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Abstract Protocadherin 11 X-linked (Pedhl1x) protein is a
member of the cadherin superfamily with established roles in
cell adhesion. Previous studies have shown the molecular
biology and possible relevance of Pcdh11x with neurological
disease in humans. However, little is known about the neuro-
physiological function of Pcdhllx in neural development.
Here, we verified that Pcdhllx is primarily expressed in
various brain areas including the cortex, hippocampus, and
ventricular/subventricular zone (VZ/SVZ) at different embry-
onic stages. Furthermore, both in vitro and in vivo experi-
ments showed that Pcdh11x decreased neural differentiation
but increased the neural proliferation. These observations
demonstrate a crucial function for Pcdhl1x during the devel-
opment of central nervous system.
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Introduction

The cadherin superfamily proteins are calcium-dependent ad-

hesion glycoproteins that are critical for neural morphogenesis
in the embryonic phase and for neural connections in the adult
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phase. The cadherin family includes classic cadherins, desmo-
somal cadherins, protocadherins (Pcdhs), and other proteins
(Morishita and Yagi 2007). The members have fundamental
roles in neural development, such as neurulation, dendritic
morphogenesis, and axon pathfinding (Benson et al. 2001).
Pcdhs are primarily expressed in the nervous system and are
the largest subgroup of the cadherin superfamily. This super-
family includes 58 clustered and 13 nonclustered genes
(Morishita and Yagi 2007).

Pcdhl1x belongs to Pcdhs, which are transmembrane cell
adhesion molecules expressed predominantly in the brain
(Frank and Kemler 2002). Pcdh family can be divided into
two groups based on their genomic structures: the clustered
and nonclustered Pcdhs (Morishita and Yagi 2007). Clustered
Pcdhs are classified into «, {3, and y subfamilies according to
their clustered genetic organization (Wu and Maniatis 1999).
An additional nonclustered group can be further classified
based on the number of extracellular cadherin repeats (ECs)
and features of the cytoplasmic domain, into Pcdh 6 family,
and other solitary Pcdhs (Morishita and Yagi 2007; Redies
etal. 2005; Vanhalst et al. 2005). The Pcdh11 belongs to Pcdh
d family, including an ectodomain of seven ECs, a short
transmembrane region, and a variable length cytoplasmic
domain differing between isoforms (Priddle and Crow
2013). There are two types of Pcdhl1, which were found in
the homologous block of chromosomes X and Y: pcdhlilx at
Xq21.3 and pcdhlily at Ypll.2. Women express Pcdhllx,
whereas men express both Pcdhllx and Pedhlly (Priddle
and Crow 2013). Transcriptional messenger RNA (mRNA)
levels for both Pcdhl1x and Pcdhlly have been detected in
various brain regions, and both Pcdh11x and Pcdhl11y regulate
cell-cell adhesion rather than directly mediating adhesion
(Kim et al. 2011). Other nonclustered Pcdhs, including
Pcdh8 (arcadlin) and Pcdh10 (OL-Pcdh), have been studied
in many contexts. For example, Pcdh8, which first appears at
embryonic day 8.5 (E8.5), can regulate synaptic transmission
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and synaptic structure (Bozdagi et al. 2000; Tanaka et al.
2000; Yamagata et al. 1999). Pcdh10, which is primarily
expressed in the olfactory bulb, limbic system, and cerebel-
lum, is involved in synapse formation and cerebellum devel-
opment (Benson et al. 2001; Bruses 2000; Hirano et al. 1999;
Luckner et al. 2001; Redies 2000; Shapiro and Colman 1999;
Yagi and Takeichi 2000). Some articles have demonstrated
that Pcdh11x defects may cause sexual dimorphism and lan-
guage delay (Lopes et al. 2006; Speevak and Farrell 2011);
however, thus far, there have been few detailed studies about
the neurophysiology roles of Pcdhl1x. Pcdhllx belongs to
the cadherin family; therefore, we considered whether
Pcdhllx has a direct effect on cell-cell connections or not.
Previous studies have indicated that Pcdhs have cell aggrega-
tion activity in a Ca**-dependent manner, which is similar to
the classical cadherins, and showed that Pcdhs have
homophilic interaction activity (Suzuki 1996).

Pcdhll1x is predominantly expressed in the nervous tissue,
suggesting that its primary function is in the brain. The aim of
this study was to map the function of Pcdh11x in the nervous
system. We found that Pcdh11x not only decreases the differ-
entiation of neural stem cells to neurons and premature mi-
gration but also increases neural proliferation.

Experimental Procedures
Animals

CD1 (ICR) mice were purchased from the Vital River
Company (Beijing, China). All surgical procedures were con-
ducted according to the guidelines of the National Institutes of
Health.

