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(Background: Although antagonism of LINGO-1 is known to improve neuronal survival after injury, the mechanism is

Results: LINGO-1 interacts with and inhibits WNK3 kinase activity, thereby facilitating neuronal apoptosis.
Conclusion: LINGO-1 potentiates neuronal apoptosis, likely by inhibiting WNK3 kinase activity.
Significance: Learning how LINGO-1/WNK3 signaling regulates neuronal survival is crucial for understanding the pathology

J

LINGO-1 is a functional component of the Nogo receptor
1-p75NTRLINGO-1 and Nogo receptor 1'-TAJ (TNFRSF19/
TROY)-LINGO-1 signaling complexes. It has recently been
shown that LINGO-1 antagonists significantly improve neuro-
nal survival after neural injury. However, the mechanism by
which LINGO-1 signaling influences susceptibility to apoptosis
remains unknown. In an effort to better understand how
LINGO-1 regulates these signaling pathways, we used an estab-
lished model of serum deprivation (SD) to induce neuronal apo-
ptosis. We demonstrate that treatment either with a construct
containing the intracellular domain of LINGO-1 or with
Nogo66, a LINGO-1 receptor complex agonist, resulted in an
enhanced rate of apoptosis in primary cultured cortical neurons
under SD. Reducing the expression levels of the serine/threo-
nine kinase WNK3 using shRNA or inhibiting its kinase activity
had similar effects on the survival of serum-deprived neurons.
Consistent with these observations, we found that LINGO-1 and
WNK3 co-localized and co-precipitated in cultured cortical
neurons and brain tissue. Significantly, this co-association was
enhanced by Nogo66 treatment. Binding of WNK3 to the intra-
cellular domain of LINGO-1 led to a reduction in WNK3 kinase
activity, as did Nogo66 stimulation. Moreover, in vitro and in
vivo evidence indicates that endogenous WNK3 suppresses SD-
induced neuronal apoptosis in a kinase-dependent manner, as
the expression of either a WNK3 RNAI construct or a kinase-
dead N-terminal fragment of WNK3 led to increased apoptosis.
Taken together, our results show that LINGO-1 potentiates
neuronal apoptosis, likely by inhibiting WNK3 kinase activity.

After injury to the central nervous system, myelin-associated
inhibitory factors inhibit cellular and axonal regeneration,
resulting in permanent disability. The three major myelin-as-
sociated inhibitory factors, Nogo, oligodendrocyte myelin gly-
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coprotein, and myelin-associated glycoprotein, share a trimo-
lecular receptor complex composed of Nogo receptor 1 and its
co-receptors p75™™® (neurotrophin receptor p75) or TROY
and LINGO-1 (leucine-rich repeat and Ig domain-containing
1). As a glycosylphosphatidylinositol-anchored receptor, Nogo
receptor 1 relies on its co-receptors for transmembrane signal-
ing (1, 2).

LINGO-1 is a transmembrane glycoprotein with 12 leucine-
rich repeat motifs flanked by N- and C-terminal capping
domains, one Ig domain, one transmembrane domain, and
a short cytoplasmic tail (1). The extracellular domain of
LINGO-1 associates with itself to form ring-like tetramers that
are thought to serve as a scaffold to facilitate the assembly of the
receptor complex (3). The intracellular tail contains a canonical
EGF receptor (EGFR)3-like tyrosine phosphorylation site
(residue 591) that is critical for intracellular signaling (4, 5).
LINGO-1 is expressed in neurons, oligodendrocytes, and a sub-
set of reactive hypertrophic astrocytes (6—8). In neurons, it is
involved in mediating growth cone collapse and inhibiting neu-
rite extension (1, 2, 5). LINGO-1 also plays an important role in
the inhibition of oligodendrocyte differentiation and myelina-
tion (6,7, 9). A number of studies in diverse animal CNS disease
models have shown that targeted inhibition of LINGO-1 can
benefit neuronal and oligodendrocyte survival after injury (10—
13). LINGO-1-Fc (a recombinant protein of human LINGO-1
residues 1-532 fused to the hinge and Fc regions of human
IgG1) treatment significantly increased oligodendrocyte and
neuronal survival after either rubrospinal or corticospinal tract
transection (10). In LINGO-1 knock-out mice, dopaminergic
neuronal survival was increased and behavioral abnormalities
were reduced compared with wild-type animals. LINGO-1
antagonists were shown to provide similar neuroprotective
effects to midbrain dopaminergic neurons both in vitro and in
vivo. These neuroprotective effects were shown to result from
activation of the EGFR/ALkt signaling pathway through direct
inhibition of LINGO-1 binding to the EGFR (12). In a model of

3 The abbreviations used are: EGFR, EGF receptor; RGC, retinal ganglion cell;
LINGO-1 IC, LINGO-1 intracellular domain; E18, embryonic day 18; SD,
serum deprivation; EYFP, enhanced YFP.

