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NELL2 is an abundant glycoprotein containing EGF-like domain in the neural tissues where it has multi-
ple physiological functions by interacting with protein kinase C (PKC). There are two different splicing
variant forms of NELL2 identified so far. One is secreted NELL2 (sNELL2) which is a neuron-specific var-
iant and the other is cytosolic NELL2 (cNELL2) which is non-secreted splicing variant of NELL2. Although

Keywords: cNELL2 structure was well characterized, the expression pattern or the cellular function of cNELL2 is not
NELL2 fully determined. In this study, we found that cNELL2 specifically interacts with PKC isotypes and inhib-
(li%ég)ﬁs]ohc NELL2 its PKCB1 through direct binding to the N-terminal pseudosubstrate domain of PKCB1. Here, we also dem-
Astrocytes onstrate that ¢cNELL2 is predominantly expressed and has inhibitory effects on the PKC downstream

Pseudosubstrate domain signaling pathways in astrocytes thereby establishing cNELL2 as an endogenous inhibitor of PKCB1 in

glia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

NEL-like 2 (NELL2) is a glycoprotein containing six EGF-like
repeats which is involved in many of Ca?*-dependent intracellular
signaling pathways [1]. NELL2 was first identified as a neuron-
specific protein which is produced in neurons and secreted to the
extracellular matrix [1,2]. In our previous study, another splicing
variant form of NELL2 which is cytosolic, non-secreted form of
NELL2, named as cNELL2, was identified. cNELL2 is relatively smal-
ler than secreted NELL2 (sNELL2) lacking the putative signaling
peptide sequence (~129 nucleotides in exon 3) and mostly
expressed in the cytoplasm rather than the membrane fraction
thereby allowing itself to interact with protein kinase C (PKC) in
the cytoplasm [3].

Previous report shows that sNELL2 is transiently expressed dur-
ing the neural development in CNS and predominantly expressed
while the sensory and motor neurons are differentiated [4] result-
ing in the promotion of neuronal differentiation [5] in chick dorsal
root ganglion. Besides of the function in the neuronal differentia-
tion, sNELL2 also increases the survival of retinal ganglion cells
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by interacting with microtubule-actin crosslinking factor 1 (Macf1)
which is highly expressed in the neuronal tissues and has a crucial
role during the neural development in the retina [6]. In the other
hand, sNELL2 is also involved in the sexually dimorphic formation
of brain structure during development [7] and the glutamate
related neuroendocrine regulation in rat hypothalamus as well
[8]. However, the expression pattern or the physiological function
of cNELL2 is not yet determined.

cNELL2 contains EGF-like repeats which provide a binding
domain for the interaction with PKC [3]. PKC is a multi-functional
protein kinase family which consists of over 10 isotypes including
PKCa, -B, -y and -¢. It is well established that conventional PKC iso-
types (-a, -B1 and -B2) are activated by diacylglycerol and intracel-
lular Ca?* which allows the translocation of PKC to the membrane
fraction [9]. Although the molecular structure of PKC and NELL2 is
well established, the mechanism how cNELL2 interacts with PKC
still has to be determined. Furthermore, it is not completely known
yet which isotype has a binding affinity with cNELL2.

In this study, we demonstrate that only PKCB isotypes (-1 and -
B2) specifically interact with cNELL2 rather than any other isotypes
and also determined that N-terminal pseudosubstrate (PS) domain
of PKCB1 is necessary for the interaction with ¢cNELL2 using in vitro
heterologous system. Next, we found that cNELL2 has an inhibitory
effect on the activity of PKCB1 and its downstream signaling
pathways. Moreover, we show that cNELL2 is highly expressed in
astrocytes demonstrating that cNELL2 functions as an intrinsic
inhibitor of PKCB1 in brain astrocytes.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.10.110&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.10.110
mailto:jaeyong68@Korea.ac.kr
mailto:emhwang@kist.re.kr
http://dx.doi.org/10.1016/j.bbrc.2014.10.110
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

460 D.Y. Lee et al./Biochemical and Biophysical Research Communications 454 (2014) 459-464

2. Materials and methods
2.1. Reagents and antibodies

UTP, GF109203X (GFX), and thrombin are obtained by Sigma.
Anti-ERK (MK), phospho-ERK (E-4), and GFP (B-2) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Flag (M2) antibody was purchased from Sigma (St. Louis, MO).