Neural Stem Cell Isolation and Culture

To collect neural stem cells, we extracted the whole brain from
each mouse embryo at E13.5 and dissected irrelevant tissues
away from the ventricular/subventricular zone (VZ/SVZ).
Then, after washing the tissue using 0.01 M phosphate-
buffered saline (PBS) containing penicillin-streptomycin
(Invitrogen, Carlsbad, CA, 15140-122, 10,000 U/ml), we
treated the VZ/SVZ tissues at 37 °C for 5 min. VZ/SVZ
regions were then dissociated by gentle pipetting. Neural stem
cells were cultured in medium containing DMEM/F12
(DMEM/F12 1:1 media, HyClone, SH3002301B),
Neurobasal medium (Invitrogen, Carlsbad, CA, 21103-049),
B-27® serum-free supplement (Invitrogen, Carlsbad, CA,
12587010, 2 %), N2 supplement (Invitrogen, Carlsbad, CA,
17502-048, 1 %), basic fibroblast growth factor (bFGF)
(Sigma-Aldrich, Saint Louis, MO, SRP4037, 20 ng/ml), epi-
dermal growth factor (EFG) (Sigma-Aldrich, Saint Louis,
MO, SRP3027, 20 ng/ml), and L-glutamine (Invitrogen,
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Carlsbad, CA, 21051-024, 2 mM) in 25-cm? culture flasks.
After 24 h, neural stem cell spheres appeared. We changed the
culture medium every 2-3 days and passaged the cells when
the diameter of spheres became larger than 100 um (Barnabe-
Heider et al. 2005; Hirabayashi et al. 2004).

In vitro Differentiation and Proliferation Assays

Plates were coated with poly-L-lysine hydrobromide (Sigma-
Aldrich, Saint Louis, MO, P1399, 0.1 mg/ml) and laminin
(Sigma-Aldrich, Saint Louis, MO, L2020, 1 ug/cmz). For
in vitro differentiation, neural stem cells (NSCs) were cultured
in NSC medium, which was supplemented with fetal bovine
serum (Invitrogen, Carlsbad, CA, 10099133, 1 %) without
EGF and bFGF. After 5 days, cells were stained with Tuj-1
(anti-tubulin antibody, Chemicon-Millipore, MAB1637,
1:1,000). For proliferation, we seeded mouse embryonic neu-
ral stem cells at 5x 10° cells per well in 24-well plates. After
24-48 h in culture, NSCs were incubated with 5-bromo-2'-
deoxyuridine (BrdU; Sigma-Aldrich, Saint Louis, MO,
B9285, 10 uM) at 37 °C with 5 % CO, for 1-2 h. Then, cells
were stained with anti-BrdU antibody (Millipore, MAB3222,
1:1,000) overnight at 4 °C. Cells were then rinsed in 0.01 M
PBS three times for 15 min followed by incubation in goat
anti-mouse (Alexa Fluor® 488 goat anti-mouse IgG (H+L),
Invitrogen, Carlsbad, CA, A-11001, 1:1,000) for 2 h at RT
followed by washing three times for 15 min with PBS.

Tissue Preparation and Immunofluorescence

Mice were anesthetized using sodium phenobarbital. We col-
lected tissues from different time points and fixed them with
paraformaldehyde (Sigma-Aldrich, Saint Louis, MO, 158127,
4 %) in 0.1 M PBS, after dehydrating the tissues overnight in
0.1 M PBS with sucrose (Amresco, 57-50-1, 30 %). Tissues
were stored at —80 °C until use. Frozen sections were cut
10 um thick. Sections were stained with primary antibodies
that were diluted in 0.1 M PBS with 10 % BSA overnight at
4 °C. The next day, sections were washed three times, each
time for 5 min, in 0.01 M PBS at room temperature then
incubated in secondary antibody for 1 h at 37 °C. Sections
were then mounted using mounting medium with DAPI
(Vectashield Mounting Medium with DAPI, Vector lab,
H-1200). The following antibodies with corresponding dilu-
tions were used for the studies: Pcdh11x (E-13), (Santa Cruz,
sc-103726, 1:50), nestin (anti-nestin antibody, Millipore,
MAB353, 1:800), Tuj-1 (anti-tubulin antibody, Chemicon-
Millipore, MAB1637, 1:1,000), anti-glial fibrillary acidic pro-
tein (GFAP) (Cambridge, MA, ab7260, 1:1,000), NeuN (anti-
NeuN antibody, Millipore, MAB377, 1:500), Sox-2 (SOX,
rabbit monoclonal antibody, Burlingame, CA, Epitomics,
2683-1, 1:50), Ctip2 (anti-Ctip2 antibody, Abcam,
Cambridge, MA, ab28448, 1:500), Tbrl (anti-TBR1 antibody,
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Abcam, Cambridge, MA, ab31940, 1:500), Tbr2 (anti-TBR2/
eomes antibody, Abcam, Cambridge, MA, ab23345,1:500),
Pax6 (mouse monoclonal [AD2.38] to PAX6, Abcam,
Cambridge, MA, ab78545, 1:1,000), and Ki67 (rabbit poly-
clonal to Ki-67, Abcam, Cambridge, MA, ab15580, 1:250).
The following Alexa Fluor-conjugated secondary antibodies
were obtained from Invitrogen: Alexa Fluor® 488 rabbit anti-
goat IgG (H+L), A11078; Alexa Fluor® 488 goat anti-mouse
IgG (H+L), A-11001; Alexa Fluor® 594 rabbit anti-mouse
IgG (H+L), A-11062; Alexa Fluor® 488 donkey anti-rat IgG
(H+), A-21208. All antibodies were diluted 1:1,000 in
blocking reagent.

