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Abstract: Meningothelial cells (MECs) play a crucial role in maintaining the integrity of the optic nerve-cerebral
spinal fluid (CSF) barrier in the retrobulbar part of optic nerve, but the detailed functions of MECs are far from being understood. Our present study investigated the excitatory effect induced by glutamate on the cellular function
of MECs. We determined cell viability, cell apoptosis, caspase9 activity, and proteomic changes after MECs were
exposed to glutamate. We found that MECs viability was inhibited following exposure to glutamate at different
concentration at different time point. Increased apoptosis as well as elevated caspase9 level were found in the glutamate-treated cells compared with controls. Proteomic analyses showed that 7 proteins were identified from 26 differentially expressed proteins through TOF/MS. Among those, transketolase (TK), collapsin response mediator proteins (CRMPs), GAIP-interacting protein (GIPC1), and lamin (LMNA) were presented to be down-regulated. Cathepsin
B (CatB), chloride intracellular channel 1 (CLIC1), and actin regulatory protein (CAPG) showed a specific expression
in non-glutamate-exposed cells. These differential proteins potentially contribute to the cellular functions such as
proliferation and apoptosis. The work presented herein demonstrates that MECs are vulnerable to glutamate stress
by changing their physiological function, which probably influences the integrity of optic nerve-CSF barrier.
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Introduction
Optic nerve diseases cause visual impairment;
however, the pathophysiology of these disorders is not yet fully understood. Functions of
subarachnoid space and cerebral fluid (CSF)
dynamics were recently demonstrated to be
essential in the pathogenesis of optic nerve
disorders [1-3].
Optic nerve, a white matter tract of the central
nerve system extending into the orbit, is
enclosed with dural, arachnoid as well as pial
sheaths. Subarachnoid space surrounding the
retrolaminar optic nerve behind the eye is filled
with CSF. Meningothelial cells (MECs) present
as a major cellular component of three meninges of the optic nerve and build an optic nerveCSF barrier that prevents the free flow of CSF
from the subarachnoid space. MECs are supposed to be one of key elements involved in

pathophysiological mechanisms of the subarachnoid space and considered to have a
capacity of removing active molecules or waste
products from the subarachnoid space by
ingesting large amounts of particulate matter
to modulate CSF composition [4]. MECs are
highly active to pathologic conditions [1, 2].
Impairment of MECs might result in the failure
of cellular function and induce the accumulation of waste products in the subarachnoid
space of optic nerve, which probably contributes to optic nerve diseases such as progressive anterior, posterior ischemic optic neuropathy and optic nerve sheath compartment
syndrome [5-7].
Glutamate, a major component of CSF and a
crucial excitatory neurotransmitter in the central nervous system (CNS), exerts a series of
pathophysiological processes [8]. Excessive
release of glutamate can lead to excitotoxicity
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in neurons, which may result in cellular calcium
overload, mitochondrial membrane depolarization, caspase activation, nitrogen free radicals
production, and even cell death [9, 10]. Many
neurodegenerative conditions including Alzheimer’s disease (AD), Parkinson’s disease, stroke
and traumatic brain injury have been reported
to be associated with glutamate excitotoxicity
[11, 12].
MECs, as the major cellular populations covering the orbital optic nerve sheath, directly contact the CSF and are therefore more susceptible to be affected by the alteration of the CSF
components. The aim of our present work was
to investigate the changes of physiological
function of MECs subjected to glutamateinduced excitotoxicity and to identify proteins
which were significantly altered in the stress.
Materials and methods
Cell culture
Meningothelial cell line (Ben Men cell line) was
grown in 75-cm2 flasks (Sarstedt, USA) and cultured in Dulbecco modified Eagle medium
(DMEM) (Gibco, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, USA), penicillin/streptomycin (100 U/ml, 100 µg/ml; Sigma,
Germany) until confluence. Cells were washed
with phosphate-buffered saline (PBS) (SigmaAldrich, USA) and trypsinized, centrifuged, and
resuspended. Cell suspension was mounted
and added to the 96-well plates (Falcon, USA)
with cell concentration at 1×104 cells/well.
Cell viability assay
MECs were seeded in a 96-well plate (1×104
cells/well). Glutamate (Sigma-Aldrich, USA) was
added to the culture medium at concentration
raging from 200 µM to 1000 µM. Cell viability
was determined by [3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2-terazolium, inner salt] (MTS) Cell
Proliferation Assay Kit ( BestBio, China) after
cells were exposed to glutamate for 24 h and
48 h respectively. Cell viablily was calculated by
(Atreatment-Ablank)/(Acontrol-Ablank) × 100%, where A
represents the absorbance recorded at 490
nm.
Assessment of apoptosis
Cells were seeded in 96-well plates at a density
of 1×104 cells/well. The cells incubated with
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medium alone were used as a control group;
the experimental group was exposed to 600
µM glutamate. After the treatment for 24 h and
48 h respectively, cells were washed with cold
PBS. The supernatant was removed and the
cells were stained with 5 μl of Annxin-V-FITC
and 10 μL of propidium iodide (PI) for 10 min at
room temperature in the dark according to the
manufacturer’s instructions (KeyGEN BioTECH,
China). The cells were observed under an invert
fluorescence microscope (Olymbus, Japan),
and semi-quantitative immunostaining analysis
was evaluated.
Determination of the activity of caspase9
Cells were seeded in discs with 10 cm diameter
(1×106 cells/disc). After MECs were subjected
to glutamate (600 µM) for 24 h and 48 h
respectively, the measurement of caspase9
activity was performed according to the manufacturer’s instructions (Uscnlife Science &
Technology Company, USA). The activity of caspase9 was quantified spectrophotometrically
at 405 nm using an ELISA reader (Nanjing,
China).
Protemic analysis
Reagents: Tris hydrochloride (Tris/HCl), urea,
thiourea, dithiothreitol (DTT), 3[(3-Cholamidopropyl) dimethylammonio]-propanesulfonic
acid (CHAPS), ethylenedinitrilotetraacetic acid
(EDTA), glycerol, sodium dodecyl sulfate (SDS),
iodoacetamide, bromophenol blue dye, silver
nitrate solution, K3Fe (CN)6, trypsin, NH4HCO3,
and α-cyano-4-hydroxycinnannic acid (CHCA)
were obtained from Sigma-Alrich (USA).
Acetonitrile anhydrous (ACN) was obtained
from Fisher (USA). Trifluoroacetic acid (TFA) was
obtained from Merck (Germany).
Extraction and quantification of proteins
Cells were seeded in discs with 10 cm diameter
(1×106 cells/disc) and cultured in the presence
of glutamate (600 µM). After incubation for 48
h, cells were collected, centrifuged and washed
with PBS three times at room temperature.
Cell suspensions were thawed and centrifuged
at 12000 rpm for 30 min at 4°C. The supernatant was collected for quantification of proteins
in suspension using the Bradford assay. Cell
pellets were resuspended in a 10-fold volume
of lysis buffer solution containing 40 mM Tris/
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Figure 1. Effect of glutamate on the cell viability of
meningothelial cells (MECs). Cell viability decreased
compared with controls after MECs were exposed to
glutamate at different concentration for 24 h and 48
h respectively. Results are expressed as mean ± SD
(n=6). *P < 0.05; ΔP < 0.01; ▲P < 0.001.

