherin is structurally
composed of five extracellular cadherin domains, a
single-pass transmembrane domain, and an intracellu-
lar domain that interacts with catenins that regulate
downstream signaling cascades including the Rho
GTPases.

A previous study indicated that in PC12 cells, knock-
down of KIDLIA upregulates the expression of N-cadherin
(Magome et al., 2013). We therefore sought to investigate
whether knockdown of KIDLIA affected N-cadherin ex-
pression and localization in neurons. In DIV6 neurons
that were infected with KIDLIA shRNA at DIVO, we
found that KIDLIA knockdown led to a ~25% increase
in N-cadherin protein levels compared with scrambled
controls (Fig. 5A, B). Because KIDLIA is localized in the
nucleus, we next examined whether KIDLIA regulates
N-cadherin gene transcription. We infected DIVO cul-
tured cortical neurons with KIDLIA shRNAs for 7 d and
measured N-cadherin mRNA by RT-PCR using the cell
lysates. After knockdown of KIDLIA, we found a 35%
increase in N-cadherin mRNA compared with scram-
bled shRNA and untreated controls (Fig. 5C). These
data suggest that the KIDLIA-induced increase in
N-cadherin protein amount may result from an upregu-
lation in its gene transcription and translation.

To assess the membrane localization of N-cadherin
after KIDLIA knockdown, we isolated cell-surface proteins
through biotinylation and immunoprecipitation with sulfo-
NHS-SS-biotin. Surprisingly, we found a greater than
twofold increase in surface N-cadherin levels after
shRNA-mediated knockdown of KIDLIA compared with
scrambled controls (Fig. 5D, E), indicating that KIDLIA
knockdown not only increased overall N-cadherin expres-
sion, but also caused a translocation from the cytosolic
compartment to the cell surface.

5-Catenin is a critical functional mediator for N-cadherin
via a direct protein association. §-Catenin expression can
induce a dendritic-like morphology in fibroblasts (Yu and
Malenka, 2003) and stimulates neurite outgrowth in hip-
pocampal neurons (Martinez et al., 2003). Importantly, an
increase in membrane-localized N-cadherin suppresses
the growth-promoting effects of &-catenin, suggesting
that surface N-cadherin acts as a buffer regulating cyto-
solic §-catenin availability (Kim et al., 2008). Given that
d-catenin is brain specific (Abu-Elneel et al., 2008), and
that its localization and ability to induce neurite outgrowth
are tightly linked with N-cadherin, we hypothesized that
the increased membrane expression of N-cadherin se-
questers 6-catenin at the surface and thus depletes its
cytosolic pool.

To investigate this hypothesis, we performed coimmu-
noprecipitation studies using lysates of DIV6 cultured cor-
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Figure 3. Knockdown of KIDLIA affects apical dendrite growth and orientation in vivo. A, Images (left) and tracings (right) of P4 layer
II/1Il cortical neurons after electroporation of GFP-labeled shRNA constructs at E15. Yellow dashed lines indicate the pia; scale bar
= 10 um. B, No significant change was observed in the apical dendrite angle to the pia after knockdown of KIDLIA. C, An increase
was observed in the length of the major apical dendrite (n = 6). D, Decrease in the distance of the soma to the pia (n = 6). E, No
significant difference was observed in the number of dendrite tips reaching the pia. F, Images (left) and tracings (right) of P14 layer
II/1Il cortical neurons after electroporation of GFP-labeled shRNA constructs at E15.5. Dashed lines indicate the pia; scale bar = 10
mwm. G, Merged tracings of the major apical dendrites of P14 neurons after IUE of scrambled and KIDLIA shRNA showed that
knockdown of KIDLIA disrupted the orientation of the apical dendrites toward the pia. Red bars show the average angle of the
dendrites in relation to the pial surface (dashed line). H, Quantification of the angle of the major apical dendrite toward the pia showed
a significant increase after loss of KIDLIA expression (n = 5). An angle of 0° indicates that a dendrite is growing directly toward the
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continued

pia. I, A significant decrease in the length of the major apical dendrite. J, A decrease in the distance of the soma to pia. K, A significant
decrease in the percentage of dendrite tips that reached the pia was observed after knockdown of KIDLIA in vivo. #p < 0.05, ##p <
0.01, *=+xp < 0.001. Error bars = SEM.

