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Linx is a member of the leucine-rich repeat and immunoglobulin family of membrane proteins which has
critical roles in the development of the peripheral nervous system and forebrain connectivity. A previous
. study showed that Linx is expressed in projection neurons in the cortex and in cells that comprise
. the passage to the prethalamus that form the internal capsule, indicating the involvement of Linx in
axon guidance and cell-cell communication. In this study, we found that Linx-deficient mice develop
. severe hydrocephalus and die perinatally by unknown mechanisms. Importantly, mice heterozygous
: for the linx gene exhibited defects in the development of the anterior commissure in addition to
hydrocephalus, indicating haploinsufficiency of the linx gene in forebrain development. In N1E-115
neuroblastoma cells and primary cultured hippocampal neurons, Linx depletion led to impaired neurite
. extension and an increase in cell body size. Consistent with this, but of unknown significance, we
. found that Linx interacts with and upregulates the activity of Rho-kinase, a modulator of many cellular
. processes including cytoskeletal organization. These data suggest a role for Linx in the regulation of
. complex forebrain connectivity, and future identification of its extracellular ligand(s) will help clarify
© this function.

The complex connectivity between neurons in the central and peripheral nervous systems is tightly regulated by

sophisticated cell-cell interactions and signaling cascades that construct neuronal circuits and transmit neuronal

activity"2 Previous studies have identified a number of guidance cue molecules that either attract or repulse

growing axons, such as Netrin and Ephrin proteins that signal through their cognate receptors, and intercellular
* adhesion molecules, such as N-cadherin, NCAM (neural cell adhesion molecule), and L1, which contribute to
. the development of the nervous system®. Of these proteins, the members of the leucine-rich repeat (LRR) and
. immunoglobulin (LIG; also referred to as LRRIG) family of transmembrane or glycosyl-phosphatidyl inositol

(GPI)-anchored proteins, which constitute a subfamily of the leucine-rich domain-containing protein family,
- are intriguing in that they are preferentially expressed in the central and peripheral nervous systems*®. Their
. primary structures are comprised of various numbers of extracellular LRRs and one to three immunoglobulin
© (Ig) domains, both of which are known to be involved in ligand interactions and protein-protein interactions®. At
© present, the identification of ligands or binding partners for the LIG family members has been limited except for
. some members that bind Netrin-G, Nogo-66, and receptor tyrosine kinases (RTKs)*7~!1.

Linx, also termed Immunoglobulin Superfamily Containing Leucine-rich Repeat 2 (Islr2), is a type I trans-
membrane protein and a member of the LIG family of proteins with five tandem LRRs, an Ig-like domain, a trans-
membrane domain, and an intracellular domain, and that is specifically expressed in neural tissues (Fig. 1A)*°.
It has been reported that Linx binds to RTKs including TrkA and Ret, receptors for nerve growth factor (NGF)
and glial-derived neurotrophic factor (GDNF), respectively, to modulate the intensity of their signaling cascades,

. although their precise binding selectivity and modes of interaction have yet to be fully elucidated*. Linx-deficient
. mice exhibit defects in axonal projections from peripheral somatosensory and motor neurons, partially mimick-
. ing the phenotypes of NGF-, TrkA- and Ret-deficient mice?. In addition, defects in axonal intermingling between
© thalamocortical and corticofugal neurons and the formation of the internal capsule (IC) were observed in the
: forebrain of Linx-deficient mice'?. However, this phenotype was not fully explained by the impaired action of
: NGF and GDNE, suggesting that Linx interacts with other unknown ligand(s) to exert its biological functions.
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Figure 1. Linx expression in the forebrain and neuroblastoma cell lines. (A) Domain structures of Linx/

Islr2 and its paralogue Meflin/Islr. Amino acid numbers are shown in parentheses. SP, signal peptide;

LRR, leucine-rich repeat; LRR-NT and CT, LRR N-terminal and C-terminal cysteine-rich domains; GPI,
glycosylphosphatidylinositol. (B,C) Tissue distribution of Linx in adult male (B) and female (C) mice.

Lysates prepared from the indicated tissues were analyzed by Western blot with the indicated antibodies.

kDa, kilodaltons; P, postnatal day. Full blot images are shown in Supplementary Figure S3. (D) Linx is
preferentially expressed in the forebrain but not the hindbrain nor the spinal cord. Full blot images are shown in
Supplementary Figure S3. (E) Linx is expressed in the brain throughout postnatal and adult stages in mice. Full
blot images are shown in Supplementary Figure S3. (F) Linx expression in mouse and human cell lines. Lysates
prepared from each mouse (left) and human (right) cell line were subjected to Western blot analysis, which
revealed high levels of Linx expression in the neuroblastoma cell lines including N1E-115, SK-N-SH, and SH-
SY5Y. Full blot images are shown in Supplementary Figure S3.

We have long studied the function of Ret, which mediates GDNF signaling to regulate the development of the
nervous system, kidney and gastrointestinal tract and that underlies the etiology of many human diseases!*~”.
Given the interaction of Linx with Ret and many previous studies showing that Lrig1 -3 (leucine-rich repeats and
immunoglobulin-like domains 1-3), other members of the LIG family, interact with epidermal growth factor
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Figure 2. Linx™'~ mice exhibit severe hydrocephalus. (A) A schematic illustration showing the strategy for
targeting the linx (islr2) gene in mice, as designed by the KOMP. Note that exon 3 of the linx gene encodes an
entire ORE. (B) Representative data from genotypic PCR shows the complete deletion of the wild-type alleles
in Linx~/~ mice. (C) Linx '~ mice die perinatally of unknown causes and have dry skin. A representative view
of newborn mice just after birth is shown. (D) X-gal staining of P26 brain slices prepared from Linx '~ mice
shows the expression of Linx in a region near the apical surface of the cortex, hippocampus (HP), and the
AON. STR, striatum; HY, hypothalamus; CC, corpus callosum. (E) Gross appearance of the heads of P14 wild-
type and Linx™'~ mice. Note the visible skull bump (arrowhead) found in Linx*/~ mice. (F) Transmitted light
images of coronal sections of P21 mouse brains show an enlarged LV (asterisks) in Linx*/~ (lower panel) but
not wild-type (upper panel) mice. CP, caudoputamen. (G) The distribution of Evans dye injected into the LV
of the Linx*/~ P21 mouse brain, showing that Linx*/~ mice develop a communicating form of hydrocephalus.
(H) No apparent expression of Linx in the ependymal cells of the choroid plexus. A boxed area was magnified
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in the adjacent panel. (I) No apparent differences in the expression and localization of Na*/K*-ATPase (left)
and E-cadherin (right), markers for the apical and lateral membranes, respectively, in the ependymal cells of the
choroid plexus between Linx™/* (upper panel) and Linx™'~ (lower panel) mice.