Tissue Preparation and Immunohistochemistry

The brains were dissected from adult CD1 mice. The brains
were fixed overnight in paraformaldehyde, transferred to an
automatic dewatering machine (Leica, TP1020), and proc-
essed and embedded into paraffin. Sections were cut 5 pum
thick for immunohistochemistry. Sections were blocked in
PBS containing 10 % bovine serum albumin (BSA) and
0.3 % Triton X-100 (Sigma-Aldrich, Saint Louis, MO,
T9284), then incubated with anti-Pcdhl1x (E-13) (Pcdhllx
(E-13), Santa Cruz, sc-103726, 1:50) or blocking peptide
(Pcdhllx (E-13), Santa Cruz, sc-103726p) overnight at
4 °C. Afterward, sections were incubated with horseradish
peroxidase (HRP) detection system (Polink-2 plus® polymer
HRP detection system, for goat primary antibody, ZSGB,
Beijing, PV-9003) for 30 min. DAB kit (ZSGB, Beijing,
Z11-9017) was used as the chromogen. Images were captured
under a phase contrast microscope (Leica DM3000).

Plasmid Transfection and Immunofluorescence

Human embryonic kidney (HEK) 293T cells were cultured at
5x10°/ml and were transfected with 1 pg pCAG-pcdhllx-
GFP using the Lipofectamine™ 2000 transfection reagent
(Invitrogen, Carlsbad, CA, 11668-019) according to
company’s instructions. After 48 h, cells were fixed as de-
scribed above and treated with the Pcdh11x antibody.

RNA Isolation, Reverse Transcription, and Polymerase Chain
Reaction

Total RNAs were isolated with TRIzol® reagent (Invitrogen,
Carlsbad, CA, 15596018), and we used RNasin (TIANGEN,
Beijing, DP418) to inhibit RNA degradation. Reverse tran-
scription was performed using dANTP mixture (TIANGEN,
Beijing, CD117), oligo (dT) (TIANGEN, Beijing, CD106),
TIANScript MMLV (TIANGEN, Beijing, ER104), and
DNase/RNase-free deionized water (TIANGEN, Beijing,
RTI121); then, the first-strand complementary DNAs
(cDNAs) were collected.

The Primer 5 software was used to design primers from the
conserved sequences of mus-pcdhllx. The primers which
were targeted at a region common to all isoforms were the
following: pcdhllx-F 5'-CTTTACAGCATTGTTGGAGG
AA-3" and pcdhlix-R 5'-GGTTGGCGGCATCTTACT-3".
The primers of (3-actin, nestin, and Sox-2 were the following:
G-actin-F 5'-CCGAGCGTGGCTACAGCTTC-3', B-actin-R
5'-ACCTGGCCGTCAGGCAGCTC-3', GAPDH-F 5'-
CAGCAACTCCCACTCTTCC-3', GAPDH-R 5'-GGTCCA
GGGTTTCTTACTCC-3', nestin-F 5'-CTTTCAAGCCCT
CGTGTC-3', nestin-R 5'-ACACTATGAGGACGGAGGA-
3’ Sox-2-F 5'-AGAGCAAGTACTGGCAAGACCGTT-3',
and Sox-2-R 5'-TACATGGATTCTCGGCAGCCTGAT-3".

Quantitative Real-Time RT-PCR Analysis

Total RNA was extracted from the brain tissues which were
collected from E12-P7 time points. Samples were grounded in
liquid nitrogen. Next, RNA was extracted using an RNA
simple total RNA extraction kit (TIANGEN, Beijing,
DP419). First-strand cDNA was synthesized using reverse
transcription kit (TITANGEN, Beijing, KR104). Real-time re-
verse transcription-polymerase chain reaction (RT-PCR) was
carried out using the ViiA™ 7 Real-Time PCR System
(Applied Biosystems) with SYBR® Select Master Mix
(Applied Biosystems, 4472908). The primers of pcdhllx used
were as described above. Transcript levels were normalized to
the expression levels of (J-actin, as determined using the
primers as described above. Samples were run in three repli-
cates for each gene expression assay. The sizes of the ampli-
fied fragments were confirmed by agarose gel electrophoresis.

RNA Interference Analysis

NSC spheres were collected and digested with Accutase®
solution (Sigma-Aldrich, Saint Louis, MO, A6964) into single
cells. Cells were prepared according to the protocol provided
by Lonza, the manufacturer of the electrotransfection appara-
tus. We electrotransfected the pcdhllx-small interfering RNA
(siRNA) and nc-siRNA into NSCs at 40 nM as previously
described (Persengiev et al. 2004; Semizarov et al. 2003).
We custom-ordered the following three siRNAs targeting the
conserved sequence of mouse pcdhllx from GenePharma
Co.: pcdhllx-mus-1346, sense 5'-GUCCCAUCAAUUGA
CAUAATT-3' and anti-sense 5'-UUAUGUCAAUUGAU
GGGACTT-3"; pcdhllx-mus-698, sense GCACCGUUAU
UCCCAACAATT and anti-sense 5-UUGUUGGGAAUA
ACGGUGCTT-3"; pcdhllx-mus-1707, sense 5'-GCCUUU
CUGUUCCUGAGAATT-3' and anti-sense 5'-UUCUCAGG
AACAGAAAGGCTT-3'; negative control siRNA, sense 5'-
UUCUCCGAACGUGUCACGUTT-3' and anti-sense 5'-
ACGUGACACGUUCGGAGAATT-3'. The anti-Pcdhl1x
siRNAs targeted sequences at positions 1346 to 1364 (no.
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1346), 698 to 716 (no. 698), or 1707 to 1725 (no. 1707) on the
Pcdhl11x transcript.