2.2. Plasmid construction

Full-length PKC isoforms were obtained from Dr. Deok-Ryung
Kim (Gyeongsang National University, JinJu, Korea). PKCB1 full
clone was used as template for the generation of C1 (by deletion,
aal61-671 WT), C2 (by serial deletion, aal-161 WT and aa30-671
WT), Ki (by deletion, aa1-302 WT), APS (by deletion, aa1-71 WT),
and PS (by deletion, aa72-671 WT) using EZchange Site-directed
Mutagenesis kit (Enzynomics, Korea). All clones were confirmed
by sequence analysis.

2.3. Cell lines and primary cortical astrocyte culture

The CHO and HEK cell lines were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) supplemented
with 1000 units/ml penicillin-streptomycin and 10% Fetal bovine
serum (FBS) under a humidifying atmosphere containing 5% CO,
at 37 °C. These two cell lines are used for PKC translocation upon
UTP stimulation and binding assay between ¢cNELL2 and PKC iso-
types. Primary cortical astrocytes were prepared from PO-P3 of
C57BL/6 mouse as described [10]. All experimental procedures
described were performed in accordance with the institutional
guidelines of Korea Institute of Science and Technology (KIST,
Seoul, Korea). Cells were grown in DMEM supplemented with
10% horse serum (HS), 10% FBS and 1000 units/ml of penicillin—-
streptomycin. After 6-7 days, or once the primary astrocyte cul-
tures are confluent, cells were transfected with cNELL2 cDNA and
shRNA by electroporation using the neon microporator MP-100
kit (Invitrogen).

2.4. Co-immunoprecipitation and Western blot analysis

HEK293T cells were lysed with RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, and 1% NP-40)
containing a protease-inhibitor cocktail. Whole-cell lysates were
incubated on ice for 30 min and then cleared at 20,000g for
20 min at 4 °C. The supernatants were incubated overnight at
4 °C with anti-Flag (M2; Sigma) antibody, followed by incubation
with protein A/G PLUS-agarose beads for 1 h. The proteins were
separated by SDS-PAGE using 10% gels and blotted onto PVDF
membranes. The blots incubated overnight at 4 °C with anti-GFP
(B-2; Santa Cruz Biotechnology) antibody. Blots were then washed
and incubated with horseradish peroxidase-conjugated goat anti-
mouse or anti-rabbit IgG, followed by washing and detection of
immunoreactivity with enhanced chemiluminescence (Amersham
Biosciences, Piscataway, NJ).

For Erk phosphorylation assay, the cells were treated with
10 uM UTP for indicated times and lysed with RIPA buffer. Protein
concentrations of lysates were determined by BCA method. Lysates
containing equal amounts of protein (20 g protein) were sub-
jected to SDS-PAGE using 12% gels and blotted onto PVDF mem-
branes. Membranes were incubated with specific antibodies
(anti-phospho-ERK (E-4; Santa Cruz Biotechnology) and anti-Erk
(H-72; Santa Cruz Biotechnology)). cNELL2-GFP expressing CHO
cells were preincubated with 10 uM GFX, a general PKC inhibitor,
for 30 min at 37 °C to inhibit PKCB1.