receptor (EGFR) to regulate embryonic development and cancer progression*!®!°, we initially hypothesized that
Linx could be a critical regulator of Ret function. In the present study, we first sought to characterize the expres-
sion profile of Linx in the body. We also generated Linx-deficient mice using a different approach than in a previ-
ous study, and found that they died soon after birth (PO, postnatal day 0), which was consistent with the previous
report'2. We unexpectedly found that mice heterozygous for the linx gene develop hydrocephalus and exhibit
severe defects in the development of the anterior commissure (AC), indicating a haploinsufficiency effect of Linx
during the development of the forebrain along with its function in axon path finding. Unfortunately, we could
not identify any effects of Linx on the RTK signaling pathway. Instead, we identified Rho-kinase as an interacting
protein with Linx, further suggesting the involvement of Linx in cytoskeletal organization and other various cel-
lular processes during brain development.

Results

Tissue distribution of Linx and its expression in neuroblastoma cell lines. In a previous study
that comprehensively examined the expression and distribution of the LIG family of proteins in mouse embryos
by in situ hybridization (ISH), Linx/Islr2 was shown to be exclusively expressed in the nervous system?®. In the
present study, we first examined the tissue distribution of Linx at the protein level in adult male and female mice
(Fig. 1B,C). As expected, Linx expression was specifically found in the brain with an exception in the testes of
male mice. Linx expression was abundant in the cerebrum and the olfactory bulb (OB) but not in the cerebel-
lum nor spinal cord, indicating a role for Linx in the function or development of the forebrain (Fig. 1D). Linx is
expressed throughout postnatal and adult stages, suggesting multifaceted roles in development as well as homeo-
stasis, neurogenesis, or physiological functions of the nervous system (Fig. 1E). Linx was also detected in several
mouse and human neuroblastoma cell lines (N1E-115, TGW, SK-N-SH, and SH-SY5Y) but not in non-neural
cell lines including NIH3T3 (fibroblasts), HeLa (cervical cancer cells), and HEK293 (embryonic kidney epithelial
cells) (Fig. 1F). Although marginal, Linx expression was faintly detected in human glioma cell lines including
U251MG and Becker. Combined, these data along with a previous ISH study, led to the hypothesis that Linx
functions primarily in neuronal but not glial cells during both developmental and adult stages.

Development of hydrocephalus in Linx-deficient mice. Previous studies showed that Linx-deficient
mice exhibit defects in the formation of the IC and axonal extensions of the peripheral nervous system*'. We
also generated Linx-deficient mice using correctly targeted embryonic stem (ES) cells available from the KOMP
(Knock Out Mouse Project) repository, which enabled us to monitor the expression of Linx by X-galactosidase
(X-gal) staining in both homozygous and heterozygous mice (Fig. 2A,B). We found that Linx-deficient (Linx~/~)
mice die during the late embryonic stage or soon after birth at PO (Fig. 2C), which is consistent with a previous
report?. X-gal staining of postnatal brain tissue from P21 heterozygous (Linx*/~) mice identified the expression
of Linx in the dentate gyrus and the CA3 and CA1 regions of the hippocampus and in the region near the apical
surface of the cortex, suggesting the involvement of Linx in neocortical projection and hippocampal function
(Fig. 2D). Linx expression was also detected in a region of the brain rostral to the striatum (STR), which appears
to correspond to the anterior olfactory nucleus (AON), further suggesting a role for Linx in the development or
function of the olfactory cortical circuits (Fig. 2D).

One of the phenotypes we observed in the Linx~/~ mice but that was not described in the previous study was
the development of severe hydrocephalus, which could be a contributor to the embryonic or perinatal death of
these mice (data not shown)!2. Of note, Linx ™/~ mice also developed hydrocephalus postnatally with a 100% pen-
etrance (Linx ™~ mice, 50/50; wild-type [Linx*/*] mice, 0/50), indicating the haploinsufficiency of the linx gene
for brain development and function (Fig. 2E). Hydrocephalus and the enlargement of the lateral ventricle (LV)
were confirmed by observations of coronal sections through the brain of Linx"/~ mice using transmitted light
microscopy (Fig. 2F). Injection of Evans dye into the LV to visualize the circulation of cerebral spinal flow (CSF)
in vivo did not show any impediment in either intra- or extra-ventricular CSF flow (Fig. 2G). This result thus
excludes the possibility that Linx*/~ mice develop a non-communicating form of hydrocephalus. Further histo-
logical analyses showed that Linx is not expressed in the ependymal cells of the choroid plexus, and the expression
and localization of Na*/K*-adenosine triphosphatase (Na*/K*-ATPase) and E-cadherin, markers for the apical
and lateral membranes of those cells, respectively, were not affected in Linx "/~ cells, suggesting that Linx is not
involved in the function of the ependymal cells (Fig. 2H,I).