DNA Constructions

The small hairpin RNA (shRNA) vectors targeting mouse
Pcdhllx were synthesized from Neuron Biotech Co. The
specific sequence targeting Pcdhl1x was screened from the
above experiment (pcdhllx-mus-698) and was cloned into
lentivirus expression vector PLKD-UbiC-GFP-U6-shRNA
(LiDR0OO7A, Neuron Biotech Co.). Control nonsilencing
shRNA is a negative control that is expressed under the
control of the U6 promoter and contains no homology to
known mammalian genes. The sequence of the negative con-
trol shRNA are F 5-UUCUCCGAACGUGUCACGUTT-3'
and R 5~ ACGUGACACGUUCGGAGAATT-3'".

For construction of overexpression vector pPCAG-pcdh11x-
GFP, the target cDNA (BC126930) was obtained from Sango
Biotech gene synthesis service and was cloned into pCAG-
GFP (Addgene, 11150) with multiple cloning sites.

In utero Electroporation

In utero electroporation was performed with an electroporator
(ECM830, BTX), delivering five 50-ms pulses of 50 V with 1-
s intervals (Saito 2006; Woodhead et al. 2006). Pregnant CD1
mice were anesthetized with isoflurane, and their body tem-
perature was monitored and maintained using a heating pad.
We injected GFP expression plasmids driven by the U6 pro-
moter, including the PLKD-UbiC-GFP-U6-shRNA/shRNA-
negative control, pcdhlix shRNA, and plasmids driven by
CAG promoter, including pCAG-GFP (negative control) and
PCAG-pcdhl11x-GFP. Approximately 1 pul of DNA solution
(3 pg/ul) per embryo was mixed with Fast Green FCF
(Sigma-Aldrich, Saint Louis, MO, F7258, 0.1 %) and was
injected into the lateral ventricle at the indicated ages using a
pulled glass micropipette.

Western Blot Analysis

E13.5 cortical progenitor cells were obtained as described
above. Cells cultured in 100-mm dishes were transfected with
nc-shRNA, pedhlix-shRNA, and pCAG-pcdhllx-GFP vector,
respectively, in the dose of 10—18 pg/dish. The samples were
collected and washed in 0.01 M PBS; then, the cell pellet was
lysed in lysis buffer (ProteoJET™ Mammalian Cell, Lysis
Reagent, Fermentas, K0301) containing protease inhibitor
cocktail (Halt™ protease inhibitor cocktail, EDTA-Free
Thermo, 87785, 1:100). Cells were centrifuged at 20,000g
for 15 min at 4 °C. Supernatants were collected and combined
with 5% SDS sample buffer and boiled for 2—5 min. The
resulting protein samples were applied to 8 % SDS-PAGE
and transferred to PVDF membranes. The blots were blocked
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with 5 % milk in Tris-buffered saline with Tween 20 (TBS-T)
buffer for 30 min and probed with the following primary
antibodies: goat anti-Pcdh11x (Pedhl1x (E-13), Santa Cruz,
sc-103726, 1:100 dilution in blocking regent), rabbit anti-B-
actin (B-Actin (13E5) rabbit mAb, cell signaling, 4970,
1:1,000; dilution in blocking regent). Blots were washed three
times with TBS-T buffer before incubation with HRP-
conjugated donkey anti-goat antibody (peroxidase-conjugated
AffiniPure Donkey Anti-Goat™" IgG (H+L), Jackson
ImmunoResearch, 705-035-003, 1: 10,000) and HRP-
conjugated goat anti-rabbit antibody (anti-rabbit 1gG, HRP-
linked antibody, cell signaling, 7074, 1:1,000). The signal was
visualized using the ECL Western blotting system (BIO-RAD
GelDoc 2000). To ensure equal loading, protein concentra-
tions were determined using the BCA protein assay (Pierce™
BCA Protein Assay Kit, 23227). Densitometry of scanned
films was performed with ImageJ.

Fluorescence-activated cell sorting (FACS) Analysis

After transfection with nc-shRNA, pcdhlix-shRNA, pCAG-
GFP, and pCAG-pcdh1lx-GFP vectors into NSCs, cells were
collected and prepared into single-cell suspensions, then were
analyzed for apoptosis assays with Moflo XDP flow cytome-
try (Beckman Coulter, Inc.) equipped with analyzing software
(Summit 5.3, Beckman Coulter, Inc.). The apoptosis assay
was achieved using annexin V-PE/7-AAD apoptosis detection
kit (Annexin V-PE Apoptosis Detection Kit I, BD, Franklin
Lakes, NJ, 559763). We prepared samples as per the manu-
facturers’ operating instructions. Each gating that divided
antigen-positive or antigen-negative fractions was made by
comparing stained areas with negative control isotype IgGs.
The percentage of cells positive for each antigen was evalu-
ated by at least three independent experiments.

Morphometric Analysis and Cell Population Quantification

Stereological analysis of the number of cells was performed
using confocal microscopy (Leica SP5 II) to analyze all series
of coronal sections, to count cells expressing the indicated
marker throughout the SVZ and cortical plate (CP) regions.
The total estimated number of cells within the SVZ and CP
regions that were positive for each of the indicated markers
was obtained multiplying the average number of positive cells
per section (approximately 20—30 sections) (Farioli-Vecchioli
et al. 2008; Gould et al. 1999; Jessberger et al. 2005). The
Image-Pro Plus software was used to count labeled cells.

Statistical Analysis
Statistical analysis was performed using SPSS 13.0 software

(SPSS Inc.). Data were analyzed by independent sample ¢ test
or one-way ANOVA. Unless otherwise indicated,
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experimental results were expressed as mean =+ standard error
(SEM). P<0.05 was considered statistically significant. We
used Prism software to generate the graphics.

