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Abstract The migratory route of neural progenitor/precursor
cells (NPC) has a central role in central nervous system
development. Although the role of the chemokine CXCL12
in NPC migration has been described, the intracellular signal-
ing cascade involved remains largely unclear. Here we studied
the molecular mechanisms that promote murine NPC migra-
tion in response to CXCL12, in vitro and ex vivo. Migration
was highly dependent on signaling by the CXCL12 receptor,
CXCR4. Although the JAK/STAT pathway was activated
following CXCLI12 stimulation of NPC, JAK activity was
not necessary for NPC migration in vitro. Whereas CXCL12
activated the PI3K catalytic subunits pl110x and p110f in
NPC, only p110f participated in CXCL12-mediated NPC
migration. Ex vivo experiments using organotypic slice
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cultures showed that p110f3 blockade impaired NPC exit from
the medial ganglionic eminence. In vivo experiments using in
utero electroporation nonetheless showed that p110p3 is dis-
pensable for radial migration of pyramidal neurons. We con-
clude that PI3K p110f is activated in NPC in response to
CXCL12, and its activity is necessary for immature interneu-
ron migration to the cerebral cortex.

Keywords CXCR4 - Cell migration - p110f3 - Neural
precursor - Interneuron - JAK

Introduction

The central nervous system originates from a pool of neural
progenitor/precursor cells (NPC) that proliferate in a niche
that lines the ventricles of the developing brain [1]. These
NPC are organized spatially in distinct domains with differ-
ent neuronal specification. Neural progenitor cells differen-
tiate into neuronal precursors and immature neurons that
often migrate long distances to their destinations, where
they mature and establish appropriate connections [2]. Mi-
gration is thus an essential and precisely regulated process
for brain development and function [3]. Two types of mi-
gration have been identified in the forebrain, radial migra-
tion (mainly cortical pyramidal neurons and cerebellar
granular neurons), in which cells migrate radially from the
progenitor zone, and tangential migration (mainly cortical
and olfactory bulb interneurons), in which cells migrate
perpendicular to the direction of radial migration. Migration
of interneuron precursors continues throughout adulthood,
along a highly restricted route termed the rostral migratory
stream, which extends from the lateral ventricles towards the
olfactory bulb [4]. These diverse migratory pathways are
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defined by chemoattractant or chemorepellent gradients of
various molecules in the extracellular space, including epi-
dermal growth factor (EGF) [5], hepatic growth factor
(HGF) [6], fibroblast growth factor (FGF) [7], chemokines
[8], neuregulins [9], and semaphorins [10].

Chemokines and their receptors were originally identified
in the immune system, where they direct cell migration and
have central roles in leukocyte trafficking and immune re-
sponses. The constitutively expressed chemokine CXCL12
and its receptor, CXCR4, are crucial for patterning and func-
tion in the immune and nervous systems, as they guide the
positioning of various cell types in specific microenviron-
ments. Both CXCL12- and CXCR4-deficient mice die peri-
natally and show a similar phenotype, with defects in B
lymphopoiesis, bone marrow myelopoiesis, development of
the cardiac ventricular septum, and derailed cerebellar neuron
migration [11-13]. The CXCL12/CXCR4 pair triggers NPC
proliferation [14] and migration [15, 16] in vitro and in vivo.
During development, CXCL12 expression directs migration
of hippocampal dentate granule cells [17], Cajal-Retzius neu-
rons [18], cerebellar granular neurons [8], and cortical inter-
neurons [16, 19] to their correct locations in the brain. Before
they settle in the developing cortical plate (CP), migrating
interneurons in the cortex disperse tangentially through the
marginal zone (MZ) and the subventricular zone (SVZ) [20].
CXCL12 or CXCR4 deficiency causes disorganization of this
migratory pattern and premature CP entry [19]. In the adult
SVZ, CXCL12, and CXCR4 promote proliferative NPC hom-
ing to endothelial cells; in addition, CXCL12 increases neuron
precursor motility in the SVZ to aid migration towards the
olfactory bulb [21]. CXCL12 has been also implicated in brain
repair after injury. Chemoattractants secreted following focal
cerebral ischemia guide NPC from the SVZ of the lateral
ventricles to the damage area [22]; the NPC use the vascula-
ture as a scaffold, which facilitates migration through the
parenchyma [22]. CXCL12 is upregulated in the area neigh-
boring the ischemia lesion, and attracts NPC specifically to the
damage area from a xenograft [23].

Whereas chemokine signaling in immune cells has been
studied in detail, the molecular mechanisms that govern
CXCL12-mediated NPC migration are not completely un-
derstood. As G protein-coupled receptors (GPCR), the che-
mokine receptors initiate their signal transduction pathways
by activation of a G protein [24]. In most cases, the G
protein involved is sensitive to pertussis toxin (PTx) (Gj,),
although this specificity appears to be cell type dependent
[25]. Chemokines thus promote changes in intracellular
cAMP and Ca®" levels [26], activate phospholipase C
(PLC) [27], extracellular signal-regulated kinases (Erk-1/2)
[28], and phosphatidylinositol 3-kinase (PI3K) [14, 29],
whose substrate is Akt. Some reports also indicate that
chemokines promote JANUS kinase (JAK) signaling path-
way activation [30]. The PI3K, which phosphorylate the 3-
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hydroxyl group of the phosphatidylinositide inositol ring,
are divided into three classes (I, II, and IIT). Class I PI3K is
comprised of a regulatory and a catalytic subunit (p110) that
has four isoforms (p110«, 3, 8, and y). All of them synthesize
phosphatidylinositol-3,4,5-trisphosphate in cell membranes as
a second messenger, which coordinates localization and func-
tion of many effector proteins that bind to these lipids through
the pleckstrin homology domain [31]. PI3K have a central
regulatory role in many cell processes including growth,
survival, proliferation, and motility [31].