Defective development of the AC in Linx*/~ mice. The expression of Linx in the neocortex and region
surrounding the AON (Fig. 2D) prompted speculation that Linx may be involved in the formation of neocortical
circuitry or the interconnected networks of neurons in the forebrain. As previously reported!?, we found that
Linx~'~ mice displayed a severe defect in the development of the IC, where the thalamocortical projections that
form the ascending component of the IC are aberrant (Fig. 3A). In addition, observations of serial coronal sec-
tions from the brains of Linx™'* and Linx*/~ mice using transmitted light microscopy showed that the formation
of the AC, which connects olfactory structures and the anterior and posterior piriform cortices?!, was completely
defective in Linx*/~ mice (Fig. 3B). Both anterior and posterior branches of the AC (ACa and ACp, respectively),
which comprise axons from the AON and the anterior piriform cortex and those from the posterior piriform
cortex and the amygdala, respectively, were defective in Linx*/~ mice. In contrast, there was no significant differ-
ence in the thickness of the corpus callosum (CC); the CC in Linx™/~ mice was the same size as in age-matched
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Figure 3. Defective AC development in Linx™'~ mice. (A) A defect in IC development found in Linx~/~ mice. The
coronal sections of brains from Linx ™'+ (left) and Linx~/~ (right) E19 embryonic mice were stained for L1, a neuronal
adhesion molecule, to visualize the IC. An arrowhead denotes the remnants of the descending component of the IC.
Boxed areas were magnified in the adjacent panels. (B-D) Transmitted light (B), Nissl-stained (C), and KB-stained
(D) images of coronal sections from P30 mouse brains showing the defects in the AC of Linx*'~ mice. ACp, posterior
branch of the AC; ACa, anterior branch of the AC; TH, thalamus; HC, hippocampal commissure; BST, bed nuclei

of the stria terminalis. (E) Horizontal sections from the brains of wild-type (left) and Linx™'~ (right) mice showing
defective AC development in Linx*/~ mice. Boxed areas are magnified in the lower panels. (F) The axon tract from
the AON was labeled with Dil crystals placed around the AON regions prepared from wild-type and Linx "/~ mice.
The axon tract that constitutes the anterior branch of the AC was short and disrupted in Linx*'~ mice compared with
wild-type mice. Boxed areas are magnified in the adjacent panels. (G) A schematic illustration representing the neural
projections regulated by Linx; this is based on data from both previous'? and present studies.
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Figure 4. Linx regulates neurite extension and cell body size. (A,B) Linx is localized to the tips (arrowheads)
of neurites in both undifferentiated (A) and differentiated (B) N1E-115 cells. In (B), ZsGreen was transfected
as a fill to visualize cell bodies and neurites. (C) Linx preferentially localizes to the growth cones (arrowhead)
of growing axons in cultured primary hippocampal neurons. DIV, days in vitro. The growth cone is shown
enlarged in the inset. (D) Linx localization in the leading processes and cell bodies of neuroblasts (arrowheads)
that are migrating out from RMS explants embedded in Matrigel. Boxed areas are enlarged in adjacent panels.
(E) Linx depletion leads to defective elongation of neurites in N1E-115 cells. Arrowheads indicate neurites.
The graphs show the number of cells possessing neurites greater than 50 um in length (lower left) and cell body
size (lower right). Note that the average cell body size of Linx-depleted cells was much larger than control cells.
The numbers in bars indicate the numbers of samples analyzed. (F) Hippocampal neurons isolated from the
brain of Linx '~ embryos at embryonic day (E) 19 show defective elongation of axons compared with wild-
type (Linx™'*) embryos. Arrowheads indicate Tau-1-positive axons. The graphs show the number of axons
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identified by Tau-1 staining (upper right), growth cone area (lower left) and cell body size (lower right) of the
neurons. The numbers in bars indicate the numbers of samples analyzed. (G) Re-expression of Linx-GFP in
Linx-depleted N1E-115 cells as confirmed by Western blot analysis with an anti-Linx antibody. Full blot images
are shown in Supplementary Figure S3. (H) Rescue of cell body size by the expression of Linx-GFP, but not GFP
only, in N1E-115 cells depleted of endogenous Linx. The graph shows the quantified cell body size measured as
surface area.

wild-type mice (Fig. 3B). These observations were further confirmed by Nissl and Kliiver-Barrera (KB) staining,
which identified complete loss of myelinated axon tracts in the regions corresponding to both the ACa and ACp
(Fig. 3C,D). The defect in AC formation was also evident in horizontal section from Linx*/~ brains (Fig. 3E).
This was further confirmed by the implantation of Dil (1,1’-dioctadecyl-3,3,3¢3/-tetramethylindocar-bocyanine
perchlorate) at the position of the AON in the brain of Linx ™~ mice, which failed to cross the midline along the
AC (Fig. 3F). In addition, our preliminary observations of central sagittal section from the brain of Linx '~ mice
identified defective development of the hippocampal commissure and hippocampal fornix projection (data not
shown). Thus, together with the previous study that showed the importance of Linx in the development of the IC,
our study suggests that Linx is essential for commissural and longitudinal projections of specific neurons in the
forebrain (Fig. 3G)'%.

Linx regulates neurite extension and cell body size. Previous studies have shown complicated mech-
anisms for the formation of the IC and AC**"?2. Guidance cue molecules and cell-intrinsic machinery that drive
axonal path finding are not sufficient to confer full development of the nervous system, as glial and corridor cells
that comprise the tunnel or path for axonal tracts also have essential roles*?"*2. To gain insight into Linx func-
tion, we examined the subcellular localization of endogenous Linx by immunofluorescence in cultured N1E-115
neuroblastoma cells. The specificity of Linx antibody was confirmed by immunostaining on control N1E-115
cells and those depleted of Linx by using CRISPR/Cas9-based genome editing? (Supplementary Figure S1A,B).
For the depletion of Linx, we designed two guide RNA constructs (m2 and m3), and found that m2 effectively
depleted Linx after antibiotic selection, which we utilized for further analyses in the present study (Supplementary
Figure S1A). In undifferentiated N1E-115 cells, Linx localizes to the tips of short neurites (Fig. 4A). In differenti-
ated N1E-115 cells after serum starvation and in primary cultured hippocampal neurons, Linx also preferentially
localizes to the tips of neurites and growing axons (Fig. 4B,C). Furthermore, we also localized Linx to the leading
processes of neuroblasts that migrated out from explants isolated from the rostral migratory stream (RMS) of the
forebrain (Fig. 4D). These findings imply a role for Linx in the cytoskeletal organization that contributes to the
regulation of neurite extension and cell migration.