tical neurons infected with viral KIDLIA shRNAs. We found  expression of §-catenin after loss of KIDLIA could rescue
that knockdown of KIDLIA significantly enhanced the as-  the deficits in neurite outgrowth and branching. Neurons
sociation of N-cadherin with 6-catenin. Meanwhile, we  were treated with scrambled or KIDLIA lentiviral ShRNA at
observed a major reduction in the amount of free unbound  DIV0 and transfected with 8-catenin-GFP or GFP control
§-catenin in the supernatant after immunoprecipitation 1 d later (Fig. 5G). At DIV6, Sholl analysis revealed a large
(Fig. 5F). These results indicate that loss of KIDLIA results  decrease in dendritic branching in shRNA + GFP cells
in an increase in the association of N-cadherin with compared with scrambled + GFP. However, in neurons
d-catenin at the plasma membrane, resulting in a reduc-  yerexpressing 8-catenin-GFP + shRNA, neurite branch-
tion in free cytosolic &-catenin. ing was restored to levels similar to scrambled controls
8-Catenin is involved in KIDLIA-dependent changes (Fig. 5H). These results strongly indicate that the decrease
in neurite growth and arborization in neurite outgrowth and branching after knockdown of

Because free cytosolic §-catenin is required for its  KIDLIA was caused by a reduction in free 6-catenin avail-
downstream signaling, we next examined whether over-  ability.
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Figure 4. Knockdown of KIDLIA decreases dendritic growth and branching in vitro. A, Western blot after nuclear/cytoplasmic
fractionation of primary rat hippocampal neurons shows clear nuclear expression of KIDLIA with no expression in cyto-
plasm. Neurons were treated with lentiviral KIDLIA shRNA or scrambled shRNA at DIVO and collected at DIV6. B, Analysis
of the Western blot data showed that the shRNA significantly reduced KIDLIA expression (n = 5). Nuclear loading control,
HDAC1; cytoplasmic loading control, GAPDH. C, Immunostaining of KIDLIA in primary rat hippocampal neurons shows
colocalization with the nuclear marker Hoechst. D, Immunostaining of dendrites (MAP2) and axons (tau1) at DIV12; scale bar =
10 um. E, Sholl analysis of dendrite growth at DIV12 showed a significant change in branching (n = 14). F, Analysis of
MAP2-positive dendrites showed a decrease in the longest dendrite segment (n = 14). G, Decrease in the number of dendrite
branches (n = 14). (H) Significant decrease in the sum dendritic length (n = 14). xp < 0.05, *xp < 0.01, #*xp < 0.001. Error bars
= SEM.
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Figure 5. Knockdown of KIDLIA leads to an increase in surface N-cadherin and the N-cadherin/é-catenin association. A, Western blot
from DIV6 neuronal lysates after treatment with KIDLIA shRNA virus (DIVO) showing an increase in total N-cadherin levels. Loading
control, GAPDH. B, Quantification of the Western blot data represented in A (n = 3, each sample performed in duplicate and
averaged). C, Knockdown of KIDLIA expression by shRNA lentivirus caused an increase in N-cadherin mRNA expression. Gene
expression was normalized to the housekeeping gene, GAPDH (n = 3, each sample performed in triplicate and averaged). D, Surface
biotinylation of neuronal lysates after treatment with scrambled or KIDLIA shRNA virus showed an increase in surface N-cadherin
levels. E, Quantification of the Western blot data shown in C (n = 4). F, N-cadherin was co-immunoprecipitated with a dramatically
larger fraction of é-catenin after lentiviral ShRNA knockdown of KIDLIA in neuronal lysates. The increased binding of é-catenin to
N-cadherin subsequently depleted the unbound, cytosolic fraction of §-catenin. G, Images of neurons transfected with scrambled or
KIDLIA shRNA with either GFP or §-catenin—-GFP; scale bar = 10 um. H, Sholl analysis of the transfected neurons from E showed that
d-catenin overexpression could rescue the decreased dendrite growth and branching observed after knockdown of KIDLIA (n = 10).
#p < 0.05, #xp < 0.01, **xp < 0.001 Error bars, SEM.
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Loss of KIDLIA disrupts actin dynamics at the
neurite growth cone