Results

Expression Pattern of Pcdh11x in the Adult and Embryonic
Mouse Brain

During cortical development, neural stem cells produce neu-
rons and glial cells through asymmetric division (Leber et al.
1990). First, to address where Pcdhllx is expressed in the
brain, we used immunochemistry to determine the localization
of Pcdhllx. We found that Pcdhllx was predominantly
expressed in the subcortex and hypothalamus (Fig. la, b).
The antibody blocking peptide was available for testing the
specificity of the Pcdh11x antibody (Fig. 1a—, right panel).
To test the transcriptional expression of Pcdhllx in the
brain, we detected localization of Pcdhl1x during embryonic

and adult phase through immunofluorescence and PCR
methods. Tissue samples from the adult VZ/SVZ, hippocam-
pus, cortex, heart, liver, and kidney were used to assay the
levels of Pcdh11x transcripts. Pcdh11x mRNA was predomi-
nantly expressed in the brain rather than in the peripheral
tissues (Fig. 2a). The results were similar to some previous
studies which suggested that little Pcdh11x transcription could
be detected from some peripheral tissues (heart, liver, and
kidney) (Blanco et al. 2000; Ahn et al. 2010). In the following
steps, we examined the distribution of Pcdhllx in different
regions of the adult mouse brain. The results showed that there
were only minor differences in the transcriptional level of
Pcdh11x among several regions (Fig. 2b).

To determine whether Pcdhl1x is located in neurons or

astrocytes, we double stained adult slices with anti-neuN or
anti-GFAP and anti-Pcdh11x. As shown in Fig. 2¢, Pcdhl1x
and GFAP were expressed at the different brain regions. In
Fig. 2d, we found that in the subcortex, Pcdhl1x colocalized
with some of NeuN" interneurons. The results prompted us to
consider the possible function of Pcdhllx on neurons. To

Pcdhllx

Pcdhl1x

b

Fig. 1 Pcdhllx is expressed at the different brain regions in adult mice
(a). Left panel schematic of brain regions for immunochemical analysis.
S1ULP primary somatosensory cortex, upper lip region; S1J primary
somatosensory cortex, jaw region; M primary motor cortex; Pir piriform
cortex; Ms medial septal nucleus; VDB nucleus of the vertical limb of the
diagonal band; Mfb medial forebrain bundle; VP ventral pallidum. Middle
panel representative images of immunostaining Pcdhl1x in adult mice.
Pcdh11x is mainly expressed in subcortex and hypothalamus. Right panel

representative images of anti-Pcdh11x with blocking peptide which was
available for competition studies. Scale bars 100 pum (b). Higher magni-
fications are shown by white boxes (a). The white boxes a and b indicate
the subcortex area and hypothalamus area where Pcdh11x was positively
expressed, respectively. The white arrows show the Pcdhll1x-positive
cells. Scale bars 20 um. The white box ¢ indicates the subcortex area
from anti-Pcdhl1x and blocking peptide treated group where Pcdhl1x
was negatively expressed. Scale bars 20 um

@ Springer



J Mol Neurosci

further test the specificity of Pcdh11x antibody, we transfected
HEK 293T cells with pCAG-pcdhlix-GFP and the negative
control vectors. After 48 h, we stained the cells with anti-
Pcdhl1x. We found that signals of pCAG-pcdhlix-GFP
overlapped with the anti-Pcdhllx. Cells accepting
pCAG-GFP (negative control) vectors negatively stained
with anti-Pcdhl1x (Fig. 2e). These results indicated that
Pcdhl1x was primarily expressed in the central nervous
system and predominantly expressed in neurons rather than
astrocytes.
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Fig. 2 Pcdhllx is expressed in NeuN" neurons but not in GFAP" cells
(a). Pcdhllx is predominantly expressed in mouse brain. RT-PCR ex-
pression analysis of Pcdh11x levels at different mouse tissues including
the SVZ, hippocampus, cortex, kidney, liver, and heart. 3-actin as internal
uploading control (b). RT-PCR expression analysis of Pcdhl1x levels at
different brain regions: midbrain, cortex, hippocampus, SVZ, cerebellum,
hypothalamus, corpus callosum, and corpus striatum (¢, d). Pcdhl1x is
located in the neuron but not in GFAP-immunoreactive cells.
Representative immunofluorescence images of adult mouse subcortex
and corpus callosum (¢). Scale bars 500 pm. The boxes a and b indicate
high-magnification images (d) of the boxed areas in panel c. The white
arrows in a indicate that cells express Pcdh11x" alone; the white arrows
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Expression Curves of Pcdh11x and Correlation
between Pcdhl1x and Neural Stem Cells

To determine the developmental expression pattern of
Pcdh11x, the levels of Pcdhl1x expression in the brain tissues
(cortex, hippocampus, and VZ/SVZ regions), normalized to
[3-actin, were measured at different time points (E12, E14,
El6, E18, P1, P4, and P7) by real-time PCR (Fig. 3). In the
cortex, Pcdhl1x expression was detected dispersed at each
time point, and it was strongly expressed at P4 and expressed
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T S g‘? Sae,
Pcdhl1x