Here we analyzed CXCL12-triggered signaling pathways in
neurosphere-derived NPC. Whereas we observed CXCL12-
mediated JAK/STAT activation, NPC migration was JAK in-
dependent, at difference from immune system cells. We also
detected CXCL12 activation of PI3K; using chemical inhibitors
and shRNA expression, we found that CXCL12-induced
migration was pl103 dependent. The results indicate
that, in addition to their known role in NPC survival,
proliferation, and self-renewal [32, 33], the PI3K also regulate
NPC movement in an isoform-specific manner.

Materials and Methods

Antibodies We used the following antibodies: anti-Erk-1, anti-
Erk-2 (both rabbit), anti-phospho Erk-1/2 (mouse), anti-Gg;
(rabbit), anti-STAT 5b (rabbit), and anti-p1103 (rabbit) (all
from Santa Cruz Biotechnologies); anti-3-actin (mouse),
anti-B-tubulin (mouse), anti-3-tubulin isotype III (mouse),
anti-mouse IgM-agarose (goat), and anti-mouse IgG-agarose
(goat) (Sigma Aldrich); anti-Akt (rabbit), anti-phospho Akt
(Thr 308, rabbit), and anti-JAK2 (rabbit) (Cell Signaling);
anti-nestin (rabbit; Covance), anti-mouse CXCL12 (rabbit;
eBioscience), anti-GFAP (mouse; Abcam), anti-mouse CXCR4
(biotinylated, rat), and anti-mouse IgG2b (biotinylated, rat;
both from BD Pharmingen); and anti-CXCR4 (mouse[34])
and anti-SMC3 (rabbit; Chemicon International). As second
antibodies, we used Alexa488-labeled goat anti-mouse IgG,
Cy3-goat anti-rabbit IgG, Cy3-goat anti-mouse IgM (all from
Molecular Probes), and horseradish peroxidase—goat anti-
mouse and anti-rabbit Ig (Dako Cytomation). We also used
phycoerythrin-avidin (Beckman Coulter).

Plasmids and Oligonucleotides For interference assays,
NPC were nucleofected with pRS shRNA pl10for pRS
shRNA scramble (both from OriGene). Nucleofection effi-
ciency was controlled by electroporating a green fluorescent
protein (GFP) pEGFP-N3 plasmid (BD Bioscience). NPC
were nucleofected with siRNA for target sequences on JAK1
(5'-GAAAAUGAAUUGAGUCGAU-3"; 5'-GAAA
UCACCCACAUUGUAA-3', 5'-CGCA UGAGGUUCU
ACUUUA-3"; 5'-GCACAGGGACAGUAUGAUU-3")
(ON-TARGETplus SMARTpool siRNA, mouse JAK]1) or
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siRNA control (ON-TARGETplus SMARTpool, nontargeting
siRNA; both from Dharmacon).

Isolation of NPC and Neurosphere Culture Murine NPC
were isolated at embryonic day (E)14.5 from C57BL/6,
p1105~" [35] and p110y ™~ embryos [36] and at E11.5 from
JAK2"" embryos [37]. Briefly, a suspension of dissociated
NPC from the telencephalic vesicles were seeded at 5x
10*/cm? and grown as neurospheres in DMEM/F12 medium
(Gibco) with N2 supplement (Gibco), 4 pug/mL heparin
(Sigma), 20 ng/mL bFGF (Peprotech), and 20 ng/mL EGF
(Peprotech) in uncoated Petri dishes (Nunc) (37 °C,
5 % CO,) [38]. After 6 to 10 days in culture, primary
neurospheres were used for experiments. For single-cell
suspensions, neurospheres were dissociated with 0.02 %
PBS-EDTA.

Cell Migration Assay CFSE-labeled neurosphere-derived
NPC (1.5%10° cell, 0.1 mL) were placed in the upper well
of a 24-well transmigration chamber (8 pwm pore, Transwell,
Costar) coated with fibronectin (20 pg/mL, 4 °C, overnight,
Sigma). In the lower well, 0.6 mL migration medium
(DMEM/F12, N2 supplement, 4 ug/mL heparin, 1 ng/mL
bFGF, and 1 ng/mL EGF) were placed alone or with
CXCL12 (50 nM, Peprotech). Cells were allowed to migrate
(16 h, 37 °C). To analyze migration, non-migrated cells
(upper surface of the filter) were eliminated with a cotton
swab, followed by fixing the filter (4 % PFA, 10 min, room
temperature (RT)). Images of migrated cells (adhered to the
lower filter surface) were acquired using a confocal micro-
scope (Zeiss Axiovert LSM 510-Meta) and fluorescence
determined as migrating NPC, and quantified (ImageJ 4.3
software). Migration was calculated by dividing the area of
migrated cells by that of total fluorescent cells (input) and
expressed as percentage.

Where indicated, NPC chemotaxis was evaluated as above
with the inhibitors LY294002 (10 uM, pan-PI3K), Src In-
hibitor I (10 uM, pan-Src), JAK2 Inhibitor II (10 uM),
AG490 (50 uM, pan-JAK), FAK Inhibitor II (10 uM), Syk
Inhibitor IV (10 uM, all from Calbiochem), TGX-221
(30 uM, p110p3) or PIK-75 (0.01 puM, pl10c; both from
Cayman Chemical), and PTx (0.1 pug/mL, Goy; Sigma).

To study pl10f in cell migration, NPC were co-
nucleofected with pRS shRNA pl110f or scramble and
pEGFP-N3 (5:1 ratio). Cell migration was evaluated by
following GFP" NPC migration by confocal microscopy.
Migration of siRNA JAKI1/scramble-nucleofected NPC
was evaluated by CFSE staining as described above.