VOLUME 288+-NUMBER 17+APRIL 26,2013



LINGO-1 Inhibits WNK3 to Potentiate Neuronal Apoptosis

retinal ganglion cell (RGC) injury, exogenously added soluble
LINGO-1-Fc and anti-LINGO-1 antibody 1A7 significantly
reduced RGC loss after ocular hypertension and also promoted
RGC survival after optic nerve transection (11). Pretreatment
with LINGO-1-Fc was also shown to inhibit low potassium-
induced cerebellar granular neuron apoptosis by suppression
of GSK3pB activation (13). Recent evidence indicates that
LINGO-1 also functions as a potent regulator of neuronal apo-
ptosis in neural stem cell maturation, as the number of cells
going through apoptosis during the early phase of differentia-
tion was significantly decreased in cultures treated with anti-
LINGO-1 antibodies (14). Although evidence supports a role
for LINGO-1 antagonists in neuronal survival, the underlying
mechanism remains elusive.

We have previously demonstrated that LINGO-1 interacts
with WNK1 (with no lysine (K) kinase-1) to regulate Nogo-
induced inhibition of neurite extension (5), suggesting the
involvement of WNK proteins in the regulation of LINGO-1
signaling. WNK proteins are a subfamily of serine/threonine
kinases composed of four members, WNK1, WNK2, WNK3,
and WNK4 (15). WNK3 is the isoform that is most abundant in
the brain and is best known for its role in regulating the C1~
transporters NKCC1 (Na*-K*-2Cl~ cotransporter 1) and
KCC2 (K*-Cl~ cotransporter 2) in GABAergic neurons (16).
Interestingly, WNK3 has also been shown to exert an anti-apo-
ptotic effect by restraining procaspase-3 activation in HelLa
cells (17). However, little is known about the role of WNK3 in
regulation of neuronal apoptosis. In this study, we demonstrate
that LINGO-1 can interact with WNK3 to promote neuronal
apoptosis by inhibition of WNK3 kinase activity.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Human WNK3(49-436), generated
from pcDNA3-myc-hWNK3 (kindly provided by Dr. Peter Jor-
dan, Centro de Genética Humana, Instituto Nacional de Satde,
Lisbon, Portugal), was subcloned into the pEGFP-N1 vector
to generate pEGFP-WNK3(49-436). The mutant plasmid
pEGFP-WNK3(49 -436)K159M was generated using the
QuikChange site-directed mutagenesis kit (Stratagene). All
constructs were validated by DNA sequencing.

Generation of GST-Nogo66 and TAT-LINGO-1 IC Fusion
Proteins—Homo sapiens Nogo66 was amplified from a human
fetal brain ¢cDNA library (Clontech) and inserted into the
pGEX-4T3 plasmid. The GST fusion protein was expressed in
Escherichia coli BL21-CodonPlus (DE3) cells (Tiangen, Shang-
hai, China) and purified by the method of GrandPré ez al. (18).
The intracellular domain (amino acids 580—-620) of human
LINGO-1 (LINGO-1 IC) was generated from pEGFP-NI1-
hLINGO-1 by PCR amplification. To generate the fusion pro-
tein TAT-LINGO-1 IC, a sequence containing the minimal
translocation domain of the HIV-1 protein TAT (amino acids
47-57, MGSSHHHHHHSSGLVPRGSMASGYGRKKRRQR-
RRGEF) was inserted in-frame next to the N terminus of the
LINGO-1 IC cDNA. The fusion construct was inserted into
pET-28a, expressed, and purified using standard recombinant
techniques.

WNK3 RNAi—Three siRNA candidates were designed from
rat WNK3 DNA sequences: WNK3si-1, CCAACAG-

APRIL 26, 2013 +VOLUME 288-NUMBER 17

GCTCTAAGATTC; WNK3si-2, GCAGGCATGTTCATA-
CCTA; and WNK3si-3, CCTCCAAGTTAGATGGTAA.
shRNAs were cloned into the pSUPER vector using the Bglll
and Xhol sites. To test the effectiveness of the shRNA con-
structs, WNK levels in PC12 cells were measured by RT-PCR
and immunoblotting 48 h after transfection with WNK3
shRNA constructs. For qualitative expression analysis, the High
Fidelity PCR system (Roche Applied Science) was used with
the following primers: WNK3, 5-ATCACCACGCAGGC-
CAAGA-3'/5'-GCTCCCGAAATCCCAACCC-3'; and GAPDH,
5 -ATCACTGCCACCCAGAAGAC-3'/5'-ATGAGGTCCAC-
CACCCTGTT-3'. Empty pSUPER vector was used as a control
for immunoblotting and morphology analyses; pPSUPER conta-
ining an unrelated oligonucleotide (control siRNA) was used as
a control for RT-PCR analyses.