Pedhllx

. :

in b indicate that cells express GFAP" alone. Scale bars 25 pum. The
images show that Pcdh11x (green) is expressed in some of NeuN-positive
interneurons (red) (box indicated). Scale bars 25 um; the bottom panel
shows higher magnification of the boxed areas in upper panel in d. Scale
bars 5 pm. e Immunofluorescence analysis of specifity of anti-Pcdh11x at
HEK 293T cells with pCAG-pcdhilx-GFP. Images in the upper row
display pCAG-pcdhlix-GFP (green) and Pcdhllx (red). Scale bars
25 um. Middle panel images show the higher magnification of the boxed
regions of the upper panel images. Bottom panel images show that
pCAG-GFP did not colocalize with Pcdhllx (red). Boxed area scale
bars 5 um
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Fig. 3 Quantification of Pcdhllx in the cortex, hippocampus, and
VZ/SVZ regions (a, b, ¢). Real-time PCR was used to analyze the
expression of Pcdhllx in the cortex, hippocampus, and VZ/SVZ
regions, using the 272C" method. The gene expression was

at lower levels at E14 (Fig. 3a). In the hippocampus, Pcdh11x
weakly expressed at embryonic stages; however, in the post-
natal hippocampus, Pcdhllx gradually increased in strong
expression at P4 and P7 (Fig. 3b). In the VZ/SVZ region,
Pcdhl1x expression gradually increased from E14 to P1 and
then decreased (Fig. 3c). It is worth noting that the mean
expression levels of Pcdhllx reflect heterogeneity among
the cortex, hippocampus, and VZ/SVZ regions.

The expression pattern of pcdhllx at different time points
indicated that Pcdh11x may have important functions in the
central nervous system. To address whether Pcdhllx is
expressed on neural stem cells we double stained anti-
Pcdhllx and anti-nestin in cultured NSCs and E16 mouse
brain tissues. We found that Pcdh11x was colocalized with
nestin (Fig. 4a). In addition, we double stained anti-Pcdh11x

Nestin Dapi

Fig. 4 Pcdhllx is expressed in neural stem cells (a). Representative
confocal image of Pcdh11x in neural stem cells and tissues a. The upper
row images show neural stem cell spheres at low magnification. Scale
bars 50 um. The second row images show neural stem cells at high
magnification. Scale bars 25 um. The third row images show the E16
VZ/SVZ region of the mouse brain. Scale bars 100 um. The fourth row
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and anti-Sox-2 in NSCs and E14 tissue slices and found that
Pcdhl1x and Sox-2 were colocalized (Fig. 4a-b).

Next, we examined the levels of Pcdhllx and stem
cell markers, nestin, and Sox-2, in NSCs by RT-PCR.
The results showed that NSC positively expressed
Pcdhl1x with nestin and Sox-2 (Fig. 4b). These results
suggested that Pcdhllx may affect the neural develop-
ment process.

Pcdh11x Decreases Neural Differentiation and Premature
Migration but Increases Neural Proliferation

To further test the function of Pcdhl1x in the nervous system,
transient transfection with siRNA/shRNA targeting Pcdhl1x
was used. We performed the real-time PCR and Western blot
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images show the E16 VZ/SVZ region of the mouse brain at higher
magnification. Scale bars 25 pm. b The upper row images show neural
stem cell spheres at higher magnification. Scale bar 100 um. The second
row shows the E14 VZ/SVZ region of the mouse brain. Scale bar
100 um. b Transcripts expression of pcdhlix and nestin; Sox-2 in neural
stem cells
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experiment. We first customized three pcdhiix siRNA con-
structs including 698, 1,346, and 1,707 isoforms in RNA inter-
ference experiment. The results showed that the 698 siRNA
construct is specific in reducing the expression of pcdhllx gene
(Fig. 5a, b). The Pcdhl1x siRNA/shRNA caused about a half
reduction in the expression of Pcdhllx in neural stem cells
(Fig. 5b). Furthermore, we transfected neural stem cells with
pCAG-pcdhlix-GFP to increase the protein level of Pcdhll1x.
We found that overexpression of Pcdhl1x, as a fusion protein,
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caused an increase in the expression of Pcdhl1x in neural stem
cells (Fig. 5¢).

To examine whether Pcdh11x regulates embryonic neural
stem cell proliferation and differentiation, primary embryonic
neural stem cells were freshly derived from E13.5 mouse
brains and transfected with Pcdhllx shRNA/siRNA and
pCAG-pcdhllx-GFP to increase the protein level or inhibit
the activity of Pcdhl1x, respectively. After 5 days, we found
that pcdhlix-siRNA/shRNA group promoted neuronal
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<« Fig. 5 Pcdhllx is essential for neural differentiation and proliferation
(a—c). siRNAs/shRNAs-Pcdh11x suppress Pcdhl1x expression. a RNAs
extracted from neural stem cells transfected with nc-siRNA (control) were
compared with RNAs from neural stem cells transfected with Pcdhl1x-
siRNAs (698, 1,346, and 1,707) by real-time PCR using primers specific
for Pcdhllx (fop) or GAPDH (bottom). b Quantification of relative
expression in a. Error bar means the SD of three independent
experiments, which were each performed in three duplicates. ¢ Western
blot analysis for expression of Pcdhllx (top) of protein extracts from
neural stem cells cultures transfected with nc-shRNA (control), Pcdhllx-
shRNA (with the same sequence as 698-siRNA) and pCAG-pcdhllx-
GFP. d Left panel representative images of Tuj-1-positive (Tuj-1%) cells
in control, pcdhllx-siRNA (pcdhllx-shRNA) and pCAG-pcdhllx-GFP
treated neural stem cells. Tuj-1, red (shRNA group, overexpression
group, white); Dapi, blue. The white arrowheads indicate GFP" and
Tuj-1" cells. Scale bars 50 um; pCAG-GFP, pCAG-Pcdhllx-GFP,
Scale bars 100 um. Right panel quantification of the Tuj-1 (Tuj-17)-
positive cells in control, pcdhilx-siRNA (pcdhllx-shRNA) and pCAG-
pcdhllx-GFP treated neural stem cells. Error bars indicate the SEM of
the mean. **P<0.01 and *P<0.05 by an independent sample 7 test.
Around 2,000 cells were quantified. e BrdU-positive (BrdU™) cells in
control, pcdhllx-siRNA (pcdhllx-shRNA) and pCAG-pcdhlix-GFP
treated neural stem cells. Upper panels representative images, Scale
bars 30 um. Lower panel quantification of BrdU" cells in control,
pedhllx-siRNA (pedhllx-shRNA) and pCAG-pcdhllx-GFP treated
neural stem cells. Error bars indicate the SEM. **P<0.01 by an
independent sample ¢ test. Around 1,500 cells were quantified. f Flow
cytometric analysis of apoptosis cells using annexin V-PE/7-AAD
apoptosis detection kit. Annexin V positive, meanwhile, 7-AAD
negative shows early apoptotic death cells