Actin is dynamically regulated at the neurite tips, which
plays a crucial role in neurite growth (Meberg and Bam-
burg, 2000; Nicholson-Dykstra et al., 2005). To examine
whether KIDLIA is implicated in cytoskeletal dynamics, we
performed FRAP experiments with fluorescently labeled
actin after knockdown of KIDLIA with siRNA. To test the
efficacy of the KIDLIA knockdown, scrambled or KIDLIA
siRNA was cotransfected with GFP at DIVO, and immu-
nostainings of KIDLIA at DIV4 showed a ~60% reduction
in protein expression (Fig. 6A, B). Next, GFP-actin was
transfected at DIVO into hippocampal neurons with
scrambled or KIDLIA siRNA, and FRAP was performed on
the growth cones at DIV4 (Fig. 6C). In neurites from
KIDLIA siRNA-transfected neurons, the recovery rate of
the actin signal was drastically reduced (Fig. 6D). Com-
pared with scrambled siRNA controls, KIDLIA knockdown
showed a 70% decrease in the mobile fraction (M, of
actin (Fig. 6G) and a subsequent increase in the immobile
fraction (IM,) of actin (Fig. 6H).

Because of the large reduction of free 8-catenin in the
cytosol after KIDLIA knockdown, which is known to be
involved in actin regulation, we next sought to examine
whether overexpression of §-catenin could rescue actin
dynamics with the transfection of 8-catenin-GFP after
siRNA-mediated knockdown of KIDLIA (Fig. 6E). Indeed,
FRAP revealed that in 6-catenin-transfected neurons, ac-
tin dynamics were restored (Fig. 6F) and the mobile and
immobile fractions of actin returned to levels similar to
those of controls (Fig. 6G, H), indicating that the impaired
actin dynamics likely resulted from a reduction of free
cytoplasmic 6-catenin.

Role for RhoA in the KIDLIA-dependent impairment
of actin dynamics

A major downstream effector of 6-catenin is the Rho-
GTPase pathway, which links the cadherin/catenin com-
plex to actin dynamics. RhoA GTPase activation leads to
an inhibition in neurite growth (Kozma et al., 1997; Leeu-
wen et al., 1997). Studies have shown that free cytosolic
é-catenin, but not the membrane-associated fractions,
inhibits RhoA activity (Kim et al., 2008). Because KIDLIA
regulates the association of &-catenin to surface
N-cadherin and thus reduces the availability of cytosolic
S-catenin, we wanted to know whether KIDLIA knock-
down affected RhoA activity. Rho activity status alter-
nates between an active, GTP-bound state and an
inactive, GDP-bound state. To perform RhoA activity as-
says, we infected neurons with lentivirus containing
scrambled or KIDLIA shRNA. Neuron lysates were incu-
bated with a GST fusion protein containing the binding
domain of the Rho effector protein rhotekin, so that the
active form of RhoA was isolated by immunoprecipitation.
We then probed for total RhoA in lysates and the immu-
noprecipitated active RhoA via WB (Fig. 7A). Interestingly,
we found that KIDLIA knockdown led to a 60% increase in
the amount of active RhoA compared with scrambled
controls (Fig. 7B). Because RhoA activation prevents neu-
rite initiation and induces neurite retraction, our findings
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suggest that the inhibitory effect of KIDLIA knockdown on
dendrite growth may be mediated by RhoA.

To further determine the role of RhoA activity in the
KIDLIA-dependent effects on neuron development, we
first performed FRAP experiments to examine the actin
dynamics with the application of CN06, which directly
inhibits the primary RhoA effector ROCK (Ishizaki et al.,
2000). In KIDLIA knockdown neurons, application of
CNO6 1 h before FRAP was sufficient to rescue the actin
dynamics to levels similar to those of scrambled controls
(Fig. 7C, D). Furthermore, we wanted to determine
whether the RhoA signaling pathway was responsible for
the KIDLIA-dependent impairment in dendritic arboriza-
tion. We therefore infected neurons with KIDLIA shRNA
virus at DIVO followed by CNO6 treatment from DIV4 to
DIV7. Dendritic structure indicated by MAP2 staining was
examined via Sholl analysis. Indeed, after KIDLIA knock-
down in neurons, we found that CNO6 incubation rescued
the defects in dendritic growth and branching (Fig. 7E, F).
These findings establish a molecular process in which
KIDLIA knockdown induces an increase in membrane-
bound N-cadherin and sequestration of cytosolic §-ca-
tenin, leading to activation of the RhoA pathway and a
subsequent alteration in actin dynamics, eventually caus-
ing suppression in neurite growth and branching (Fig. 7G).