Immunoprecipitation and Immunoblotting—Tissue samples
and cultured cells were lysed with radioimmune precipitation
assay buffer containing protease inhibitors (Roche Applied Sci-
ence) supplemented with PMSF and centrifuged at 11,200 X g
for 20 min at 4 °C. The supernatant (300 —500 ul) was incubated
with 5 ug of primary antibody for 2 h at 4 °C. Protein G-agarose
beads (Roche Applied Science) were then added for another
12 h of rotation at 4 °C, and the immunoprecipitated products
were washed three times with lysis buffer, boiled for 3—5 min in
loading buffer, resolved by SDS-PAGE, immunoblotted, and
visualized by enhanced chemiluminescence (Pierce). The fol-
lowing antibodies were used for immunoblotting: rabbit anti-
LINGO-1 (1:500; Upstate); rabbit anti-WNK3 (1:500; Alpha
Diagnostics); monoclonal mouse anti-phosphoserine (1:500;
Sigma); rabbit anti-caspase-3 (1:1000), monoclonal rabbit anti-
cleaved caspase-3 (1:500), monoclonal rabbit anti-GSK3p
(1:1000), and rabbit anti-phospho-GSK3«a/B (Ser-21/Ser-9;
1:1000) (Cell Signaling Technology); HRP-conjugated anti-
GAPDH and HRP-conjugated anti-B-Actin (1:10,000;
Kangcheng, Shanghai, China); and HRP-conjugated secondary
antibodies (1:10,000; Santa Cruz Biotechnology).

Immunohistochemistry and TUNEL Staining—Cells cul-
tured on coverslips or tissue slices from rat brains were washed
with phosphate-buffered saline and fixed for 30 min with 4%
paraformaldehyde at room temperature. Fixed samples were
permeabilized with 0.1% Triton X-100 for 30 min, subsequently
blocked with 1% bovine serum albumin in phosphate-buffered
saline, incubated overnight at 4 °C with primary antibody (rab-
bit anti-LINGO-1 (1:100), goat anti-LINGO-1 (1:100; Santa
Cruz Biotechnology), rabbit anti-WNK3 (1:100), mouse anti-
Tujl (1:100; Chemicon), or monoclonal rabbit anti-cleaved
caspase-3 (1:100)), and detected by species-specific FITC- or
rhodamine-conjugated secondary antibodies (1:100; Santa
Cruz Biotechnology). In rescue assays, Myc staining was
detected by Alexa Fluor 647 (1:300; Jackson ImmunoResearch
Laboratories). We used an in situ cell death detection kit (Roche
Applied Science) to label apoptotic cells and visualized labeled
cells with TMR red. Fluorescent images were taken with a Leica
SP5 confocal microscope. At least 100 cells were counted under
each experimental condition.

Primary Cultures, Transfections, and Survival Assays—Cor-
tical neurons were isolated from embryonic day 18 (E18)
Sprague-Dawley rats and transfected by nucleofection (Amaxa)
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following the manufacturer’s instructions. After 3 h, the culture
medium was replaced with fresh Neurobasal-A medium with a
2% B-27 supplement (Invitrogen). Three days after transfec-
tion, the medium was replaced with DMEM without serum to
induce apoptosis. After 24 h, cells were subjected to anti-
cleaved caspase-3 antibody or TUNEL staining and observed
under an Olympus fluorescence microscope (excitation at 454
nm). Only GFP-positive cells were used for quantitative
analysis.

In other apoptosis analyses, E18 cortical neurons were cul-
tured for 3 days in vitro. After serum deprivation (SD) for up to
12 h, cells were subsequently treated with various concentra-
tions of GST or GST-Nogo66 for different time intervals prior to
propidium iodide staining. Serum-containing cultures were used
in parallel as controls. To test the effect of LINGO-1 on survival,
E18 cortical neurons were pretreated with TAT-LINGO-1 IC (2
um) or an unfused TAT protein (TAT control; 2 um) for 2 days
before subjecting the cells to 24 h of SD. In these assays, survival
was measured by cleaved caspase-3 staining.

We determined the rates of apoptosis by counting propidium
iodide-positive or caspase-3-positive cells. At least 800 cells
were counted in each group. The data were analyzed by one-
way analysis of variance and Student’s ¢ test. Statistical values
are presented as the mean = S.E. All morphology experiments
were repeated at least three times.