Time-Lapse Microscopy Fibronectin (20 ug/mL, 1 h,
37 °C)-coated cover slips (FCS2 chambers, Bioptechs) were
incubated with CXCLI12 (100 nM, 1 h, 37 °C). After

washing, CFSE-labeled NPC (1.5x10° cells) were injected
into the warmed (37 °C) chamber at time 0. Cells were
allowed to settle (10 min), and confocal fluorescence and
transmitted light images were acquired every 20 s for
90 min. All assays were performed in phenol red-free RPMI,
with N, supplement, 4 pg/mL heparin, 1 ng/mL bFGF, and
1 ng/mL EGF. Images were acquired on a Zeiss Axiovert
LSM 510-Meta inverted microscope (%20 objective) and
cell tracking analyzed with Imaris 6.0 software (Bitplane).
Graphs and statistical analyses were generated with Prism
5.0 software (GraphPad); the unpaired Student’s ¢ test was
applied.

Cell Stimulation and Sample Preparation for Western
Blot NPC (10° cell/mL) were cultured in depletion medium
(DMEM/F12 with N2 supplement, 4 pg/mL heparin; 37 °C,
90 min) and stimulated with CXCL12 (50 nM). Cells were
lysed with RIPA buffer (50 mM Tris—HCI pH 7.6, 0.25 %
sodium deoxycholate, 1 % Igepal, 150 mM NaCl, I mM
EDTA) with a protease/phosphatase inhibitor mixture
(25 mM NaF, 1 mM PMSF, 10 pug/mL each leupeptin and
aprotinin, | mM sodium orthovanadate; 30 min, 4 °C, contin-
uous rocking), then centrifuged (15,000x g, 15 min, 4 °C).

For immunoprecipitation analysis, 107 cells were lysed
with digitonin buffer (20 mM triethanolamine pH 8.0,
300 mM NaCl, 2 mM EDTA, 20 % glycerol, 1 % digitonin,
plus protease/phophatase inhibitor mixture as above; 30 min,
4 °C, continuous rocking), then centrifuged (15,000% g,
15 min, 4 °C). Immunoprecipitation was performed essentially
as described [39], using specific antibodies.

For nuclear extract preparation [40], CXCL12-treated
NPC were washed with ice-cold PBS and resuspended in
buffer A (0.1 % Triton X-100, 10 mM Hepes pH 7.9,
10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10 % glyc-
erol, protease/phosphatase inhibitors as above; 10 min,
4 °C). Nuclei were centrifuged (3,500x g, 5 min, 4 °C) and
lysed with modified RIPA buffer (20 mM Tris—HCI pH 8;
0.5 % sodium deoxycholate, 1 % Igepal, 0.1 % sodium
dodecyl sulfate (SDS), 137 mM NaCl, I mM MgCl,,
1 mM CaCl,, 10 % glycerol, protease/phosphatase inhibi-
tors as above; 30 min, 4 °C, continuous rocking) and
centrifuged (15,000% g, 15 min, 4 °C).

For Western blot analysis, protein extracts were separated
in SDS—polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes, and Western blot
performed as described [39].

FACS Analysis For cell surface staining, neurospheres were
dissociated with 0.02 % PBS-EDTA to preserve cell surface
staining, filtered through a 40-pum cell strainer (Falcon) to
obtain a single-cell suspension, plated in V-bottom 96-well
plates (10° cells/well) and incubated with specific antibodies
(0.5 pg/well, 30 min, 4 °C) in staining buffer (PBS, 0.1 %
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fetal bovine serum, 1 % BSA, pH 7.0). Cells were washed
twice and incubated with second antibody (15 min, 4 °C).
Cell-bound fluorescence was determined in a Cytomics
FC500 cytometer at 488 nm equipped with Cytomics CXP
software (Beckman Coulter).

Cell Cycle Analysis After drug treatment, cell viability was
determined by propidium iodide staining using the Coulter
DNA PREP Reagents kit (Beckman Coulter).

Nucleofection NPC (6x10° cells/well) were nucleofected
(3 pg/cuvette) with pRS shRNA p1103, pRS shRNA
scramble (both from OriGene), siRNA JAK1 Smart Pool,
and siRNA scramble (both from Dharmacon) using the
Mouse NSC Nucleofector kit (Amaxa Biosciences).

Immunofluorescence NPC (5x10° cells/well) were plated on
poly-L-lysine (Sigma)-coated cover slips (50 pg/mL, 1 h,
37 °C) and cultured (1 h, 37 °C). Cells were fixed (PBS, 4 %
paraformaldehyde; 10 min, RT), washed with PBS with
150 mM NaCl, and permeabilized (PBS, 0.2 % Triton X-100,
150 mM NaCl, 10 min, RT). Cells were treated with blocking
buffer (PBS with 1 % BSA, 0.1 % goat serum, 0.05 % Tween-
20, 50 mM NaCl; 20 min, RT) before incubation with primary
and secondary antibodies (20 min, RT, in the dark for both).
Cover slips were mounted on microscope slides using Aqua
Poly/Mount (Polysciences), and fluorescence evaluated in a
confocal microscope (Axiovert LSM 510-Meta).

Slice Experiments and In Vitro Focal Electroporation
Organotypic slice cultures of the embryonic mouse telen-
cephalon were prepared as described [41]. pCAGGS-based
GFP expression vectors were pressure-injected focally into
the medial ganglionic eminence (MGE) of coronal slice
cultures and focally electroporated [9]. Vehicle solution
(DMSO) or TGX-221 (60 uM) was added to the medium
after electroporation, replaced after 16 h, and slices cultured
for another 24 h. For immunohistochemistry, slices were
resectioned to 60 um and incubated with rabbit anti-GFP
(1:2,000, 4 °C, overnight), followed by Alexa488-donkey
anti-rabbit (1:500, 2 h, RT; both from Invitrogen). Slices
were mounted in Mowiol-Dabco with bisbenzamide
(1:1,000, Sigma) and quantified using PhotoShop CS4 soft-
ware (Adobe). Briefly, a calibration grid of concentric circles
in 250 um increments was located over the electroporation
site in the MGE (point 0), and migrated cells were counted in
six areas (0-250, 250-500, 500-750, 750-1,000, 1,000—
1,250, and >1,250 um) within the quadrant that included the
cerebral cortex. Values were expressed as a percentage of total
cells in the entire quadrant.