We next compared morphology as well as neurite extension in control and Linx-depleted differentiated N1E-
115 cells, and found that Linx-depleted cells exhibited impaired neurite extension (Fig. 4E). The role of Linx
in neurite extension was also demonstrated in primary cultured hippocampal neurons; in these experiments,
axonal projections from neurons isolated from the brain of Linx~/~ mice were defective compared to those from
wild-type brains (Fig. 4F). Intriguingly, hippocampal neurons isolated from Linx~'~ brains showed defects in the
localization of Tau-1 on growing axons and axon-dendrite differentiation, and an increase in growth cone and
cell body areas compared to those from Linx™'* brains. Linx-depleted N1E-115 cells also exhibited an increase
in cell body size in both undifferentiated and differentiated cells, which could be rescued by the expression of
exogenously added Linx that was fused with green fluorescence protein (GFP; Fig. 4E,G,H). It was noted that the
cell body size of hippocampal neurons showed a tendency to be dependent on linx gene dosage, although not sta-
tistically proven in the present study (Supplementary Figure S2A). These data suggest a role for Linx in multiple
cellular processes that involve neurite elongation and regulation of cell size.

Linx interacts with Rho-kinase to regulate its activity. A previous study showed the interaction
between Linx and RTKs, including Ret, TrkA, and fibroblast growth factor receptor 2 (FGFR2), in which Linx
upregulates the signal intensity of growth factor-induced activation of extracellular-regulated kinase (ERK)*. In
the present study, we confirmed the interaction between Linx and Ret or TrkA in N1E-115 cells using immuno-
precipitation (IP) assays (Fig. 5A,B). Unexpectedly, however, we did not observe the effect of Linx overexpression
on ERK signaling in N1E-115 cells stimulated with GDNEF, the ligand for Ret, suggesting that Linx has other
various function(s) that are dependent on context or cell type (Fig. 5C).

To identify new Linx interacting proteins, we generated 293FT human embryonic kidney cells stably express-
ing Linx fused with a streptavidin-Flag tag (Linx-SF). We immunopurified a protein complex that included
Linx-SF by IP, then performed additional analysis of the immunocomplex using mass spectrometry (Fig. 6A).
One of the proteins identified to specifically co-immunoprecipitate with Linx-SF was Rho-kinase, a master reg-
ulator of the contractility and reorganization of the actin cytoskeleton®*?*. The interaction between Linx and
Rho-kinase 2 was further confirmed by an IP experiment as well as immunofluorescent analysis of cultured
hippocampal neurons (Fig. 6B,C), where the specificity of Rho-kinase 2 antibody was shown by neurons depleted
of endogenous Rho-kinase 2 by RNA interference (Supplementary Figure S1C,D). We also observed that the
phosphorylation (Ser19) of myosin light chain (MLC), a representative substrate of Rho-kinase capable of mon-
itoring its activity, was elevated in neurons isolated from Linx*/* compared to Linx~/~ mice when incubated
in conventional culture medium (Fig. 6D)?*?. The activation of ERK was comparable between neurons from
Linx™* and Linx '~ mice even after stimulation with brain-derived neurotrophic factor (BDNF), the ligand for
TrkB (Fig. 6D). The comparison of Linx™~ and Linxt/* neurons, however, resulted in no obvious difference
in the phosphorylation of both MLC and ERK, making it unclear to what extent and how Rho-kinase activity
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Figure 5. Interaction of Linx with RTKs and its effect on ERK signaling. (A) Linx interaction with Ret.
Lysates from N1E-115 cells were immunoprecipitated (IP) using Linx (left) and Ret51 (right; an isoform

of Ret) antibodies, followed by Western blot analysis with the indicated antibodies. Asterisks indicate co-
immunoprecipitated Ret51 and Linx. TCL, total cell lysates. Full blot images are shown in Supplementary
Figure S3. (B) Linx interaction with TrkA. Lysates from N1E-115 cells transfected with either control or
Linx-V5 vector were immunoprecipitated with V5 antibody, followed by Western blot analysis. Asterisks
indicate co-immunoprecipitated TrkA. Full blot images are shown in Supplementary Figure S3. (C) N1E-115
cells transfected with either control or Linx-V5 vector were starved and stimulated with GDNF, followed by
Western blot analysis using the indicated antibodies. Full blot images are shown in Supplementary Figure S3.

is linx gene dose-dependently regulated (Supplementary Figure S2B). Furthermore, consistent with the role of
Linx in the regulation of cell body size, the inhibition of Rho-kinase activity by its inhibitor Y-27632 resulted
in an increase in cell size including growth cone and cell body areas of primary cultured hippocampal neurons
(Fig. 6E,F).

Finally, to examine the significance of Linx-mediated regulation of Rho-kinase activity, we transduced
GFP (control) or the catalytic domain (CAT) of Rho-kinase, a constitutively active mutant of Rho-kinase, in
Linx-depleted N1E-115 cells (clone m2), followed by the measurement of cell body area and neurite extension
(Fig. 6G,H). These data, when compared with the data shown in Fig. 4E, showed that the increase in cell body
area and the defect in neurite extension in Linx-depleted cells were rescued by Rho-kinase-CAT overexpression
(Fig. 6G,H). These data suggest that the Linx/Rho-kinase interaction could be at least relevant to the regulation of
cell body size and neurite extension, which may have a role in the development of brain architecture and neuronal
connectivity.