In Utero Electroporation—Plasmids were transfected by in
utero electroporation as described (19). In brief, multiparous
Sprague-Dawley rats at 13 days of gestation were anesthetized
with 10% chloral hydrate (3.5 ml/kg, intraperitoneally). Uter-
uses were exposed, and 15-20 mg of plasmid mixed with Fast
Green FCF (2 mg/ml; Sigma) was injected by trans-uterus pres-
sure microinjection into the lateral ventricle of embryos. The
plasmid mixture (6 mg/ml) consisted of 1:1 enhanced YFP
(EYFP) and shRNA or 1:1:1 EYFP, shRNA, and rescue plasmid.
Five electric pulses applied to the cerebral wall (50 ms at 60 V) at
100-ms intervals were generated using an ElectroSquireportator
T830 system (BTX). EYFP- and TUNEL-labeled cells were
counted in the electroporated cortex, and averages from at least
three serial slices per animal were tallied. Statistical significance
was determined using one-way analysis of variance and Dun-
nett’s multiple comparisons test or Student’s ¢ test.

RESULTS

Effect of LINGO-1 on Neuronal Survival—Nogo66 is a func-
tional domain of Nogo shared by all three family members and
is an agonist commonly used for activating the LINGO-1 recep-
tor complex in neuronal cells (1, 20). To investigate a role for
LINGO-1 in neuronal apoptosis, we first employed a well estab-
lished in vitro model of apoptosis in which cultured cortical
neurons are challenged with SD (21). To examine whether
Nogo66 promotes neuronal apoptosis, cultured cortical neu-
rons were subjected to SD for up to 12 h and then treated with
GST alone or GST-Nogo66 at a variety of concentrations and
time intervals. Cell viability was evaluated by propidium iodide
staining. We found that SD-induced cell death in GST-treated
cultures at both 2- and 12-h intervals was significantly
increased compared with the serum-containing controls: 100
nM GST for 2 h, 15.11 * 1.01%, versus serum, 9.41 = 1.10%; 200
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nM GST for 2 h, 17.11 * 1.94%, versus serum, 8.55 = 3.46%; 100
nM GST for 12 h, 20.70 = 1.21%, versus serum, 9.96 = 1.91%;
and 200 nm GST for 12 h, 21.80 * 1.34%, versus serum, 10.47 =+
1.29%. Importantly, SD-induced cell death was greatly
increased by Nogo66 treatment (Fig. 1A4). Statistical analyses
(Fig. 1C) showed a significantly higher percentage of apoptotic
cortical neurons in cultures treated with GST-Nogo66 com-
pared with GST-treated controls: 100 nm GST-Nogo66 for 2 h,
20.87 *= 1.08%, versus 100 nm GST, 15.11 * 1.01%; 100 nm
GST-Nogo66 for 12 h, 32.71 *= 2.30%, versus 100 nm GST,
20.70 = 1.21%; 200 nm GST-Nogo66 for 2 h, 34.24 = 3.77%,
versus 200 nm GST, 17.11 * 1.94%; and 200 nm GST-Nogo66
for 12 h, 51.46 * 2.94%, versus 200 nm GST, 21.80 = 1.34%.
These results are supported by a previously published report
indicating that the Nogo66 protein potentiates SD-induced
neuronal apoptosis (22).

To examine whether LINGO-1 is involved in the regulation
of neuronal apoptosis, we generated a soluble fusion protein
consisting of the intracellular domain of LINGO-1 tagged with
TAT (TAT-LINGO-1 IC). As shown in Fig. 2F, TAT-LINGO-1
IC was able to efficiently enter cells as evidenced by immuno-
blotting with anti-LINGO-1 antibody. Primary cultured corti-
cal neurons pretreated with TAT-LINGO-1 IC (2 um) or TAT
peptide (2 um; TAT control) were deprived of serum for 24 h,
and rates of apoptosis were then measured by cleaved caspase-3
staining. The percentage of cleaved caspase-3-positive neurons
was significantly higher in TAT-LINGO-1 IC-treated cultures
(64.21 = 2.08%) than in control cultures (33.99 = 2.16%) (Fig. 1, B
and D). The enhanced activation of caspase-3 in TAT-LINGO-1
IC-treated cultures was also confirmed by immunoblotting (Fig.
1E). These results suggest that intracellular signaling downstream
of LINGO-1 has an effect similar to Nogo66 in promoting apopto-
sis in serum-deprived cortical neurons.