2.5. Live imaging of PKC translocation

The CHO cells were seeded on the coverglass and transiently
transfected with GFP-PKCB1 or cNELL2. The next day, the culture
medium was replaced with normal Hepes buffer composed of:
135 mM NaCl, 54 mM KCl, 1TmM MgCl,, 1.8 mM CaCl,, 5 mM
Hepes, 10 mM Glucose, pH 7.3. The fluorescence of the GFP-PKCB1
was monitored with a confocal laser scanning microscope (Nikon
A1) at 488-nm argon excitation with a time interval of 5 s between
two scannings. Translocation of GFP-PKCB1 was triggered by a
direct application of 10 M UTP into the Hepes buffer. Quantitative
analysis of relative fluorescence intensity was performed on Nikon
A1l software. The relative change in plasma membrane fluores-
cence intensity was calculated according to a previously reported
method [11]. Briefly, from a series of images recorded before and
after angiotensin II stimulation, line intensity profiles across each
cell were determined. The relative fluorescence intensity on the
plasma membrane was calculated by the formula (Imp — Ieye)/Icyer
where I, is the amplitude of the fluorescence signal on the plasma
membrane and Iy is the average cytosolic fluorescent intensity.

2.6. RNA extraction and RT-PCR

Total RNA was isolated from cultured astrocytes using Ribo-
spinTM kit (GeneAll, Korea) according to the manufacturer’s
instruction. Ten microgram of total RNA was reverse-transcribed
using SuperScript VILO ¢DNA synthesis kit (Invitrogen), random
hexamers (50 pmol), and dNTPs (1 mM) at 42 °C for 1 h. For RT-
PCR, NELL2 forward primer (5'-GCTTGGAGCGTCCCCCAGAA-3'),
reverse primer (5-GGCTAAGGAGAGCTTGTGCC-3'), GAPDH for-
ward primer (5-GTCTTCACCACCATGGAGAA-3') and reverse pri-
mer (5'-GCATGGACTGTGGTCATGAG-3’) were designed. NELL2
fragments were amplified under the following cycle conditions:
denaturation at 94 °C for 30s, annealing at 57 °C for 30s, and
extension at 72 °C for 30s. This cycle was repeated a total of 35
times. GAPDH fragments were also amplified under the same
conditions except that 25 cycles were run.

2.7. Immunocytochemistry

Primary cultured astrocytes were transfected with cNell2-GFP
using Neon microporator (Invitrogen). Transfected cells were
transferred to coverslip in 24 well plates. After 24 h, cells were
incubated with serum-free medium (Dulbecco’s modified Eagle’s
medium, GIBCO) for 16 h. Serum-starved astrocytes were exposed
to thrombin (5 U/ml, Sigma) for 20 h. After fixation with 4% para-
formaldehyde, the cells were soaked in 0.1% Triton X-100 for per-
meabilization for 15 min at room temperature and then incubated
for overnight at 4 °C with Anti-S1008 antibody (1:200, Abcam,
Cambridge, MA). After washing, AlexaFluor 647-conjugated sec-
ondary antibody (1:300, Jackson Laboratory, Bar Harbor, ME) was
added and incubated for 1 h at room temperature. The cells were
washed and mounted, and then observed under a Nikon A1 confo-
cal microscope.

2.8. Data analyses

Each data was obtained from at least three independent exper-
iments. Statistical differences between 2 groups were calculated by
the unpaired Student’s t-test. For the analysis of data from more
than 3 groups, one-way ANOVA with the Tukey’s post hoc test
was used. P values less than 0.05 were considered to be signifi-
cantly different.
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3. Results
3.1. cNELL?2 directly interacts with the N-terminal PS domain of PKCf1