Discussion

In the present study, we found that Linx is a member of the LIG family of membrane proteins that is specifically
expressed in neural tissues and essential for the formation of the AC. This study complements a previous study
by providing additional evidence for the involvement of Linx in the development of commissural and longitudi-
nal projections in the forebrain!?. At present, the mechanism underlying the development of hydrocephalus in
Linx-deficient and Linx™'~ mice remains unclear; however, it could partly be explained by our data demonstrating
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Figure 6. Identification of Rho-kinase as a Linx-interacting protein. (A) Representative silver staining of
Linx-SF-interacting proteins in 293FT cells isolated by IP. (B) 293FT cells were transfected with Linx-SF
(streptavidin-Flag) and either GFP or GFP-Rho-kinase, followed by IP using a GFP antibody and Western blot
analysis. Asterisks denote co-immunoprecipitated Linx. Full blot images are shown in Supplementary Figure S3.
(C) Colocalization of endogenous Linx and Rho-kinase at the tips of growth cones (arrowheads) and cell bodies
(arrows) of primary cultured hippocampal neurons. Boxed areas were magnified in adjacent panels. (D) Linx
regulates the activity of Rho-kinase. Hippocampal neurons isolated from the brain of Linx~/~ (left) and Linx*/*
(right) mice at E19 were incubated in a conventional neuron culture medium (NCM) or starved followed by
stimulation with either BDNF, or NGF. Lysates from the neurons were analyzed by Western blot analysis with
the indicated antibodies. Note that MLC was more highly phosphorylated in Linx*/* neurons than Linx~/~
neurons when cultured in NCM (asterisks). Full blot images are shown in Supplementary Figure S3. (E,F)
Primary cultured hippocampal neurons were isolated from E19 embryo and cultured in the presence or absence
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of Y-27632 (10 uM) for 5 days, followed the quantification of growth cone (E) and cell body (F) areas. The
numbers in bars indicate the numbers of samples analyzed. (G,H) Linx-depleted N1E-115 cells (clone m2) were
transfected with GFP or GFP-Rho-kinase CAT, followed by staining for the actin filament by Phalloidin and the
nuclei (G) and the measurement and quantification of cell body area and the numbers of cells with neurites (H).
Arrowheads indicate neurites.

that Linx is involved in Rho-kinase-mediated regulation of brain cytoarchitecture (Supplementary Figure S2C).
The haploinsufficiency of the linx gene that was demonstrated in mice, indicates a dose-dependent action of Linx
and its physiological significance in brain development.

At present, the mechanism by which Linx functions to regulate neuronal projections remains unclear. A pre-
vious study showed that Linx interacts with RTKs including Ret and TrkA, to modulate their intracellular sign-
aling*. Although we also identified the biochemical interaction of Linx with Ret and TrkA, we did not find any
effects of Linx on RTK-regulated ERK signaling. To our knowledge, the defects in IC and AC formation and the
development of hydrocephalus cannot be fully explained by the loss-of-function of either Ret or TrkA, suggesting
arole for Linx that is independent of or irrelevant to the functions of those RTKs. This presumption is supported
by our recent study that Meflin/Islr, a Linx paralogue that is specifically expressed in mesenchymal stem cells,
also interacts with exogenously-expressed RTKs including platelet-derived growth factor receptor, but exhibited
no effects on their downstream signaling”. Another member of the LIG family of proteins is Lrigl (leucine-rich
repeats and immunoglobulin-like domains 1), which has been well documented to interact with epidermal
growth factor receptor (EGFR) and regulate its signaling®*131928-30_ Despite the abundant data reported in the
literature, a recent study that revealed the crystal structure of the extracellular domain (ECD) of Lrigl showed
that the purified Lrigl ECD did not interact with EGFR, questioning the biological significance of the Lrigl/
EGEFR interaction®'. Further extended research into potential interacting proteins (ligands) with the members of
the LIG protein family will be needed to fully elucidate their function. A biochemical screen to identify proteins
that interact with the zebrafish orthologue of Linx/Islr2 has identified Vasorin as a candidate ligand for the Linx
ECD™. Vasorin, also termed Slit-like 2 (SLITL2), is a known regulator of neural and vascular morphogenesis that
is widely expressed among species®**. Future studies should thus focus on identifying if the Linx/Vasorin inter-
action is also present in the brains of mammals.

Interestingly, Linx depletion had a significant effect on neurite extension in differentiated N1E-115 cells
induced by serum starvation, indicating that Linx may function cell-intrinsically or independently of any growth
factor(s) stimulation to promote neurite outgrowth. In the present study, by monitoring MLC phosphorylation
we found that Linx interacts with and regulates the activity of Rho-kinase, a regulator of actin cytoskeletal organ-
ization and remodeling®. We believe this is consistent with the effects of Linx depletion on neurite extension in
N1E-115 cells and hippocampal neurons. How Linx controls the activity of Rho-kinase and the Linx/Rho-kinase
complex is involved in the development of brain architecture including the AC, however, remain to be determined
and will be the subject of future studies (Supplementary Figure S2C). Our preliminary experiments showed
that activity of the small GTPase RhoA was also upregulated by Linx overexpression in N1E-115 cells (data not
shown); however, this needs to be confirmed by more extensive biochemical investigations.

Another intriguing issue surrounding Linx function is the complexity by which Linx controls axonal pro-
jections, which appears to be more complicated than Linx simply regulating cytoskeletal organization. A pre-
vious study showed that Linx is not only expressed in corticofugal axons descending through the IC, but is also
expressed along their route which is comprised of the prethalamus and lateral ganglionic eminence (LGE)-derived
corridor!'2. Moreover, Linx binds to thalamocortical projections ascending through the IC, which helps the recip-
rocal intermingling of axons from multiple neurons'?. These data imply that Linx is not a simple guidance cue
molecule but is also involved in cell-cell interactions or intercellular communication via unknown mechanisms.
Detailed examination of the Linx expression pattern at higher resolution will be required to further address this
issue.

Methods

Ethical approval. All animal protocols were approved by the Animal Care and Use Committee of Nagoya
University Graduate School of Medicine. All in vivo experiments were performed in compliance with Nagoya
University’s Animal Facility regulations.