LINGO-1 Co-precipitates with WNK3 in Brain Tissues—
Given the interaction between LINGO-1 and WNKI1 (5) and
the anti-apoptotic effect of WNK3 (17), we next asked whether
WNK3 activity is responsible for the pro-apoptotic effect of
LINGO-1 in cortical neurons. We first examined the expres-
sion patterns and cellular localization of WNK3 in rat brain
slices and primary cultured neurons. In E13 cortical slices (Fig.
2A), both LINGO-1 and WNK3 were expressed at high levels in
neurons, as indicated by Tujl co-staining. Furthermore,
WNK3, a cytoplasmic protein, and LINGO-1, a transmem-
brane protein, co-localized in primary cultured E18 cortical
neurons (Fig. 2B). We next performed co-immunoprecipitation
assays on P1 rat brain tissue lysates and found that LINGO-1
precipitated with WNK3 and vice versa (Fig. 2C). These results
suggest that endogenous LINGO-1 and WNK3 can interact in
the brain. To further investigate the relevance of Nogo66 to the
LINGO-1/WNK3 interaction, primary cultured cortical neu-
rons having undergone 12 h of SD were treated with 100 nm
GST or GST-Nogo66 for 3 h. As shown in Fig. 2D, co-immu-
noprecipitation assays revealed a significantly enhanced inter-
action between WNK3 and LINGO-1 in Nogo66-treated cul-
tures, suggesting that the LINGO-1/WNK3 interaction is
responsive to Nogo66 stimulation.

LINGO-1 Inhibits WNK3 Kinase Activity—Previous studies
have revealed that autophosphorylation is an essential step in
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FIGURE 1. LINGO-1 is involved in regulation of neuronal apoptosis. A, representative images showing the effect of treatment with either GST-Nogo66 or
GST alone on apoptosis rates in serum-deprived cultures of E18 primary cortical neurons. Results are compared with serum-containing cultures (Serum+). Cell
viability was evaluated by propidium iodide (P/) staining. BF, bright field. Scale bar = 50 um. B, representative images showing the effects of TAT-LINGO-1ICon
rates of SD-induced apoptosis. The TAT peptide (TAT-control) was used as a negative control. Apoptosis was assessed by immunohistochemical staining for
cleaved caspase-3 (green), with the arrows indicating apoptotic cells. Dendrites were visualized using MAP-2 staining (red). Nuclei were stained with Hoechst
dye (blue). C, statistical analyses of results in A showing the percentage of propidium iodide-positive cells in each treatment group. S+, serum-containing. The
total number of cells counted for each group is indicated in the corresponding column. Values represent the mean = S.E. *, p < 0.001 versus the serum-
containing control; #,p < 0.001 versus the SD/GST control; A, p < 0.001 versus 2-h treatment with the same concentration (Student’s t test and one-way analysis
of variance). D, statistical analyses of results in B showing the percentage of apoptotic cells in each treatment group. The total number of cells counted for each
group is indicated in the corresponding column. Values represent the mean = S.E. **, p < 0.001 versus the control (Student’s t test and one-way analysis of
variance). E, immunoblot (/B) showing caspase-3 activation in TAT-LINGO-1 IC-treated cortical neurons, with the TAT peptide used as a negative control and

GAPDH as a loading control.

WNK kinase activity (23—25). Therefore, we examined WNK3
autophosphorylation levels in cortical neurons after Nogo66
treatment. Primary cultured cortical neurons from E18 rats
were treated with GST-Nogo66 (100 nm) or GST alone (100
nM), and phospho-WNK3 levels were measured 48 h later by
immunoprecipitating WNK3 from the lysate with anti-WNK3
antibody and then immunoblotting the precipitate with anti-
phosphoserine antibody. Consistent with a published report
(26), serine-phosphorylated WNK3 was abundant in control
cultured cortical neurons (Fig. 2, E and ), suggesting that cor-
tical neurons exhibit a high degree of constitutive WNK3 activ-
ity. When primary cortical neurons were treated with GST-
Nogo66, however, the levels of serine-phosphorylated WNK3
were significantly decreased, indicating that WNK3 kinase
activity is negatively regulated by Nogo signaling.

We next examined whether LINGO-1 contributes to the
Nogo-dependent inhibition of WNK3 kinase activity. Primary
cultured cortical neurons were treated with TAT-LINGO-1 IC
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(2 um) or the TAT control (2 um), and 48 h later, phospho-
WNK3 levels were measured. Although total WNK3 concen-
tration was not affected by TAT-LINGO-1 IC treatment, we
observed a significant decrease in phospho-WNK3 levels com-
pared with controls (Fig. 2, G and /). These results demonstrate
that LINGO-1 can negatively regulate WNK3 kinase activity.