In Utero Electroporation In utero electroporation was
performed as described [42]. Briefly, pRS shRNA pl10p
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plasmid (2 pg/ul) was mixed with pCAG-GFP (1 pg/uL),
and pRS shRNA scramble (2 pg/pL) was mixed with
pDsRed1-N1 (1 pg/uLl) and used as a negative control.
pRS shRNA pl1103/pCAG-GFP mixture were injected in
right lateral ventricle of E15.5 mouse embryo followed by
electroporation. pRS shRNA scramble/pDsRed1-N1 mix-
ture were then injected in the lateral ventricle of the left
hemisphere in the same embryo. At E18.5, brains were fixed
(PBS-4 % paraformaldehyde, pH 7.4; 16 h, 4 °C),
cryoprotected (PBS—30 % sucrose; 16 h, 4 °C), and then
embedded in OCT. Brain sections (30 wum thick) were
stained with Hoechst 33258 and mounted in Aqua
Poly/Mount (Polysciences). Fluorescence was evaluated in
a confocal microscope (Axiovert LSM 510-Meta) and quan-
tified with ImageJ 1.43 (NIH). Briefly, the cortex was di-
vided in six equal bins, starting at the VZ (bin 1) and
finishing at the pial surface (bin 6). Fluorescence in each
bin was quantified and expressed as a percentage of total
area of fluorescence in the entire quantified area.

O-PCR Briefly, total RNA was extracted from cells using
the RNeasy Micro Kit (Qiagen) or TRI reagent (Sigma),
cDNA was prepared using SuperScript First-Strand Synthe-
sis System for RT-PCR (Invitrogen), followed by Q-PCR
using Power SYBR Green PCR Master mix (Applied
Biosystems). All reactions were performed in the 7900
Real-Time PCR System (Applied Biosystems) as follows:
1 cycle 95 °C (10 min), followed by 40 cycles of 95 °C, 15 s
and 60 °C, 1 min. Each sample was assessed in triplicate, and
28S expression was used to normalize copy number. Primer
pairs used were: 28S forward 5-TGCCATGGTAATCC
TGCTCA-3’, 28S reverse 5'-CCTCAGCCAAGCA
CATACACC-3'; JAK1 forward 5-TGAGCTTTGATCGGA
TCCTT-3', JAKI1 reverse 5'-GCAGGGTCCCA
GAATAGATATG-3"; JAK2 forward 5'-GAACCTACAGATA
CGGAGTGTCC-3', JAK2 reverse 5'-CAAAATCAT
GCCGCCACT-3'; JAK3 forward 5'-CACAGTGCATGG
CCTATGAT-3', JAK3 reverse 5'-AGGTGTGGGG
TCTGAGAGG-3'; p110« forward 5'-GCTGGATTCAGTT
ACTCCCATAC-3', pl10« reverse 5'-CGGAGCTGTT
CCTTGTCATT-3"; p110p forward 5-TCAGCATATGG
GTTCGTCTG-3', p110f reverse 5'-GCTGGTCTTC
GTTTCCTGAT-3"; p110y forward 5-CCAGACAGTGTT
TTTGTAAGAGGA-3', p110y reverse 5'-TCCATGCCCT
ATGCGACT-3'; p1106 forward 5'-CCCGCTGATGC
CAAAGTA-3', p110d reverse 5'-TGTTGTGTTACTT
CTCTGAGGTCTG-3'. X-fold induction was calculated and
expressed as 224,

PI3K Assay Neurosphere-derived NPC were lysed (50 mM
Hepes pH 7.5, 150 mM NacCl, 10 % glycerol, 1 % Triton X-
100, protease/phosphatase inhibitors as above). Protein
(500 pg) from cell lysates was immunoprecipitated with
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p110p3-specific antibody and in vitro PI3K activity was
measured as described [43] in the presence of TGX-221
(0.5 and 0.1 uM; p110{3-specific inhibitor) or JAK2 Inhib-
itor II (10, 0.5, and 0.01 uM).

Results
CXCL12 Promotes Neurosphere-Derived NPC Migration

To study the signaling pathways involved in NPC migration,
we used neurosphere-derived NPC. We used specific anti-
bodies to detect CXCR4 expression at the cell surface by
flow cytometry and immunofluorescence (Fig. la). Time-
lapse microscopy studies showed that the receptor was fully
functional, as determined by its ability to trigger CXCL12-
induced NPC motility on fibronectin-coated plates (Fig. 1b
and Online Resource 1). In these experiments, CXCL12
increased average speed (1.645+0.058 vs 1.964+
0.044 pm/min; p<0.001; Fig. 1c) and total track length
(145.5+£5.7 vs 170.9+4.2 um; p<0.01; Fig. 1d). In contrast,
basal NPC motility increased on laminin- compared to
fibronectin-coated plates (Online Resource 2a, b), and was
CXCLI12 independent (Online Resource 2c, d). These re-
sults indicate that NPC express a functional CXCR4 and
that their motility depends on the chemokine and the sub-
strate used.

As CXCL12 increased NPC motility, we used a chemo-
tactic assay to evaluate NPC migration toward a CXCL12
gradient, after establishing the optimal CXCL12 concentra-
tion for these experiments (50 nM; Online Resource 3a). As
for immune cells, CXCL12-induced NPC movement is Go;
dependent, as it was blocked by PTx treatment (Fig. le). Co-
immunoprecipitation and Western blot analyses with specif-
ic antibodies showed that G associated rapidly to CXCR4
in CXCL12-activated NPC (Fig. 1f). Treatment of NPC with
the CXCR4 inhibitor AMD3100 abrogated the CXCL12-
induced response (Fig. 1g). These results confirmed that
neurosphere-derived NPC expressed a functional, Go-de-
pendent CXCR4 receptor responsible for the CXCL12-
mediated effects. None of the treatments altered the NPC
cell cycle (Online Resource 3b, c).