Previously, we characterized the novel non-secreted splicing
variant of NELL2, cytosolic NELL2 (cNELL2), which has the function
as a cytoplasmic signaling molecule involved in Ca?" mediated
PKCB1 signaling [3]. To determine whether PKCB1 is the only iso-
type which has the ability to bind with c¢NELL2, we adopted
HEK293T cell heterologous in vitro cell culture systems where
c¢NELL2 was co-expressed with each different subtypes of PKC.
Using co-immunoprecipitation experiment, we found that cNELL2
was mainly co-immunoprecipitated with B subtypes of PKC includ-
ing B1 and B2 rather than any other subtypes (o, y or €) (Fig. 1A and
B). We also found that no other subtypes (1, &, ¢ and &) of PKC was
co-immunoprecipitated with ¢cNELL2 (data not shown). To identify
the cNELL2-binding subunit in PKCB1, we generated several differ-
ent mutant forms of PKCB1 including C1 domain which has DAG
binding site, C2 with Ca?* binding site, kinase domain (Ki), pseudo-
substrate (PS) domain which binds to kinase domain so that acts as
an autoinhibitory domain of PKC [12], APS, the mutant lacking PS
domain, and PS which contains PS domain only (Fig. 1C). Co-immu-
noprecipitation results show that wild type (WT) and C1 mutant,
but not the mutants without PS domain (C2, Ki or APS), have an
ability to bind with ¢cNELL2 demonstrating that PS domain is nec-
essary for the interaction between PKCB1 and cNELL2 (Fig. 1D
and E). To confirm that PS domain in PKCB1 contains cNELL2 bind-
ing site, we performed competition assay, the co-immunoprecipi-
tation of PKC and cNELL2 in presence of the excess amount of PS
domain and measured the binding ability of GFP-PKCB1 to Flag-
cNELL2. As a result, we found that the overexpression of PS domain
interferes the interaction between PKCB1 and cNELL2 (Fig. 1F). Col-
lectively, these data demonstrate that only B isotypes of PKC, but

not any other isotypes, show the specific binding affinity with
cNELL2 through the N-terminal PS domain.

3.2. cNELL?2 interferes the surface expression of PKCp1 resulting in the
inhibition of PKC downstream signaling pathway