Suppression of Endogenous WNK3 Kinase Sensitizes Cortical
Neurons to Apoptosis—To investigate a role for endogenous
WNK3 in neuronal survival, we reduced WNK3 levels using
RNAIi. Three candidate siRNA sequences were designed, and
the most effective one was selected and cloned into the pPSUPER
vector to generate pSUPER-WNK3 shRNA, which we then
transfected into PC12 cells. As shown in Fig. 3 (A and B), the
levels of WNK3 mRNA and protein were significantly reduced
in cells transfected with pSUPER-WNK3 shRNA but were not
affected by transfection with a control pSUPER vector contain-
ing a scrambled control shRNA sequence or an empty pSUPER
vector.
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FIGURE 2. LINGO-1 interacts with endogenous WNK3 in rat brain tissues and regulates its kinase activity. A,immunohistochemical staining showing that
WNK3 and LINGO-1 co-localize in E13 rat cortical neurons. Green, LINGO-1 or WNK3; red, neuron-specific Tuj1. Scale bars = 500 um (upper panels), 100 wm
(middle panels), and 50 um (lower panels). B, immunohistochemical co-staining of LINGO-1 and WNK3 in E18 rat cortical neurons. Scale bar = 20 um.
C, co-immunoprecipitation experiment showing that endogenous WNK3 interacts with LINGO-1 in rat brain tissue. Brain and muscle tissues were used as
positive and negative controls, respectively, and GAPDH was used as a loading control. D, immunoprecipitation (/P) showing that endogenous LINGO-1
activation by Nogo66 treatment results in enhanced association with WNK3. Endogenous LINGO-1 expression was used as a loading control. E, co-immuno-
precipitation showing phosphorylated WNK3 levels in primary cultured E18 cortical neurons treated with 100 nm GST-Nogo66 or GST alone as a control. F,
immunoblotting (/B) of lysates from E18 cortical neurons treated with TAT-LINGO-1 IC or the TAT control using anti-LINGO-1 (10 kDa) and anti-WNK3 (250 kDa)
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quantification of D, E, and G is presented as -fold of control. Data shown are the mean = S.D. of three independent experiments. **, p < 0.01 (Student’s t test).

Next, E18 cortical neurons were transfected with pSUPER-  with control cultures. Furthermore, when full-length human
WNK3 shRNA or control vector and cultured for 3 days before WNK3, which is resistant to the RNAi approach, was cotrans-
being deprived of serum for 24 h. As revealed by TUNEL stain-  fected with pSUPER-WNK3 shRNA, the effect of WNK3
ing (control, 21.93 * 2.38%; and WNK3 shRNA group, 44.38 = shRNA on neuronal apoptosis under SD was abolished
1.99%) (Fig. 3, C and G) and cleaved-caspase-3 staining (con- (TUNEL assay, 20.62 * 3.34%; and cleaved caspase-3 staining,
trol, 21.20 * 2.53%; and WNK3 shRNA group, 44.88 = 4.24%) 23.23 * 4.87%), as shown in the lower panels of Fig. 3 (G and 1),
(Fig. 3, E and I), apoptotic GFP-positive cells were significantly indicating the specificity of the WNK3 RNAI. Finally, we con-
increased in WNK3 shRNA-transfected cultures compared firmed all of the sShRNA results described in Fig. 3, including the
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FIGURE 3. Inhibition of WNK3 increases neuronal apoptosis in vitro. A, RT-PCR analysis of WNK3 mRNA expression in PC12 cells transfected with pSUPER-
WNK3 shRNA (WNK3 si), pPSUPER-scrambled control shRNA (Control si), or pSUPER vector (Control). GAPDH was used as a loading control. B, immunoblot
showing WNK3 expression in pSUPER-WNK3 shRNA- and pSUPER-transfected (control) PC12 cells. C-F, apoptosis of serum-deprived primary E18 cortical
neurons transfected with the pSUPER vector (Control) or pSUPER-WNK3 shRNA (WNK3 si) or cotransfected with pSUPER-WNK3 shRNA and
pcDNA3-myc-hWNK3 (WNK3 si + hWNK3) as assessed by TUNEL staining (Cand G) and caspase-3 activation (Eand /). The WNK3 siRNA sequences were designed
to interact with rat, but not human, mRNA. Neuronal apoptosis in pEGFP-N1-hWNK3(49 -436)K159M (WNK3(49-436)K159M) and pEGFP-N1-hWNK3(49 -436)
(WNK3(49-436)) was also assessed by TUNEL staining (D and H) and caspase-3 activation (F and J); only transfected neurons were assessed. Arrows indicate
apoptosis in transfected/cotransfected neurons. Values in C—F represent the mean = S.E. **, p < 0.001 versus the control (Dunnett’s multiple comparisons test

and Student’s t test). The total number of cells counted in each group is indicated in the corresponding column. Scale bars = 30 um.

reversion of the phenotype experiment, with a second WNK3
shRNA (WNK3si-2; data not shown), thus suggesting that our
results cannot be explained by an artifact of off-target siRNA.