differentiation dramatically, leading to a considerable increase
in the percent of Tuj1-positive neurons at day 5 of differenti-
ation (P<0.01) (Fig. 5d). Transfection of pCAG-pcdhllx-
GFP also decreased neuronal differentiation (P<0.05)
(Fig. 5d). These results indicated that Pcdh11x inhibited neu-
ronal differentiation of neural stem cells. Cell proliferation
was determined by BrdU labeling of dividing cells.
Transfection of Pcdhllx led to a dramatic increase of cell
proliferation (P<0.01) (Fig. Se).

To eliminate the possibility that apoptosis may be affecting
the above results, we did FACS experiment to examine the
expression of annexin V in the treated NSCs (Fig. 5f). We
detected that the rate of early apoptotic death cells in shRNA
groups and overexpression groups has no significant differ-
ence between the two groups.

The embryonic SVZ is a critical site for generating cortical
excitatory neurons (Noctor et al. 2004; Haubensak et al.
2004), which are in turn generated in the VZ by asymmetric
division (Kowalczyk et al. 2009; Noctor et al. 2001). Pax6,
Tbr2, Tbrl, and Ctip2 are expressed sequentially in the
neurogenesis of glutamatergic neurons. To obtain further
in vivo evidence for the function of Pcdhl1x, we examined
the migration and differentiation of cells following in utero
electroporation of shRNA or overexpression vectors against
Pcdh11x. The number of radial glia/apical progenitors (Pax6")
increased, whereas the production of Ctip2" layer V and VI
neurons, Tbr1" layer VI neurons, and Tbr2" basal progenitors

was significantly reduced in the cortex compared with the
control (Fig. 6a—d), implying that Pcdhl1x impaired early
neurogenesis and severely affected the generation of deep
layer neurons. Pcdhllx also decreased cell migration from
the VZ/SVZ regions (Fig. 6e—f). To sum up, Pcdhllx de-
creased premature cell migration to the cortical plate. During
neural development, neural stem cells rest in the VZ/SVZ and
migrate out into cortical plate upon differentiation. To deter-
mine whether Pcdh11x influences neural stem cell prolifera-
tion and differentiation in the embryonic brains, we inhibited
or increased the expression of Pcdh11x in neural stem cells in
the VZ of E13.5 mouse brains by in utero electroporation. The
electroporated brains were analyzed at E17.5. Cells that had
taken up Pcdhllx shRNA or overexpression vectors were
labeled green by coexpression of green fluorescent protein
(GFP). Pcdhl1x led to a marked increase of cells that were
positively labeled for Ki-67, a proliferative marker, as re-
vealed by increased Ki-67" GFP™" cells (Fig. 6g, h). These
results suggest that Pcdh11x promote neural stem cell
proliferation.