Next, we sought to determine the molecular function of cNELL2
in Ca®*-mediated PKC signaling pathway. Since it has been well
illustrated that PKCP subtypes are activated by intracellular Ca®*
[13] by which PKC is translocated to the cell membrane, we exam-
ined whether cNELL2 affects the membrane translocation of PKCB1
following GPCR-mediated Ca?* transition after UTP treatment [14]
in HEK293T cell heterologous system. The treatment of UTP leads
to the membrane translocation of PKCB1 in mCherry-PKCB1 over-
expressed cells without cNELL2 expression (Fig. 2A and D). How-
ever, we found that the membrane translocation of PKCB1
induced by Ca?" (UTP treatment) was interfered by the overexpres-
sion of GFP-cNELL2 (Fig. 2B and E). To examine whether direct
interaction between PKCB1 and cNELL2 is necessary for the inhibi-
tion of PKCB1 translocation, we measured the level of PKCB1 sur-
face expression in HEK293T cells co-expressing GFP-cNELL2 and
the mutant form of PKCB1 lacking PS domain (APS) which is a
putative cNELL2 binding site in PKCB1. We found that c¢NELL2
was not able to affect the membrane translocation of APS mutant
after the Ca?* stimulation by UTP treatment (Fig. 2C). These data
demonstrate that c¢NELL2 inhibits membrane translocation of
PKCB1 through direct binding to the PS domain. To determine
whether PKCB1 downstream signaling pathway is also inhibited
by cNELL2, we measured the activity of Erk which is the most
well-known downstream molecule of PKC [15-17], after UTP treat-
ment in cNELL2-overexpressing HEK293T cells. We found that the
phosphorylation of Erk was significantly increased by the elevation
of intracellular Ca?* at 5-10 min after UTP treatment (Fig. 3A).
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Fig. 1. cNELL2 directly interacts with the N-terminal PS domain of PKCB1. HEK293T cells were co-transfected with GFP tagged cNELL2 (GFP-cNELL2) and each different
subtypes (o, B1, B2, v and ¢€) of Flag-tagged PKC (Flag-PKC). (A) GFP-cNELL2 was mainly co-immunoprecipitated with Flag-tagged PKCB1 and PKCB2 but not any other
subtypes. Normal goat IgG was used as the negative control (—). (B) The signal intensity was measured and graphically represented. Values represent mean + SEM. (C)
Schematic illustrations of PKCB1 deletion mutants were shown. (D) Co-immunoprecipitation data shows that HEK293T cells expressing Flag-tagged wild type (WT) and C1
mutant of PKCB1 have an ability to interact with GFP-cNELL2 whereas no co-immunoprecipitation was observed in the cells expressing C2 or Ki mutant of PKCB1. Normal goat
IgG was used as a negative control (—). (E) WT PKCB1 was co-immunoprecipitated with cNELL2 whereas the mutant form of PKCB1 lacking PS domain (APS) was not co-
immunoprecipitated with cNELL2 in the cells co-expressing FLAG-cNELL2 and GFP-APS. (F) Co-immunoprecipitation data show that the interaction between GFP-PKCB1 and
FLAG-cNELL2 was interfered by the overexpression of GFP-APS in HEK293T cell heterologous system.
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Fig. 2. cNELL2 acts as an inhibitor of PKCB1 by interfering its translocation to the cell membrane. (A) Confocal images show that UTP (10 uM) treatment increases the surface
expression (white arrow) of PKCB1 in CHO cells overexpressing mCherry-PKCB1 (mChPKCB1; red) and GFP containing control vector (GFP-con). (B) The surface expression of
PKCB1 was not changed in the cell overexpressing GFP-cNELL2 (yellow arrow) whereas marked membrane translocation of PKCB1 was observed when the cell does not
express cNELL2 (white arrow) at 30 s after UTP treatment. (C) cNELL2 overexpression was not able to interfere the PKCB1 translocation of PKCB1 mutant lacking PS domain
(mCh-PKCB1APS) to the membrane (white arrow). (D) Relative fluorescence intensity of cytoplasm and membrane fraction was measured in the cell expressing only cNELL2-
GFP but not mCh-PKCB1 (white arrow in panel B). (E) Relative fluorescence intensity of cytoplasm and membrane fraction was measured in the cell expressing both GFP-
cNELL2 and mCh-PKCB1 (yellow arrow in panel B). Scale bar, 10 um. Values represent mean + SEM. *p < 0.001. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Erk activation induced by the elevation of intracellular Ca?* was inhibited by cNELL2 expression. (A) Erk phosphorylation (pERK) was increased at 5-10 min after UTP
(10 uM) treatment. (B) Erk phosphorylation induced by UTP treatment was blocked in ctNELL2-GFP overexpressing HEK293T cells. Negative control group treated with GFX
(10 puM), a PKC inhibitor, shows reduced Erk phosphorylation to the untreated control level. (C) Intensity of phospho-Erk in panel B was measured. The value was normalized
with total Erk (Erk) signals. Values represent mean + SEM. **p < 0.01.
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However, the Erk phosphorylation increased by UTP treatment was
restored in GFP-cNELL2 overexpressing cells (Fig. 3B and C). Collec-
tively, these data show that cNELL2 inhibits PKCB1 and its signal-
ing pathway through the interaction with PS domain of PKCp1
in vitro HEK293T cell heterologous system.

3.3. cNell2 is endogenously expressed in astrocytes showing inhibitory
effects on the function of PKCS1

Since sNELL2 has known as an isotype expressed specifically in
neurons [2,8], we examined whether cNELL2 also has a similar
expression pattern in the brain. To compare the level of cNELL2
expression between glia and neurons in neural tissue, we per-
formed reverse-transcription PCR (RT-PCR) with primary cultured
mouse hippocampal neurons and cortical astrocytes. In contrast
to neuron-specific SNELL2, cNELL2 mRNA expression level was
~2-fold higher in cultured astrocytes compared to the mouse hip-
pocampal neurons (Fig. 4A). Next, we sought to determine the
function of ¢cNELL2 on downstream signaling pathway of PKCpB1
in astrocytes. We measured the level of S1008 which is known to
be induced by the activation of Erk, one of the PKC downstream
signaling molecules [18], in cNELL2 overexpressing cortical astro-
cytes after the treatment with thrombin, a stimulator of intracellu-
lar Ca?* signaling and Erk pathway. We found that thrombin-
induced expression of S100p was completely blocked by cNELL2
overexpression (Fig. 4B and C). Collectively, these data demon-
strate that cNELL2 is endogenously expressed in cortical astrocytes
showing inhibitory effect on PKCB1 and its downstream Erk
pathway.