Discussion

Our study provides the first evidence showing that
KIDLIA, the protein product of the recently identified XLID
gene KIAA2022, plays an important role in neuron migra-
tion and morphogenesis. In mouse brain, knockdown of
KIDLIA results in a redistribution of more neurons in the
cortical plate at earlier time points and a subtle, but
potentially consequential, mislocalization of neurons
within their destined cortical layers. In addition, we find
that early growth of the leading apical neurite is positively
regulated in KIDLIA knockdown neurons; however, at a
later time point (P14), loss of KIDLIA causes an inhibition
in apical dendrite growth and a disruption of dendritic
orientation. Given that IUE transfects only a small portion
of neurons derived at a specific time and the majority of
the neighboring neurons remain unaffected, the effects of
KIDLIA are likely neuron autonomous, rather than being
caused by external environmental factors.

How neuron migration is regulated by KIDLIA remains
to be investigated. KIDLIA protein expression was mostly
restricted to the cortical plate, with a distinct band of
expression turning on in the subplate region just before
the CP at E17 in mouse brain. IUE of KIDLIA shRNA led to
more neurons migrating to upper cortical layers with a
closer positioning of the soma to the pia. After migration,
neurons reached their proper laminar layers; however, the
aberrant positioning of the soma relative to the pia may
indicate a disruption in the termination of the migration
processor the final somal translocation after migration to
layer 1I/1ll. However, we observed no change in the mul-
tipolar transition phase before entry into the CP. Future
studies using in utero electroporation of KIDLIA shRNA at
E12.5 to label layer V/VI neurons would be useful to
investigate whether loss of KIDLIA could mislocalize
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Figure 6. Loss of KIDLIA disrupts actin dynamics at the neurite growth cone via é-catenin. A, Immunocytochemistry of primary rat
hippocampal neurons after transfection of scrambled or KIDLIA siRNA with GFP. Neurons were transfected at DIVO and immuno-
stained for KIDLIA (red) at DIV4. B, Analysis of the immunocytochemistry images showed that the siRNA significantly reduced KIDLIA
expression (n = 10 for both groups). C, FRAP experiments after cotransfection of KIDLIA siRNA or scrambled siRNA with actin-GFP.
Regions at the growing neurite tip were selected for photobleaching at 488 nm and imaged every 3 s. D, Analysis of the FRAP data
showed that knockdown of KIDLIA produced a dramatic decrease in actin dynamics after photobleaching (n = 9). E, Neurons were
cotransfected with KIDLIA siRNA or scrambled siRNA with actin-mCherry and 8-catenin-GFP or GFP alone, photobleached at 555
nm, and imaged every 3 s. F, Analysis of the FRAP data. Overexpression of §-catenin rescued the actin dynamics after knockdown
of KIDLIA (n = 7). G, The mobile fraction, calculated as the difference between the average level of bleaching and the level of recovery,
was significantly decreased after knockdown of KIDLIA (n = 7). H, The immobile fraction of actin, calculated as the difference between
the initial fluorescence and the level of recovery, was significantly decreased (n = 7). #xp < 0.01, **#xp < 0.0001. Error bars = SEM.

deeper-layer neurons to upper cortical layers. Addition-  arrival of neurons to their destined cortical layers. The
ally, aberrant soma positioning could be due to premature  distinct expression pattern of KIDLIA within and just be-
cell cycle exit during proliferation, resulting in an earlier  low the CP in embryonic brains suggests that KIDLIA may
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bars = SEM.
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act as a checkpoint factor for CP entry; a loss of KIDLIA
would therefore offer neurons free access to pass the
IZ-CP border and enter into the CP.

We have observed similar changes in neurite growth in
cultured neurons. KIDLIA knockdown led to a significant
reduction in dendrite length and complexity. Using this in
vitro system, we investigated the cellular mechanisms
responsible for the disrupted dendritic development. We
found that loss of KIDLIA induced an increase in total
N-cadherin levels, with a substantial increase in the
surfaced-localized fraction, which was accompanied by
an elevated association of surface N-cadherin with
d-catenin. The increased &-catenin/N-cadherin associa-
tion led to depletion of the free cytosolic pool of §-catenin,
thereby increasing the activation of the downstream RhoA
pathway. The RhoA pathway is a major mediator of actin
dynamics and neurite outgrowth and complexity. Exten-
sively branched processes can be induced when RhoA is
inhibited via &-catenin. Conversely, when RhoA is acti-
vated, dendrite length and the dendritic field are de-
creased (Li et al., 2000; Nakayama et al., 2000; Wong
et al., 2000). The reduction in &-catenin availability is
responsible for the KIDLIA-dependent effect on dendrite
morphogenesis, because overexpression of &-catenin
rescued neurite growth and dendritic branching as well as
actin dynamics in neurons after KIDLIA knockdown. In line
with our findings that 5-catenin is a key mediator for the
neuronal effects of KIDLIA, &-catenin was identified as a
major genetic target in the autism population (Turner
et al., 2015). Interestingly, of the autism genes positively
correlated with 6-catenin, there is a significant enrichment
in genes involved in dendrite morphogenesis, including
PDLIM5, SHANK1, CDKL5, and DLG4 (Turner et al.,
2015). In addition, loss of §-catenin is implicated in im-
paired cognitive function and intellectual disabilities
(Medina et al., 2000; Belcaro et al., 2015; Hofmeister
et al., 2015), indicating a crucial role for é-catenin in brain
development and function.