CXCL12 Triggers Distinct Signaling Cascades in NPC

In immune cells, CXCL12-mediated effects are dependent
on JAK [30], PI3K [44], mitogen-activated protein kinase
(MAPK) [28] and Src [45] signaling pathways. We used
specific chemical inhibitors to identify the signals involved
in NPC migration. Transmigration assays were performed
with JAK2 Inhibitor II (10 uM [46]), AG490 (50 uM, pan-
JAK inhibitor), FAK Inhibitor IT (10 uM), Syk Inhibitor IV
(10 uM), LY294002 (10 puM, PI3K inhibitor), or Src

Inhibitor I (10 uM). NPC treated with JAK2 Inhibitor II,
AG490, or LY294002 showed reduced CXCL12-mediated
migration, whereas we found no significant differences in
cells treated with Src Inhibitor I, FAK, or Syk inhibitors
(Fig. 2). None of the treatments altered the NPC cell cycle
(Online Resource 3d, e) or cell surface CXCR4 expression
(not shown). The results suggested that JAK and PI3K are
implicated in CXCL12-induced NPC migration.

To test CXCL12-mediated NPC signaling, we activated
cells with 50 nM CXCL12 at different times and analyzed
extracts by Western blot using anti-phospho Erk-1/2 and
anti-phospho (Thr308) Akt antibodies (mAb). CXCL12
promoted Erk-1/2 and Akt activation, with a maximum at
I-min post-CXCL12 addition (Fig. 3a, b). To control load-
ing, membranes were reblotted with anti-Erk-1/2 and anti-
Akt antibodies.

We next lysed CXCL12-activated NPC, immunoprecipitated
extracts with anti-phospho Tyr antibodies and analyzed
lysates in Western blot using anti-JAK2 antibody. CXCL12
promoted rapid, transient JAK2 activation, reaching a maxi-
mum at 5 min post-stimulation (Fig. 3c). Chemokine-
mediated JAK activation is followed by STAT binding to the
chemokine receptor, its activation and translocation to the
nucleus [47]. Extracts of CXCL12-activated NPC were
immunoprecipitated using anti-CXCR4 mAb and developed
in Western blot with anti-STATSb antibody. CXCL12 promot-
ed rapid, transient STAT5b association to CXCR4 (Fig. 3d).
Evaluation of CXCL12-activated NPC nuclear extracts
showed CXCL12-mediated STAT5b translocation to the nu-
cleus (Fig. 3¢). These results confirmed JAK, PI3K, and
MAPK involvement in CXCL12-mediated functions in NPC.

JAK Signaling Pathway Is Not Involved
in CXCL12-Mediated NPC Migration

To confirm JAK?2 involvement in CXCL12-mediated NPC
chemotaxis, we tested JAK expression in NPC isolated from
wild-type (Wt) and JAK2™~ embryos. JAK1 mRNA levels
were similar in both cell types, and were comparable with
JAK2 mRNA levels in Wt NPC; JAK3 mRNA was barely
detectable in either NPC type (Fig. 4a). We determined the
ability of JAK2™~ NPC to migrate towards CXCL12 gradi-
ents in an in vitro chemotaxis assay; JAK2~~ NPC migrated
normally (Fig. 4b), in contrast to results using JAK2 Inhib-
itor II. To rule out JAKI-mediated compensatory mecha-
nisms, we used JAK1-specific siRNA (Fig. 4c) to knock
down JAK1 expression in JAK2™~ NPC (Fig. 4d) and
observed normal migration in response to CXCL12
(Fig. 4e). Our data suggest that neither JAK2 nor JAKI
has a role in NPC migration, at difference from results in
other cell types [48], and that other kinases targeted by
JAK2 Inhibitor II might be implicated in CXCL12-
triggered NPC migration.
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Fig. 1 CXCL12 promotes NPC migration a CXCR4 expression on the
NPC surface was detected by flow cytometry analysis (/eff) and immu-
nofluorescence (right) using specific antibodies. b Analysis of NPC
motility by videomicroscopy; representative time-lapse images on fibro-
nectin-coated surfaces with (right) or without (/eff) CXCL12. Each dot is
a cell, and /ines represent total track length. ¢ Quantitation of the average
speed from experiments in (b) (none, n=>56 cells; CXCL12, n=101 cells).
Student’s 7 test; ***P<0.001. d Quantitation of total track length from
experiments in (b) (none, n=>56 cells; CXCL12, n=101 cells). **P<0.01.
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e Glycerol- (0.025 %; control) or PTx-treated NPC were allowed to
migrate in response to 50 nM CXCL12. Figure shows the percentage of
migrated cells expressed as mean+SEM (n=3). f Lysates of CXCL12-
activated NPC cells were immunoprecipitated with anti-CXCR4 mAb
and the Western blot developed with anti-Go; antibody. As protein
loading control, the membrane was reprobed with anti-CXCR4 mAb. g
Untreated or AMD3100-treated NPC were allowed to migrate in response
to 50 nM CXCL12. The figure shows the percentage of migrated cells
expressed as mean+SEM (n=3)



Mol Neurobiol

Fig. 2 CXCL12-mediated
NPC migration depends on
JAK and on PI3K activation
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p110p3 Is Necessary for CXCL12-Mediated NPC Migration