A -RT Neuron Astro

cNELL2

GAPDH

B Treated with thrombin (5 U/ml)

4. Discussion

In this study, we establish cNELL2 as an endogenous inhibitor of
PKCB1 through the series of molecular and cellular experiments.
Current study demonstrates that PKCB1 and its downstream sig-
naling pathways are inhibited by cNELL2 through its direct binding
to the PS domain of PKCB1. PS domain is a regulatory domain con-
taining basic residues which allows PKC to bind to the acidic lipid
in the plasma membrane leading to the membrane translocation
and the stabilization of PKC active form [19]. In this regard, our
finding which shows that ¢cNELL2 inhibits PKCp1 membrane trans-
location may suggest a possible mechanism of PKC inhibition med-
iated by cNELL2, an endogenous PKC inhibitor. Direct cNELL2
binding to the PS domain could interfere the interaction between
PS domain and the acidic lipids in the cell membrane resulting in
the inhibition of the membrane translocation and the activation
of PKC.

Regarding the role of PKC in diseases, it’s been well known that
abnormalities in PKC activity are important in the pathophysiology
of diabetes. Clinically, Ruboxistaurin, a PKCB inhibitor, is already
being used as a therapeutic drug for the patients with diabetes
[20,21]. Similarly, the modulation of PKC activity could provide
an insight to find a new therapeutic way for the brain diseases as
well, especially for Alzheimer’s disease where PKCB1 is known to
have an important pathophysiological role. The previous reports
show that the activity (the membrane translocation) of PKCPB1
was highly increased in old aged AD mouse models [22]. Addition-
ally, the protein synthesis and the mRNA expression of COX-2,
which is often elevated in AD, were induced by AB (25-35) in a
PKC-dependent manner in midbrain astrocytes [23]. In this regard,
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C Thrombin
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Fig. 4. cNELL2 is highly expressed in astrocytes showing the inhibitory effect on PKCB1 downstream signaling pathway. (A) RT-PCR results show that cNELL2 has higher
mRNA expression in primary cultured astrocytes (Astro) compared to cultured hippocampal neurons (Neuron). GAPDH was used as an internal control. (B)
Immunocytochemistry data show that thrombin (5 U/ml)-induced S1008 expression was blocked by GFP-cNELL2 overexpression in primary astrocytes. Scale bar, 20 pm.
(C) Schematic diagram shows the inhibitory effects of cNELL2 on PKCB1 and its downstream signaling molecules.
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our finding which shows that cNELL2 is specifically expressed in
CNS raises the possibility that this endogenous PKC inhibitor,
cNELL2 could be another therapeutic target for Alzheimer’s
disease.

Especially, Hiill and the colleagues mainly focused on the effects
of AB on the function of astrocytes in their study [23]. In many
cases of neurodegenerative diseases, such as Parkinson’s disease
and Alzheimer’s disease, accumulation of reactive astrocytes was
often detected in the postmortem brain tissues [24] demonstrating
that astrocytes are closely related to the brain pathology. As shown
in the previous studies, PKC is one of the key signaling molecules
which determine the normal physiological function of astrocytes
such as volume-regulated anion channel activity and glutamate
release [25], and induce the morphological changes of astrocytes
during thrombin-induced astrogliosis [26] as well. These previous
observations raise the possibility that cNELL2 could be involved
in multiple physiological functions in astrocytes through its inhib-
itory effect on PKCB activation in normal and the pathological con-
ditions as well. This idea can be supported by our current result
which shows that cNELL2 expression is much higher in cultured
astrocytes compared to the hippocampal brain tissues mainly
enriched with neurons and that cNELL2 blocks thrombin-induced
activation of downstream of PKCB in primary astrocytes. Based
on these current results, our future study will be focused on inves-
tigating the role of cNELL2 in brain astrocytes during the process of
neurodegenerative diseases.