Under the condition of KIDLIA knockdown, we found an
increase in N-cadherin protein levels and an elevated
association between N-cadherin and &-catenin, but the
underlying mechanism remains unclear. It is possible that
a lack of KIDLIA expression in the nucleus leads to up-
regulation in N-cadherin gene transcription and subse-
quent protein translation. Regarding KIDLIA-induced
changes in protein interaction, it has been shown that
5-catenin is subject to protein palmitoylation (Kang et al.,
2008), a modification that causes enhanced association of
d-catenin with N-cadherin (Brigidi et al., 2014). Also, by
binding to the juxtamembrane domain of cadherin,
5-catenin is known to stabilize and increase the amount of
N-cadherin at the surface (Reynolds and Carnahan, 2004).
It is thus conceivable that a loss of KIDLIA may cause
§-catenin palmitoylation, possibly via enhancing the ex-
pression of the palmitoyl-acyl transferase DHHC5 (Brigidi
et al.,, 2014), leading to higher levels of association be-
tween &-catenin and N-cadherin.

We found that the N-cadherin/§-catenin effect is medi-
ated by RhoA. The Rho GTPases regulate dendrite growth
and branching via modulation of cytoskeleton compo-
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nents (Newey et al., 2005). The role for RhoA in dendritic
branching has recently been established, as RhoA activa-
tion leads to a reduction in dendritic branching (Na-
kayama et al., 2000), whereas RhoA inhibition enhances
branching (Neumann and Schweigreiter, 2002). Cytoplas-
mic 8-catenin has previously been shown to inhibit RhoA
by keeping it in the inactive RhoA-GDP state, resulting in
an increase in dendritic branching (Martinez et al., 2003).
Constitutively active RhoA expression has been shown to
reduce dendrite length and the volume of the dendritic
field (Nakayama et al., 2000; Wong et al., 2000), whereas
RhoA loss-of-function mutations have also been shown to
cause abnormal dendritic arborization (Lee et al., 2000).

RT-PCR of mRNA prepared from prenatal and postna-
tal mouse brain shows a sevenfold increase in KIDLIA
expression between E10.5 and E18.5, indicating a role for
KIDLIA in neural development. KIDLIA mRNA expression
reaches a maximum at P3 and is maintained at a low level
into adulthood (Cantagrel et al., 2004; Ishikawa et al.,
2012). Thus, KIDLIA expression peaks during key devel-
opmental time periods for neuronal growth and matura-
tion. In both in vivo in mouse brain and cultured neurons,
immunostainings reveal colocalization of KIDLIA with the
nuclear marker Hoechst. KIDLIA is a large 170-kDa pro-
tein with monopartite and bipartite nuclear localization
sequences. Given the specific nuclear localization, we
suspect a major role for KIDLIA in gene regulation. It is
possible that KIDLIA knockdown causes upregulation in
N-cadherin gene transcription and thus an elevated
amount of N-cadherin.

Attenuated growth and structural abnormalities in de-
veloping neurons lead to deficiencies in neuronal wiring
and synapse formation during brain maturation. Aberrant
neuron morphogenesis and synaptogenesis are associ-
ated with a number of brain disorders, including fragile-X
mental retardation, Rett syndrome, Down syndrome, and
CDKL5-related encephalopathy (Belmonte and Allen,
2004; Shepherd and Katz, 2011; Garner and Wetmore,
2012; Ricciardi et al., 2012). Given that KIDLIA is a novel
gene with largely unknown functions, more studies are
needed to elucidate the role of KIDLIA in multiple steps of
neuron development including neurogenesis, morpho-
genesis, synapse maturation, synaptic plasticity, and be-
havior.
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