Although class I PI3K modulate cell migration, there is
evidence that the isoform implicated is cell type and/or
stimulus dependent [44]. Q-PCR analysis showed that
NPC expressed high pl10x and 3 and low p110y and &
mRNA levels (Online Resource 4a), as confirmed in West-
ern blot with specific antibodies (Online Resource 4b). To
evaluate the role of pl110y and 6 in migration, we isolated
NPC from E14.5 p110vy- or §-deficient mouse embryos, and
found no defects in neurosphere formation (not shown) or in
CXCL12-induced migration (Online Resource 4c, d). Given
the low p110y and & levels and the unaltered migration of
p110v- or d-deficient NPC, we focused on p110x and (3. To
test whether CXCL12 activated pl110x or (3 in NPC, we
analyzed Akt phosphorylation. Cells, untreated or treated
with the p110« inhibitor PIK-75 (0.01 uM, 37 °C, 16 h)
[49] or the p110f inhibitor TGX-221 (30 uM, 37 °C, 16 h)
[50], were activated with 50 nM CXCLI12 or 20 ng/mL
EGF. Cell extracts were analyzed by Western blot using
anti-p-Akt and anti-p-Erk-1/2 antibodies. Treatment with
either inhibitor reduced CXCL12- and EGF-mediated Akt
and Erk-1/2 phosphorylation (Fig. 5a). We tested inhibitor
effect on NPC migration towards a CXCL12 gradient, and
found that whereas p110« blockade had no effect, inhibition
of p110f3 led to a marked reduction in cell migration (Fig. 5b).
These data indicated that CXCL12 activates p110« and {3 in
NPC, but only p110f3 is involved in migration.

To rule out a nonspecific effect of JAK2 Inhibitor II on
pl10f3 activity, we performed an in vitro kinase assay on
p110f3 immunoprecipitates of NPC lysates in several con-
centrations of JAK?2 Inhibitor II (10, 0.5, and 0.01 pM) and
observed no alterations in p110f3 activity (Online Resource
5a). PI3Kf3 activity was abrogated in the presence of TGX-
221 (control) (Online Resource 5a). In Western blot, we
found that JAK?2 Inhibitor II treatment of NPC did not affect
CXCL12-, EGF-, or LPA-mediated AKT phosphorylation

JAK2Inh 1l AG490  LY294002  Srcinhl
10 uM 50 uM 10 uM 10 uM

Syk Inh IV
10 uM

FAK Inh II
10 uM

(Online Resource 5b). Finally, TGX-221 treatment reduced
CXCL12-mediated migration of JAK1/JAK2 double-
deficient cells in in vitro chemotactic assays (Online Resource
5c). These results reinforce the idea that in NPC, CXCL12-
mediated JAK and PI3K activation are independent signaling
events.

To confirm the specific involvement of p1103, we used
shRNA techniques to knock down p110f3 (Fig. 5¢) in NPC
before testing migration towards CXCL12. Control cells
migrated normally, as predicted, whereas migration of
p1103-deficient cells was reduced by >50 % (Fig. 5d).
Moreover, control and p1103-silenced cells showed no al-
teration in surface CXCR4 levels, as indicated by flow
cytometry analysis using specific antibody (Fig. 5¢) or in
p110a mRNA expression levels, as shown by Q-PCR anal-
ysis (Fig. 5¢). Nucleofection efficiency was controlled by
following GFP expression by FACS (Online Resource 4e¢).
The results indicate that whereas CXCL12 activated both
p110c and {3 only the latter modulated NPC migration in vitro.

p1103 Modulates Interneuron But Not Pyramidal Cell
Migration

To confirm the effect of p1103 on NPC migration and
validate our results in an ex vivo system, we used
organotypic culture of mouse embryonic brain slices. In
these assays, newborn GABAergic interneurons from the
MGE migrate tangentially through the subpallium and reach
the cortex, as occurs in vivo [41]. To label putative inter-
neurons, we used focal electroporation of a GFP-encoding
plasmid in the MGE of E13.5 telencephalic slices. Immedi-
ately after electroporation, slices were treated with TGX-
221 (60 uM, 36 h, 37 °C) and cell localization was analyzed
by fluorescence microscopy (Fig. 6a). TGX-221-treated
cells were confined mainly to the MGE, with very limited
tangential migration, whereas most untreated control inter-
neurons migrated to the cortical area (Fig. 6b). Control cells
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Fig. 3 CXCLI12 triggers distinct signaling cascades in NPC. a Lysates
of CXCL12-activated NPC cells were analyzed by Western blot and
developed with anti-p-Erk-1/2 antibodies. As protein loading control,
the membrane was reprobed with anti-Erk-1/2 mAb. b Cells as in (a)
were evaluated by Western blot using anti-p-Akt antibody. As control,
the membrane was reprobed with anti-Akt Ab. ¢ Cells as in (a) were
immunoprecipitated by p-Tyr mAb and then evaluated by Western blot
using anti-p-JAK2 Ab. As control, the membrane was reprobed with
anti-p-Tyr mAb. d Lysates of CXCL12-activated NPC cells were
immunoprecipitated with anti-CXCR4 mAb and Western blot devel-
oped with anti-STAT5b Ab. As protein loading control, the membrane
was reprobed with anti-CXCR4 mAb. e Nuclear extracts from
CXCL12-activated NPC were lysed and evaluated by Western blot
using anti-STATS5b Ab. As control, the membrane was reprobed with
anti-SMC3 Ab