To further assess the role of WNK3 kinase activity in neuro-
nal apoptosis, we expressed a transgenic form of WNK3 con-
taining the entire catalytic domain, WNK(49 —436) (27), or a
kinase-dead mutant form of the same transgene, WNK3(49 —
436)K159M (17). Both constructs were cloned into pEGFP-N1
and transfected into cultured cortical neurons. TUNEL and
cleaved caspase-3 staining revealed that overexpression of the
WNK3 catalytic domain had little effect on apoptosis, whereas
expression of kinase-dead WNK3 significantly increased apo-
ptosis of cells showing TUNEL labeling (WNK3(49 -
436)K159M, 66.56 * 2.94%; and WNK3(49 -436), 25.48 =
2.03%) (Fig. 3, D and H) or cleaved caspase-3 staining
(WNK3(49-436)K159M, 61.36 *= 3.30%; and WNK3(49 -
436), 24.56 = 2.08%) (Fig. 3, Fand )).
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WNKS3 Kinase Promotes Cortical Neuronal Survival in Vivo—
During cortical development, when post-mitotic neurons
migrate away from the ventricular zone along radial glial fibers
and toward the surface of the cortical plate, many migrating
neurons undergo apoptosis. To study the role of WNK3 in neu-
ronal survival during this developmental stage, we transfected
E13 ventricular zone neurons with WNK3 shRNA, WNK(49 —
436)K159M, or the control pSUPER vector together with a plas-
mid encoding EYFP by in utero electroporation (19). We next
prepared coronal sections from the somatosensory cortex
(striatum level of the dorsolateral neocortex) on E16 or E19. At
E16, no differences in the number of EYFP-positive cells were
observed between control cortices and WNK3 shRNA group or
WNK3(49 - 436)K159M cortices (Fig. 4B). In contrast, the
number of EYFP-positive cells was markedly reduced on E19 in
the WNK3 shRNA group and, to a greater extent, the
WNK3(49 —436)K159M group compared with the control
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FIGURE 4. WNK3 promotes cortical neuronal survival in vivo. A, representative images of TUNEL-positive cells in rat cortices electroporated with the
indicated constructs plus EYFP on E13 and analyzed on E19. Control, pSUPER vector; WNK3 si, pPSUPER-WNK3 shRNA; WNK3(49-436)K159M, pEGFP-WNK3(49 -
436)K159M; WNK3 si + hWNK3, pSUPER-WNK3 shRNA + pEGFP-hWNK3. Scale bar = 50 um. B, quantification of EYFP-positive cells in E16 and E19 cortices after
transfection as described for A. Values were normalized to those of the control. Data represent the mean = S.E. from five to seven animals (n values are indicated
in the corresponding column). **, p < 0.001 versus the control (Student’s t test). C, proportion of TUNEL-labeled EYFP-positive neurons in E16 and E19 cortices
after transfection as described for A normalized to those of the control. Data represent the mean = S.E. *, p < 0.01; **, p < 0.001 versus the Control (Student’s
t test). The number of cortices analyzed in each group is indicated in the corresponding column.

group (Fig. 4, A and B). We examined this further by TUNEL
staining (Fig. 4, A and C); at E16, no difference in the number of
TUNEL-labeled EYFP-positive neurons was observed between
the two groups. However, in E19 cortices electroporated with
WNK3 shRNA or WNK3(49 —436)K159M on E13, the propor-
tion of TUNEL-labeled EYFP-positive neurons at E19 was
much greater than in controls. The apoptotic effect of WNK3
shRNA was largely abrogated when co-electroporated with
full-length wild-type human WNK3, which indicates that the
effect of WNK3 shRNA was specific. Taken together, these in
vivo results suggest that WNK3 kinase activity plays an essential
survival role during cortical development.

DISCUSSION

Several recent studies have demonstrated that LINGO-1 is
involved in the regulation of neuronal apoptosis. For example,
blocking LINGO-1 function improves midbrain dopaminergic
neuron survival in an animal model of Parkinson disease (12),
increases RGC survival in a rat model of chronic glaucoma (11),
and protects cerebellar granule neurons from low potassium-
induced apoptosis (13). Moreover, genetic analysis suggests
that the LINGO1 gene may be an attractive target when devel-
oping therapies for the treatment of neurodegenerative dis-
eases that are thought to be characterized by neuronal apopto-
sis (28, 29).
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The underlying mechanism of LINGO-1 function has been
attributed to its association with receptor tyrosine kinases. For
example, the binding of LINGO-1 to the EGER has been shown
to directly inhibit EGFR expression. This results in a dampen-
ing of PI3K/Akt signaling, which has been shown to protect
dopaminergic neurons from apoptosis (12). LINGO-1 has also
been shown to associate with TrkB in the regulation of RGC
survival (30). Blocking the extracellular domain of LINGO-1
disrupts the interaction between LINGO-1 and these receptor
kinases and attenuates inhibition of neuronal survival. In this
study, expression of the intracellular domain of LINGO-1
greatly increased the rates of apoptosis in cultured neurons
under SD, strongly suggesting that LINGO-1 intracellular sig-
naling contributes to promoting neuronal apoptosis.