Cell culture. NIE-115 and NIH3T3 cell lines were purchased from American Type Culture Collection
(ATCC). The 293FT cell line was purchased from Clontech. The sources of other human cell lines used in the
study were previously described®>-*%. All cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). For the isolation of hippocampal neurons and their primary culture
in neuron dissociation solutions and neuron culture medium (Wako, Japan), we followed a previously described
procedure®.

Plasmids and Antibodies. cDNA encoding mouse Linx (clone 6826287, GenBank accession number
BC096531) was purchased from Open Biosystems and subcloned into pcDNA3.1 (Invitrogen) and pRetroQ
(Clontech) vectors to fuse Linx with the V5 and SF tag, respectively. GFP-Rho-kinase cDNA was provided by
M. Amano and K. Kaibuchi (Nagoya University). The following antibodies were used in this study; anti-Linx
(Islr2; R&D Systems), anti-Linx (Islr2; Abnova), anti-Ret51 (IBL, Gumma, Japan), 3-actin (Sigma), anti-Tau-1
(Millipore), anti-TrkA (Cell Signaling Technology), anti-phospho-MLC (Ser19; Cell Signaling Technology),
anti-MLC (Cell Signaling Technology), anti-Rho-kinase 2 (ROCK2, Abcam), anti-L1 (Millipore), anti-E-cadherin
(Cell Signaling Technology), anti-Na*/K*-ATPase (Abcam), and anti-GFP (MBL, Nagoya, Japan).
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Western blot analysis and IP.  We followed a standard protocol for Western blot analysis as described previ-
ously?’. For IP, cultured cells were lysed on ice in a chilled buffer containing 20 mM Tris-HCl (pH 7.4), 120 mM NaCl,
1mM EDTA, and 1% Triton X-100 supplemented with Complete protease inhibitor cocktail (Roche) and PhosSTOP
phosphatase inhibitor cocktail (Roche). The lysates were centrifuged at 12,000 x g for 10 min prior to conventional
IP using the indicated antibodies and Western blot analyses. For Western blot analysis, the primary antibodies were
diluted with Can-Get-Signal Solution 1 (Toyobo, Osaka, Japan) to enhance antibody-antigen binding.

Linx-deficient mice. Targeted embryonic stem (ES) cell clone (KO-1319, Islr2 AD7) isolated from VGB6
cells (C57BL/6NTac background) were purchased from the KOMP Repository (www.komp.org). Quality control
for correct targeting and homologous recombination in the 5’ and 3 homology arms was assessed by long range
PCR by the KOMP. The linx/islr2 gene consists of three exons, where exon 3 contained the entire open reading
frame (OREF; Fig. 2A). The targeting construct was designed by the KOMP to replace the whole Linx ORF (exon 3)
with the LacZ-loxP-neo-loxP cassette and later delete the neo-resistance gene via Cre recombinase (Fig. 2A). The
targeted ES cells were injected into Balb/c blastocysts by the Institute of Immunology Co. Ltd. (Tokyo, Japan) and
the resulting chimeric male mice were mated with C57BL/6] female mice to generate F1 animals heterozygous for
the cassette, which were then crossed with actin-Cre transgenic mice to remove the neo-resistance gene.

Immunofluorescence staining. NI1E-115 cells and hippocampal neurons isolated from the brains of
embryonic day 19 (E19) wild-type and Linx~'~ mice were grown on poly-D-lysine (PDL)-coated glass bottom
dishes (Iwaki, Japan), fixed in 4% (w/v) paraformaldehyde (PFA), permeabilized with phosphate-buffered saline
(PBS) containing 0.05% (v/v) TritonX-100 and then incubated with the indicated primary antibodies, followed by
staining with Alexa 488/594-conjugated goat anti-mouse or anti-rabbit IgG (Invitrogen). Nuclei were visualized
by DAPI (4'6-diamidino-2-phenylindole) staining. After washing in PBS, fluorescence was visualized with a con-
focal laser scanning microscope (LSM 700, Carl Zeiss) or a fluorescent microscope BZ-X700 (Keyence, Japan).

X-gal staining of brain slices. X-gal staining of brain slices was performed as described previously*.
Briefly, brains of wild-type and Linx*'~ mice were perfused with 4% paraformaldehyde in 0.1 M phosphate buffer
and manually cut into 1 mm-thick sections. The sections were then fixed in LacZ fixative (0.1% glutaraldehyde
and 2mM MgCl, in PBS) for 10 min on ice, washed twice in LacZ washing buffer (2 mM MgCl,, 0.01% sodium-
deoxycholate, and 1% Nonidet P-40 in PBS) for 10 min, and stained with X-Gal staining solution (1 mg/ml X-Gal,
5mM potassiumferrocyanide, and 5 mM potassiumferricyanide in LacZ washing buffer) for 1 to 3 days at 37 °C.
After color development, sections were washed in PBS and mounted. Images were acquired using a light micro-
scope (BX-50, Olympus).

Fluorescent labelling of AON neurons. Whole brains of P7 wild-type and Linx*/~ mice were perfused
and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer. A small crystal of Dil was placed onto the AON
region using fine tweezers, followed by incubation at 37 °C for 3 days; the brains were then optically cleared using
the SeeDB (See Deep Brain) method. Images were acquired using a light microscope (BX-50, Olympus).

Generation of Linx knockout cells using the CRISPR/Cas9 genome editing. The 20 nucle-
otide guide sequences targeting the mouse linx gene were designed using the CRISPR design tool (http://www.
genome-engineering.org/crispr/) and cloned into a lentivirus expression vector lentiCRISPR v2 (Addgene
#52961)%. The guide sequences targeting the mouse linx gene were 5-GCGCACCCCCCAGCGTGCGT-3' (m2)
and 5-ATGTTACATTGCGTCGCCGA-3' (m3). The single guide RNAs (sgRNAs) in the lentiCRISPR v2 vector
(2.5pg), pxPAX2 (2.5ng) and pVSV-G (1 pg) were transfected into 293 T cells in 6-cm dishes using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Twenty-four hours post-transfection, the medium
was replaced with 5ml of fresh DMEM/10% FBS. Seventy-two hours post-transfection, the medium was collected
and syringe filtered with a 0.45 um pore size membrane (Millipore). The collected medium containing the virus was
used to infect N1E-115 cells, followed by incubation for 48 hr with the addition of puromycin (1 pug/ml) for selection.