showed the migrating neuron morphology, with the leading
neurite towards the cortex (Fig. 6c). Migrated cells were
counted in six areas, at 0-250, 250-500, 500-750, 750—
1,000, 1,000-1,250, and >1,250 pum, from the electropora-
tion site at the MGE (Fig. 6d). More than 55.4+5.7 % of
TGX-221 treated and only 22.7+3.2 % of control interneu-
rons migrated less than 250 um; approximately 3.5+1.2 %
of TGX-221-treated and 12.4+1.9 % of control interneurons
reached the 1,250 um, and none of the treated cells
exceeded this limit (Fig. 6¢). The results confirmed the in
vitro data and demonstrate an ex vivo effect of p1103 on
NPC migration.
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To determine whether p110{3-dependent NPC migration
was restricted to immature interneurons, we used in utero
electroporation to knock down pl110{ at the dorsal VZ-
SVZ, and evaluated radial migration of pyramidal neurons
from the neurogenic region towards the upper layers of the
cortex. At E18.5, both DsRed/shRNA control and
GFP/shRNA p110{3-electroporated cells (bins 1-2) generat-
ed immature pyramidal neurons that migrated radially (bins
3,4, 5, and 6) towards the pial surface with similar distri-
butions (Fig. 7a and b, respectively). During this migratory
process, DsRed/shRNA control and GFP/shRNA pl110f3
cells showed the characteristic bipolar morphology of mi-
grating pyramidal cells, with one leading neurite oriented
towards the pial surface (Fig. 7c and d, respectively). Quan-
tification of this experiment showed no significant differ-
ences between DsRed/shRNA control and GFP/shRNA
p110f3 cells (Fig. 7e). These data showed that p110f3is not
necessary for pyramidal neuron migration, suggesting that the
p110f3 role in migration is cell type and/or chemoattractant
dependent.

Discussion

Cell movement is a key process in nervous system develop-
ment [20], in adult neurogenesis [4, 51] and for the response
to brain injury [22]. CXCLI12 is one of the most studied
chemoattractants for NPC, with important functions in em-
bryogenesis [20] and during neuroblast migration in the
SVZ of the lateral ventricles in adult brain [21]. Its expres-
sion is upregulated following brain injury and it guides NPC
migration towards the site of insult [23]. We observed that
embryonic NPC express CXCR4 and respond to CXCL12
in vitro. Videomicroscopy analyses of NPC motility showed
that CXCL12 increased average speed and total track length
on fibronectin-coated plates; these results concur with data
for precursor cells from the medial ganglionic eminence
[52], although our NPC moved more rapidly. Although we
cannot rule out other possibilities, this difference in motility
might be related to the experimental system used, to intrin-
sic cell differences, or to the substrate. Our assay used a
two- rather than a three-dimensional system [52], which
could affect average speed. We also detected a marked
increase in basal NPC migration when laminin was used
as substrate; in these conditions, cell movement appeared to
be CXCL12 independent.

CXCL12-mediated NPC migration was blocked by
AMD3100, a CXCR4-specific inhibitor, and by PTx. We
also detected Gu; association to CXCR4 after CXCL12
stimulation, which confirmed that CXCR4 signaling is es-
sential in CXCL12-induced NPC migration [15, 53].
CXCLI12 also binds CXCR?7 [54], another receptor impli-
cated indirectly in NPC migration, which modulates
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Fig. 4 Role of JAK/STAT
pathway in CXCL12-mediated
NPC migration. a Q-PCR
analysis of JAK mRNA
expression in Wt and JAK2 ™~
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CXCL12 levels in vivo, preventing CXCR4 internalization
[53].

We observed that NPC responded to CXCL12 by acti-
vating the JAK, PI3K, and Erk-1/2 pathways, all signaling
events associated to CXCR4 in immune system cells [28,
34, 54, 55], and that CXCL12 promoted JAK?2 activation
and STAT5b association to CXCR4. JAK/STAT pathway
activation by chemokines is reported for CCR2 [39],
CCR7 [48], CCRS5 [56], and CXCR4 [34]. The CXCR4
data are debated; some authors suggest that JAK2 or JAK3
deficiency does not alter CXCLI12 responses in immune
cells [57], whereas others implicate JAK in chemokine

siRNA control siRNA JAKA1

signaling, indicating that Tyr157 in the CXCR4 second
intracellular loop is necessary for CXCL12-mediated STAT
recruitment [58].

Our analyses indicated that CXCL12-induced NPC mi-
gration is blocked in cells treated with JAK2 Inhibitor II or
with the pan-JAK inhibitor AG490, similar to results for T
cells [30]. NPC from JAK2 ™~ mouse embryos and JAK2 ™~
NPC in which we knocked down JAK1 both migrated
normally toward CXCL12 gradients. JAK proteins are
therefore activated by CXCL12 in NPC, but do not partic-
ipate in migration. CXCL12 might require the JAK/STAT
pathway to trigger neural precursor differentiation, as shown

@ Springer
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Fig. 5 pl110p is necessary for CXCL12-mediated NPC migration. a
NPC treated with PIK-75 (p110« inhibitor, 0.01 uM, 16 h) or TGX-
221 (p110f inhibitor, 30 uM) were activated with CXCL12 (50 nM) or
EGF (20 ng/mL) and lysed. As control, cells were treated with 0.3 %
DMSO. Phosphorylation of Akt and Erk-1/2 was evaluated by Western
blot using specific antibodies. Protein loading was controlled by
reprobing the membrane with anti-Akt or -Erk-1/2 Ab. b 0.3 % DMSO
(control), PIK-75 (0.01 uM)- and TGX-221 (30 uM)-treated NPC
were allowed to migrate in response to 50 nM CXCL12. Data show
mean+SEM (n=3). Student’s ¢ test; **P<0.01. ¢ pl10x and p1103

for IL-6 cytokine family-mediated NPC differentiation [59].
The effect of the JAK inhibitors must thus be due to a non-
specific effect on other kinases involved in cytoskeletal
rearrangement. We nonetheless observed that cells treated
with FAK or Syk inhibitors showed normal CXCL12-
induced migration. Although FAK is implicated in adhesion
formation and disassembly during migration of several cell
types [60], its role in neuron migration is debated [61, 62].
Our data are compatible with a recent report showing that
FAK is dispensable for glial-independent migration of in-
terneurons [63].