Acknowledgments

This research was supported by Basic Research Promotion Fund
(NRF-2008-313-C00758) for ].Y. Park, and supported by National
Agenda Project (NAP) of the Korea Research Council of Fundamen-
tal Science and Technology (NAP-09-04) for E.M. Hwang.

References

[1] T.K. Watanabe, T. Katagiri, M. Suzuki, F. Shimizu, T. Fujiwara, N. Kanemoto, Y.
Nakamura, Y. Hirai, H. Maekawa, E. Takahashi, Cloning and characterization of
two novel human cDNAs (NELL1 and NELL2) encoding proteins with six EGF-
like repeats, Genomics 38 (1996) 273-276.

[2] M. Oyasu, S. Kuroda, M. Nakashita, M. Fujimiya, U. Kikkawa, N. Saito,

Immunocytochemical localization of a neuron-specific thrombospondin-1-

like protein, NELL2: light and electron microscopic studies in the rat brain,

Brain Res. Mol. Brain Res. 76 (2000) 151-160.

E.M. Hwang, D.G. Kim, B.]. Lee, ]. Choi, E. Kim, N. Park, D. Kang, J. Han, W.S. Choi,

S.G. Hong, J.Y. Park, Alternative splicing generates a novel non-secretable

cytosolic isoform of NELL2, Biochem. Biophys. Res. Commun. 353 (2007) 805-

811.

[4] B.R. Nelson, S. Matsuhashi, F. Lefcort, Restricted neural epidermal growth

factor-like like 2 (NELL2) expression during muscle and neuronal

differentiation, Gene Expr. Patterns 2 (2002) 7-15.

B.R. Nelson, K. Claes, V. Todd, M. Chaverra, F. Lefcort, NELL2 promotes motor

and sensory neuron differentiation and stimulates mitogenesis in DRG in vivo,

Dev. Biol. 270 (2004) 322-335.

[3

(5

[6] Y. Munemasa, C.S. Chang, ].M. Kwong, H. Kyung, Y. Kitaoka, ]J. Caprioli, N. Piri,
The neuronal EGF-related gene Nell2 interacts with Macfl and supports
survival of retinal ganglion cells after optic nerve injury, PLoS One 7 (2012)
e34810.

[7] J.K. Jeong, B.J. Ryy, J. Choi, D.H. Kim, E.J. Choi, ].W. Park, ].J. Park, B.]. Lee, NELL2
participates in formation of the sexually dimorphic nucleus of the pre-optic
area in rats, J. Neurochem. 106 (2008) 1604-1613.

[8] C.M. Ha, J. Choi, EJ. Choi, M.E. Costa, B.J. Lee, S.R. Ojeda, NELL2, a neuron-
specific EGF-like protein, is selectively expressed in glutamatergic neurons and
contributes to the glutamatergic control of GnRH neurons at puberty,
Neuroendocrinology 88 (2008) 199-211.

[9] T.J. Nelson, M.K. Sun, J. Hongpaisan, D.L. Alkon, Insulin, PKC signaling pathways
and synaptic remodeling during memory storage and neuronal repair, Eur. J.
Pharmacol. 585 (2008) 76-87.

[10] CJ. Lee, G. Mannaioni, H. Yuan, D.H. Woo, M.B. Gingrich, S.F. Traynelis,
Astrocytic control of synaptic NMDA receptors, ]. Physiol. 581 (2007) 1057-
1081.

[11] E. Oancea, M.N. Teruel, A.F. Quest, T. Meyer, Green fluorescent protein (GFP)-
tagged cysteine-rich domains from protein kinase C as fluorescent indicators
for diacylglycerol signaling in living cells, J. Cell Biol. 140 (1998) 485-498.

[12] A.C. Newton, Regulation of protein kinase C, Curr. Opin. Cell Biol. 9 (1997)
161-167.

[13] Y. Nishizuka, The molecular heterogeneity of protein kinase C and its
implications for cellular regulation, Nature 334 (1988) 661-665.

[14] C.C. Hegg, M. Irwin, M.T. Lucero, Calcium store-mediated signaling in
sustentacular cells of the mouse olfactory epithelium, Glia 57 (2009) 634-644.