Mass spectrometry. Total cell lysates from control 293FT cells and those stably expressing mouse Linx-SF
(streptavidin-Flag) were immunoprecipitated with an anti-Flag antibody (Sigma), followed by elution of the
protein complex including mouse Linx-SF with the Flag peptide (Sigma). The eluate was separated by sodium
dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) and detected by silver staining (SilverQuest Silver
Staining Kit, Invitrogen) following the manufacturer’s instructions. For a shotgun approach to identify proteins in
the eluate, whole eluates were digested with Trypsin Gold (Promega) for 16 h at 37°C after reduction, alkylation,
demineralization, and concentration, followed by analysis on an Orbitrap Fusion mass spectrometer (Thermo
Fisher Scientific).

RNA interference. For RNA interference-mediated knock down of endogenous Rho-kinase 2, we pur-
chased the pool of four different small interfering RNAs (siRNAs) that are predesigned by Dharmacon. We trans-
fected control siRNA (Dharmacon) and the Rho-kinase 2 siRNA into N1E-115 cells using Lipofectamine 2000
(Invitrogen).

Data analysis. Data are presented as the mean + S.D. Statistical significance was evaluated with Student’s  test.

Data availability. The datasets generated and/or analyzed during the current study are available from the
corresponding author on reasonable request.

SCIENTIFICREPORTS | (2018) 8:7292 | DOI:10.1038/s41598-018-24064-0 11


http://www.komp.org
http://www.genome-engineering.org/crispr/
http://www.genome-engineering.org/crispr/

www.nature.com/scientificreports/

References

1.

2.

3.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

26.

34,

35.
36.

37.
38.

39.

40.

Greig, L. C., Woodworth, M. B., Galazo, M. J., Padmanabhan, H. & MacKklis, ]. D. Molecular logic of neocortical projection neuron
specification, development and diversity. Nat. Rev. Neurosci. 14, 755-769 (2013).

Chédotal, A. & Richards, L. J. Wiring the Brain: The Biology of Neuronal Guidance. Cold Spring Harbor Perspectives in Biology 2
(2010).

O’Donnell, M., Chance, R. K. & Bashaw, G. J. Axon growth and guidance: receptor regulation and signal transduction. Ann. Re.
Neurosci. 32, 383-412 (2009).

. Mandai, K. et al. LIG family receptor tyrosine kinase-associated proteins modulate growth factor signals during neural development.

Neuron 63, 614-627 (2009).

. Dolan, J. et al. The extracellular leucine-rich repeat superfamily; a comparative survey and analysis of evolutionary relationships and

expression patterns. BMC Genomics 8, 320 (2007).

. de Wit, ]., Hong, W,, Luo, L. & Ghosh, A. Role of leucine-rich repeat proteins in the development and function of neural circuits.

Ann. Rev. Cell Dev. Biol. 27, 697-729 (2011).

. Lin, J. C,, Ho, W.-H., Gurney, A. & Rosenthal, A. The netrin-G1 ligand NGL-1 promotes the outgrowth of thalamocortical axons.

Nat. Neurosci. 6, 1270-1276 (2003).

. Wang, Y., Poulin, E. & Coffey, R. LRIG1 is a triple threat: ERBB negative regulator, intestinal stem cell marker and tumour

suppressor. Br. J. Cancer 108, 1765-1770 (2013).

. Laederich, M. B. et al. The leucine-rich repeat protein LRIG1 is a negative regulator of ErbB family receptor tyrosine kinases. J. Biol.

Chem. 279, 47050-47056 (2004).

Mi, S. et al. LINGO-1 is a component of the Nogo-66 receptor/p75 signaling complex. Nat. Neurosci. 7,221-228 (2004).

Woo, J., Kwon, S. K. & Kim, E. The NGL family of leucine-rich repeat-containing synaptic adhesion molecules. Mol. Cell. Neurosci.
42,1-10 (2009).

Mandai, K., Reimert, D. V. & Ginty, D. D. Linx mediates interaxonal interactions and formation of the internal capsule. Neuron 83,
93-103 (2014).

Asai, N. et al. RET receptor signaling: dysfunction in thyroid cancer and Hirschsprung’s disease. Pathol. Int. 56, 164-172 (2006).
Takahashi, M. The GDNF/RET signaling pathway and human diseases. Cytokine Growth Factor Rev. 12, 361-373 (2001).
Takahashi, M., Ritz, ]. & Cooper, G. M. Activation of a novel human transforming gene, ret, by DNA rearrangement. Cell 42,
581-588 (1985).

Treanor, J. J. et al. Characterization of a multicomponent receptor for GDNE Nature 382, 80-83 (1996).

Klein, R. D. et al. A GPI-linked protein that interacts with Ret to form a candidate neurturin receptor. Nature 387, 717-721 (1997).
Simion, C., Cedano-Prieto, M. E. & Sweeney, C. The LRIG family: enigmatic regulators of growth factor receptor signaling. Endocr.
Relat. Cancer 21, R431-443 (2014).

Gur, G. et al. LRIGI restricts growth factor signaling by enhancing receptor ubiquitylation and degradation. EMBO J. 23, 3270-3281
(2004).

Homma, S., Shimada, T., Hikake, T. & Yaginuma, H. Expression pattern of LRR and Ig domain-containing protein (LRRIG protein)
in the early mouse embryo. Gene Expr. Patterns 9, 1-26 (2009).

Lindwall, C., Fothergill, T. & Richards, L. J. Commissure formation in the mammalian forebrain. Curr. Opin. Neurobiol. 17, 3-14
(2007).