Discussion

Our experiments indicate that Pcdhl1x is primarily expressed
in the central nervous system and plays an important role in
brain development (Figs. 2a, b, 3, 5, and 6). The results were
similar to the previous results which Pcdh11x varies from one
region of the brain to another (Blanco et al. 2000). Previous
studies have used the RT-PCR (Blanco et al. 2000; Blanco-
Arias et al. 2004) or northern blotting (Yoshida and Sugano
1999) methods to detect the expression of Pcdhllx in
humans. Pchdl1x is widely distributed in some neuronal areas
(Priddle and Crow 2013), which is consistent with our results.
In addition, we found that Pcdhl1x is primarily expressed in
neurons rather than astrocytes (Fig. 2¢, d). Previous studies
using tyrosine hydroxylase (TH) immunostaining have shown
that Pchd11x-positive neurons are TH negative (Hertel et al.
2008). Our results suggested that the expression pattern of
Pcdhllx and its expression curve at different time points
indicate that Pcdhllx is primarily expressed in the brain at
similar levels across the cortex, hippocampus, and VZ/SVZ
regions, which agrees with a previous report (Blanco et al.
2000). And, our immunostaining results indicate abundant
Pcdhl1x-positive areas in the cortex and hypothalamus
(Fig. 1). These results were corroborated by the existing
literature (Blanco et al. 2000; Hertel et al. 2008; Priddle and
Crow 2013). This paper mapped the expression in embryonic
and adult mouse brains. Although commercial polyclonal
antibody to Pcdhl1x exists, there have been no immunohis-
tochemical or immunofluorescence studies to address
Pcdhl1x expression in the mouse brain. However, one study
published in 2013 did examine expression in the human brain
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Fig. 6 Pcdhllx decreased neural differentiation and premature migration,
but increased neural proliferation (a, b). Representative confocal images of
Ctip2, Tbrl, Tbr2, and Pax-6 at E14 mouse forebrain that was
coelectroporated in utero with the nonsilencing shRNA construct (control)
and pcdhlix-shRNA or pCAG-GFP (control) and cDNA vector (pCAG-
pcdhllx-GFP). Electroporated cells are green, and Ctip2, Tbrl, Tbr2, and
Pax6 stained red. Scale bars 100 pm. ¢, d Quantification of the positive
fraction of Dapi total in neocortical wall in a and b, respectively. Error bars
indicate the SEM. *P<0.05 and **P<0.01 by an independent sample ¢ test.
control n=4 brains, 1,630 cells; sShARNA n=3 brains, 1,439 cells; pCAG-
GFP n=4 brains, 1,800 cells; pCAG-pcdhlIx-GFP n=4 brains, 1,890 cells
(e). Pcdhllx decreased premature migration from the VZ region.
Electroporated cells are green and Dapi staining blue in representative
confocal images. Scale bars, 100 pm. CP cortical plate, /Z intermediate

(Priddle and Crow 2013). We confirmed the specificity of the
antibody before carrying out all the experiments by
transfecting the pCAG-pcdh11x-GFP vectors to 293T cell line
(Fig. 2e) and using the antibody blocking peptide (Fig. 1).

A longitudinal study of Pcdh11x in the prefrontal cortex has
shown that levels of Pcdhllx are highest in male neonates,
decrease through childhood, and are lowest in adults of both
sexes (Weickert et al. 2009). In the mouse brain, we identified
the expression in the cerebral cortex, hippocampus, and VZ/
SVZ regions using RT-PCR. In the cortex, we detected the
mRNA expression of Pcdhl1x at some time points from E12
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zone, VZ/SVZ ventricular/subventricular zone. f Quantification of fraction
of total electroporated cells found in each brain region in e. Control n=4
brains, 1,660 cells; ShRNA n=4 brains, 1,750 cells; pCAG-pcdhlix-GFP
n=4 brains, 1,200 cells (g). Pcdhllx increased neural proliferation.
Embryos at E14 were electroporated nonsilencing sShRNA construct (con-
trol) and shRNA targeting pcdhllx (pcdhlix-shRNA) or pCAG-GFP
(control) and cDNA vector (nCAG-pcdh1lx-GFP). Electroporated cells
(green) and Ki-67 (red). Scale bars 100 um (h). Quantification of the
proportion of electroporated cells expressing Ki-67. ** indicates P<0.01 by
one-way ANOVA. n=4 brains each, 4,600 cells total (i). Schematic of
electroporation protocol: DNA vectors are injected into the ventricle and are
introduced into the adjacent neuroepithelial cells, which are directed toward
the positive electrode. The positive electrode is aligned outside the brain as
shown

to P7. In our experiments, Pcdhl1x mRNA was strongly
expressed at E12 and decreased from E14 to P1. At P4, the
Pcdh11x mRNA was again strongly expressed, as was the case
for postnatal stage P7. In the hippocampus, the mRNA of
Pcdh11x was highly expressed at P4 and P7, weakly expressed
from E14 to E18, and then increased from P1. In the VZ/SVZ,
Pcdhl1x mRNA expression gradually increased from E14 to
P1 and then fluctuated at P4 and P7 (Fig. 3).

Our interference experiment studied the function of
Pcdhl1x on neural stem cells. The results of WB and real-
time PCR manifest that 698-siRNA is activated and specific.
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This study demonstrates that Pcdh11x has an important role in
embryonic neural stem cell proliferation and differentiation
during neural development. Overexpression of Pcdhllx in
embryonic neural stem cells leads to reduced neural stem cell
differentiation, as well as enhanced neural proliferation. We
provide strong evidence that Pcdh11x is an essential regulator
of neurogenesis during multiple developmental stages and the
important role of Pcdh11x in embryonic brains is established
in this study. Proper microenvironments or niches regulate the
specification, self-renewal, and differentiation of stem cells
(Fuchs et al. 2004; Zhang et al. 2010). In the developing
cerebral cortex, the neural stem cells could provide their
own supportive environment in development (Zhang et al.
2010). In this paper, we observed that reduction of Pcdhl1x
resulted in increased cell migration from the VZ and prema-
ture neuronal differentiation (Fig. 6). This result supports that
Pcdh11x mediates the attachment of stem cells to their niches.
Cortical development normally depends on the sequential
production of each laminar cell type (Rash et al. 2011;
Walsh and Reid 1995). Reduction of Pcdhl1x that decreased
Pax-6-positive cells and increased other laminar cell type
numbers showed that more precursor cells migrated to cortical
plate. In addition, overexpression of Pcdhllx produced in-
verse results. In conclusion, our study demonstrated that
Pcdhl1x regulates neural differentiation and proliferation both
in vitro and in vivo and provides new insights into the function
of Pcdhl1x in neural differentiation, premature migration, and
neural proliferation. However, detailed molecular mecha-
nisms merit further investigation.
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