[15] H. Mellor, P.J. Parker, The extended protein kinase C superfamily, Biochem. J.
332 (Pt 2) (1998) 281-292.

[16] M. Nori, G. L'Allemain, M.]. Weber, Regulation of tetradecanoyl phorbol
acetate-induced responses in NIH 3T3 cells by GAP, the GTPase-activating
protein associated with p21c-ras, Mol. Cell Biol. 12 (1992) 936-945.

[17] R. Marais, Y. Light, C. Mason, H. Paterson, M.F. Olson, CJ. Marshall,
Requirement of Ras-GTP-Raf complexes for activation of Raf-1 by protein
kinase C, Science 280 (1998) 109-112.

[18] A.S. Edwards, A.C. Newton, Regulation of protein kinase C betall by its C2
domain, Biochemistry 36 (1997) 15615-15623.

[19] M. Mosior, S. McLaughlin, Peptides that mimic the pseudosubstrate region of
protein kinase C bind to acidic lipids in membranes, Biophys. J. 60 (1991) 149-
159.

[20] N. Das Evcimen, G.L. King, The role of protein kinase C activation and the
vascular complications of diabetes, Pharmacol. Res. 55 (2007) 498-510.

[21] Y. Ohshiro, R.C. Ma, Y. Yasuda, J. Hiraoka-Yamamoto, A.C. Clermont, K. Isshiki,
K. Yagi, E. Arikawa, T.S. Kern, G.L. King, Reduction of diabetes-induced
oxidative stress, fibrotic cytokine expression, and renal dysfunction in
protein kinase Cbeta-null mice, Diabetes 55 (2006) 3112-3120.

[22] S. Rossner, G. Mehlhorn, R. Schliebs, V. Bigl, Increased neuronal and glial
expression of protein kinase C isoforms in neocortex of transgenic Tg2576
mice with amyloid pathology, Eur. ]J. Neurosci. 13 (2001) 269-278.

[23] M. Hiill, B. Miiksch, R.S. Akundi, A. Waschbisch, ].J. Hoozemans, R. Veerhuis,
B.L. Fiebich, Amyloid beta peptide (25-35) activates protein kinase C leading
to cyclooxygenase-2 induction and prostaglandin E2 release in primary
midbrain astrocytes, Neurochem. Int. 48 (2006) 663-672.

[24] S. Hashioka, A. Klegeris, C. Schwab, P.L. McGeer, Interferon-gamma-dependent
cytotoxic activation of human astrocytes and astrocytoma cells, Neurobiol.
Aging 30 (2009) 1924-1935.

[25] A. Rudkouskaya, A. Chernoguz, R.E. Haskew-Layton, A.A. Mongin, Two
conventional protein kinase C isoforms, alpha and beta I, are involved in the
ATP-induced activation of volume-regulated anion channel and glutamate
release in cultured astrocytes, ]. Neurochem. 105 (2008) 2260-2270.

[26] A. Pindon, B.W. Festoff, D. Hantai, Thrombin-induced reversal of astrocyte
stellation is mediated by activation of protein kinase C beta-1, Eur. J. Biochem.
255 (1998) 766-774.


http://refhub.elsevier.com/S0006-291X(14)01930-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01930-5/h0130

	The cytosolic splicing variant of NELL2 inhibits
	1 Introduction
	2 Materials and methods
	2.1 Reagents and antibodies
	2.2 Plasmid construction
	2.3 Cell lines and primary cortical astrocyte culture
	2.4 Co-immunoprecipitation and Western blot analysis
	2.5 Live imaging of PKC translocation
	2.6 RNA extraction and RT-PCR
	2.7 Immunocytochemistry
	2.8 Data analyses

	3 Results
	3.1 cNELL2 directly interacts with the N-termina
	3.2 cNELL2 interferes the surface expression of 
	3.3 cNell2 is endogenously expressed in astrocyt

	4 Discussion
	Acknowledgments
	References