PI3K is central to immune cell migration, although the
isoform involved depends on the cell type studied; for
example, neutrophils and T cells isolated from p110y "~
mice show migration defects, although monocytes do not
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mRNA expression was analyzed by Q-PCR in shRNA control and
shRNA pl10B-nucleofected NPC. Data show mean+SEM (n=3).
**P<0.01. d shRNA control- or shRNA p1103-nucleofected NPC
were allowed to migrate towards CXCL12 (50 nM). In these assays,
NPC were co-nucleofected with pEGFP (5:1 shRNA/GFP ratio). Only
GFP" NPC migration was quantified. Data show mean+SEM (n=6).
*P<0.05. e CXCR4 expression in shRNA control- or shRNA p110(3-
nucleofected NPC was determined by flow cytometry analysis of the
GFP" population

[64], and p1106 is necessary for glioma cell migration and
invasion [65]. PI3K activation in NPC is associated with
proliferation and survival [14]. We found that PI3K also
participates in CXCL12-induced migration, probably be-
cause it is needed for actin filament remodeling [44]. Similar
data were derived from in vitro studies of NPC treated with
pan-PI3K inhibitors and stimulated with EGF [66], FGF
[67], brain-derived neurotrophic factor [66], and Nrgl [68].

pl10x and p110f3 are the two main PI3K isoforms in
NPC, both of which were activated by EGF and CXCL12
stimulation. Pretreatment with the p110c inhibitor PIK-75
or the p110f inhibitor TGX-221 blocked Akt phosphoryla-
tion. Only TGX-221 markedly reduced CXCL12-induced
NPC migration, however, indicating that the 3 isoform is
responsible for NPC movement toward chemoattractant
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Fig. 6 p110p participates in ex vivo interneuron migration. a Scheme
of organotypic assay. The medial ganglionic eminence (MGE) was
electroporated with an EGFP-expressing plasmid to label migrating
cells and brain sections, untreated or treated with 60 pM TGX-221
(36 h, 37 °C). Ex vivo interneuron migration (green arrow) to the
cortex was then determined. b Representative images of brain sections
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Cells are polarized (arrowheads) and extend the leading edge toward
the cortex. d Calibrated grid used to quantitate cell migration distance.
e Quantification of images as in (b). Values are mean+SEM of DMSO-
(n=7) and TGX-221 (n==8)-treated brain slices in independent exper-
iments. Student’s ¢ test; **P<0.01, ***P<0.001
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gradients. p110f is associated with S1P-induced endothelial
cell migration via Racl activation [69], and evidence asso-
ciates pl103 to GPCR-triggered signaling pathways and
pl10«x to growth factor signaling [55]. p110c activation is
also linked to cell proliferation; indeed, constitutively active
mutations of pl 10« are very common in cancer [31] and it is
possible that CXCL12-mediated p110«x activation is related
to NPC proliferation. CXCL12-mediated NPC proliferation
via PI3K has been reported [14]. p110{3 was also implicated
in the control of DNA replication [70], although recent
evidence assigns this effect to the p1103 nuclear pool
[71]. Studies in neuronal cell lines associate p85/p110 nu-
clear translocation with cell survival [72]. The mechanism
that controls p110f3 intracellular location is not yet known;
it is nonetheless plausible that whereas nuclear p110f3
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regulates cell viability, the cytosolic pool participates in
NPC migration.

We detected a clear reduction in Erk-1/2 activation when
NPC were treated with the pl10f inhibitor TGX-221,
suggesting crosstalk between these two signaling pathways
(Fig. 5a). Several reports indicate that cell migration is an
Erk-1/2-dependent process [73—75], and connect PI3K and
MAPK [76, 77]. Although further experiments are needed to
confirm this observation, our preliminary data showed a
marked reduction in CXCL12-mediated NPC migration af-
ter treatment with a specific Erk-1/2 pathway inhibitor (not
shown).

In our experiments using NPC, p110 knockdown
blocked CXCL12-induced migration. In the organotypic
cultures, TGX-221 treatment abrogated MGE interneuron
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precursor movement; whereas we found that pyramidal neu-
ron migration was pl110f3 independent. These data suggest a
role for CXCL12 in NPC migration from the subpallium to the
pallium, although evidence implicates Nrgl as the main factor
in this process. Consistent with these findings, an interneuron
deficit is observed in the adult cerebral cortex of Nrgl ™~ mice,
and Ngrl1 is detected throughout the subpallium during devel-
opment [9]; this cortical interneuron deficit is not total in
Nrgl ™ mice, however, suggesting the participation of other
chemoattractants [9]. There are clear data indicating that
CXCL12™" mice do not show a reduction in cortical inter-
neuron number, and that CXCL12 mRNA expression is re-
stricted to the cortex during development, in accordance with
its known role in promoting interneuron migration in the SVZ
and MZ zones in the pallium [20]. The effects of chemokines
are not always restricted to their expression sites, as chemo-
kine binding to cell surface glycosaminoglycans generates
chemotactic gradients [78], allowing long-distance effects.
Moreover, recent analysis of mice deficient in either of the
CXCL12 receptors (CXCR4 and CXCR7) showed an early
delay in interneuron migration to the pallium, which is later
compensated during development [15].

The role p110f3 in CXCL12-mediated NPC migration in
vitro and the TGX-221-promoted inhibition of interneuron
migration towards the cortex suggest that, in addition to
Nrgl, CXCL12 could have a role in interneuron migration
through the subpallium. We nonetheless cannot exclude the
possibility that p110{3 participates in interneuron migration
in response to other chemoattractants such as Nrgl. Our in
utero electroporation assays showed no differences in the
number or distribution of pl1103-deficient pyramidal inter-
neurons, concurring with involvement of other
chemoattractants, such as reelin, in directing radial migra-
tion of pyramidal cells [2]. We thus consider that p110§3-
mediated migration is chemoattractant dependent, although
we cannot rule out p110{ triggering of migration in a cell-
type-specific manner.

In conclusion, our data indicate that CXCL12-triggered
NPC migration depends on class I PI3K activation; at dif-
ference from other cell systems, p110f3 participates in this
process. pl10f3 is essential for interneuron migration in a
system that simulates in vivo conditions, suggesting its
involvement in the migration of different NPC types in
response to chemoattractants.
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