Our previous work demonstrated that LINGO-1 interacts
with WNKT1 to inhibit neurite extension. However, neither
knockdown nor overexpression of WNK1 had any effect on
neuronal survival, indicating that WNK1 is not involved in the
regulation of neuronal apoptosis (5). Among the four known
WNK family members, only WNK3 has been reported to regu-
late cell survival (17). In this study, we found that WNK3 had a
potent prosurvival effect on serum-deprived cortical neurons.
Suppressing endogenous WNK3 expression by RNAi rendered
these neurons far more susceptible to SD-induced apoptosis.
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We also observed a prosurvival function for WNK3 in vivo;
reducing WNK3 expression by siRNA in radially migrating
ventricular zone-derived neurons led to higher rates of apopto-
sisin the E19 cortical plate. This finding is especially interesting
inlight of the fact that WNK3, which is abundantly expressed in
the hippocampus, several cortical layers, and the Purkinje layer
of the cerebellum (16), is encoded at Xp11.22, a region of the
genome associated with X-linked mental retardation and
autism spectrum disorders (31).

It has been reported that WNK members function via both
kinase-dependent and kinase-independent mechanisms. For
example, kinase-dependent WNK3 activity regulates SLC12A
family electroneutral cation/Cl~ channels (26) and affects Ca®"
influx by regulating TRPV5 and TRPV6 expression (32). On the
other hand, kinase-independent WNK3 activity decreases
plasma membrane levels of ROMKI1 (33) and inhibits the C1™
channel SLC26A9 (34). The anti-apoptotic role of WNKS3 pre-
viously observed in HeLa cells was shown to be dependent on its
ability to bind procaspase-3 (17). In this study, we found that
expression of a transgene consisting of a mutant form of the
WNK3 kinase domain had a potent dominant-negative effect
on cortical neuron survival both in vitro and in vivo. These
results suggest that the kinase activity of WNK3 is essential for
promoting cell survival in neuronal cells.

We observed a high degree of constitutive WNK3 kinase
activity in cultured neurons, as indicated by high levels of phos-
phorylated WNK3 under normal culture conditions (23-26).
However, when challenged with pro-apoptotic Nogo66, the
level of phosphorylated WNK3 was significantly decreased,
indicating that WNK3 kinase activity is negatively regulated by
Nogo signaling. In support of this, when a TAT peptide con-
taining the intracellular domain of LINGO-1 was introduced
into cultured cortical neurons, WNK3 phosphorylation was
also significantly attenuated. This strongly suggests that
LINGO-1, perhaps acting downstream of Nogo66, negatively
regulates WNKS3 kinase activity. Given that both LINGO-1 and
WNK3 are highly expressed in cortical neurons and can co-pre-
cipitate with one another in a manner that is enhanced after
Nogo66 stimulation, the influence of LINGO-1 on WNK3
activity may be direct. It is possible that LINGO-1 binds directly
to the serine/threonine kinase domain of WNKS3, thereby
inhibiting its kinase activation.

As a serine/threonine kinase, WNK1 has been reported to be
a substrate for Akt-mediated phosphorylation (35) and is
dependent on PI3K/Akt-mediated endocytosis of ROMK (36).
Recent studies suggest that WNK3 can also be phosphorylated
by Akt (37). Growth factor-activated PI3K/Akt signaling path-
ways have been previously documented as a major pathway
enhancing neuronal survival (38). Enhancement of the PI3K/
Akt pathway was considered to constitute an important neuro-
protective strategy (39).

GSK3p is a Ser/Thr protein kinase. An N-terminal serine
residue (Ser-9) is known to inhibit GSK38 activity. Many
kinases, including Akt, are known to phosphorylate Ser-9 of
GSK3p and therefore retain GSK3 in an inactive state (40, 41).
GSK3p has been reported to play a pro-apoptotic role in several
models of neuronal cell death, including SD. Inhibition of its
phosphorylation, which leads to its activation, has been shown
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to promote neuronal apoptosis (42). We observed GSK3f to
associate with the LINGO-1-WNK3 complex in primary cul-
tured neurons, and the association was also intensified by
Nogo66 treatment. Moreover, Nogo66 treatment under SD
reduced the phosphorylation of GSK3f (data not shown). Thus,
these results strongly indicate that, in the presence of Nogo66,
the LINGO-1-WNK3-GSK33 complex might be involved in the
negative regulation of neuronal survival, although the precise
mechanism still needs further investigation.

In summary, we have provided evidence that LINGO-1 inter-
acts with and inhibits WNK3 kinase activity, thereby increasing
the susceptibility of cortical neurons to apoptosis. Our findings
shed new light on the mechanism by which Nogo/LINGO-1
signaling promotes cell death during brain development and in
response to stress.
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