Grant, E., Hoerder-Suabedissen, A. & Molnar, Z. Development of the corticothalamic projections. Front. Neurosci. 6 (2012).
Sanjana, N. E., Shalem, O. & Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 11,
783-784 (2014).

Amano, M. et al. Phosphorylation and activation of myosin by Rho-associated kinase (Rho-kinase). J. Biol. Chem. 271, 20246-20249
(1996).

Amano, M., Nakayama, M. & Kaibuchi, K. Rho-kinase/ROCK: a key regulator of the cytoskeleton and cell polarity. Cytoskeleton 67,
545-554 (2010).

Fukata, Y., Kaibuchi, K. & Amano, M. Rho-Rho-kinase pathway in smooth muscle contraction and cytoskeletal reorganization of
non-muscle cells. Trends Pharmacol. Sci. 22, 32-39 (2001).

. Maeda, K. et al. Identification of Meflin as a potential marker for mesenchymal stromal cells. Sci. Rep. 6, 22288 (2016).
. Shattuck, D. L. et al. LRIG1 is a novel negative regulator of the Met receptor and opposes Met and Her2 synergy. Mol. Cell. Biol. 27,

1934-1946 (2007).

. Wong, V. W. et al. Lrigl controls intestinal stem cell homeostasis by negative regulation of ErbB signalling. Nat. Cell Biol. 14, 401

(2012).

. Stutz, M. A. et al. LRIG1 negatively regulates the oncogenic EGF receptor mutant EGFRVIIIL. Oncogene 27, 5741 (2008).

. Xu, Y. et al. LRIG1 extracellular domain: Structure and function analysis. J. Mol. Biol. 427, 1934-1948 (2015).

. Panza, P. et al. The LRR receptor Islr2 is required for retinal axon routing at the vertebrate optic chiasm. Neural Dev. 10, 23 (2015).

. Ikeda, Y. et al. Vasorin, a transforming growth factor beta-binding protein expressed in vascular smooth muscle cells, modulates the

arterial response to injury in vivo. Proc. Nat. Acad. Sci. USA 101, 10732-10737 (2004).

Chen, L. et al. Slit-like 2, a novel zebrafish slit homologue that might involve in zebrafish central neural and vascular morphogenesis.
Biochem. Biophys. Res. Commun. 336, 364-371 (2005).

Enomoto, A. et al. Akt/PKB regulates actin organization and cell motility via Girdin/APE. Dev. Cell 9, 389-402 (2005).

Uchida, M. et al. Dok-4 regulates GDNF-dependent neurite outgrowth through downstream activation of Rap1 and mitogen-
activated protein kinase. J. Cell Sci. 119, 3067-3077 (2006).

Hashimoto, M. et al. Expression of CD109 in human cancer. Oncogene 23, 3716 (2004).

Muramatsu, A. et al. Potential involvement of kinesin-1 in the regulation of subcellular localization of Girdin. Biochem. Biophy. Res.
Commun. 463, 999-1005 (2015).

Enomoto, A. et al. Roles of disrupted-in-schizophrenia 1-interacting protein girdin in postnatal development of the dentate gyrus.
Neuron 63, 774-787 (2009).

Wang, Y. et al. Girdin is an intrinsic regulator of neuroblast chain migration in the rostral migratory stream of the postnatal brain. J.
Neurosci. 31, 8109-8122 (2011).

Acknowledgements

We thank Mutsuki Amano and Kozo Kaibuchi (Nagoya University) for providing the GFP-Rho-kinase constructs;
Go Fujino (Nagoya University) for great help with some of the experiments; Kaori Ushida and Kozo Uchiyama
(Nagoya University) for technical assistance; and Kentaro Taki (Nagoya University) for technical assistance
with the proteomic analysis. This work was supported by a Grant-in-Aid for Scientific Research (S) (to M. T.),
a Grant-in-Aid for Scientific Research (C) (to N.A.), and a Grant-in-Aid for Scientific Research (B) (to A.E.)
commissioned by the Ministry of Education, Culture, Sports, Science and Technology of Japan.

SCIENTIFICREPORTS | (2018) 8:7292 | DOI:10.1038/s41598-018-24064-0 12



www.nature.com/scientificreports/

Author Contributions
S.A. and N.A. designed all experiments and analyzed the data with technical help from L.W., HK.,, X.W,, C.C,,
and S.M.; S.A., N.A. and A.E. wrote the manuscript; M.T. supervised the project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24064-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:7292 | DOI:10.1038/s41598-018-24064-0 13


http://dx.doi.org/10.1038/s41598-018-24064-0
http://creativecommons.org/licenses/by/4.0/

	Essential Role of Linx/Islr2 in the Development of the Forebrain Anterior Commissure

	Results

	Tissue distribution of Linx and its expression in neuroblastoma cell lines. 
	Development of hydrocephalus in Linx-deficient mice. 
	Defective development of the AC in Linx+/− mice. 
	Linx regulates neurite extension and cell body size. 
	Linx interacts with Rho-kinase to regulate its activity. 

	Discussion

	Methods

	Ethical approval. 
	Cell culture. 
	Plasmids and Antibodies. 
	Western blot analysis and IP. 
	Linx-deficient mice. 
	Immunofluorescence staining. 
	X-gal staining of brain slices. 
	Fluorescent labelling of AON neurons. 
	Generation of Linx knockout cells using the CRISPR/Cas9 genome editing. 
	Mass spectrometry. 
	RNA interference. 
	Data analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Linx expression in the forebrain and neuroblastoma cell lines.
	Figure 2 Linx+/− mice exhibit severe hydrocephalus.
	Figure 3 Defective AC development in Linx+/− mice.
	Figure 4 Linx regulates neurite extension and cell body size.
	Figure 5 Interaction of Linx with RTKs and its effect on ERK signaling.
	Figure 6 Identification of Rho-kinase as a Linx-interacting protein.