for 12 h, 500 V for 1 h, 1000 V for 1 h, 8000 V
for 8 h, and 500 V for 4 h. After IEF, the IPG
strips were equilibrated with equilibration buffer containing 50 mmol/l Tris-HCl, 6 mol/l urea,
30% glycerol, 2% SDS, and 1% DTT for 15 min
at room temperature, followed by 2.5% iodoacetamide instead of 1% DTT in equilibration
buffer for another 15 min and subsequently
applied to SDS-polyacrylamide gel electrophoresis (PAGE) gels. The second-dimensional
SDS-PAGE was performed until the bromophenol blue dye front reached 0.5 cm from the bottom of the gel. The gels were run in triplicate for
each sample and stained with silver nitrate
solution. For image analysis, gels were scanned
at a resolution of 300 dpi, and Image Master TM
2D Platinum (Version 7.0) (GE Healthcare, USA)
was used to detect altered protein expression
levels.
Protein identification by MALDI-TOF MS

Figure 2. Influence of glutamate on the caspase9 activity of meningothelial cells (MECs). The caspase9
activity of MECs increased after cells were exposed
to glutamate (600 µM) compared with control cells
for 24 h and 48 h respectively. Data are presented as
mean ± SD (n = 6) *P < 0.05; **P < 0.01.

HCl, 7 M urea, 2 M thiourea, 2 M CHAPS,
20 mM DTT, 1 mM EDTA, and 10 μl protease
inhibitor cocktail. The mixtures were sonicated
for 3 s following immersion for 10 s in an icewater bath until the suspensions were limpid,
and then 50 μl nuclease stock solution was
added to each sample suspension. The suspensions were centrifuged at 4°C for 10 min at
12000 rpm. The supernatant fractions were
extracted from the homogenized samples and
used for 2-DE detection according to the
instructions of non-interference protein assay
kit (Millipore Sigma, USA).
Two-dimensional gel electrophoresis (2DE)
separation
One-dimensional isoelectric focusing (IEF) was
carried out with an Amersham Biosciences
Ettan IPGphor IEF system (GE Healthcare, USA).
Samples (100 μg) were loaded using 13-cm
pH-3-10 IPG strips. IEF was performed at 30 V
12143

Protein spots were excised from gels, destained,
and washed until the gels became clear. Gel
plugs were destained using 30 mmol/l K3Fe
(CN)6 and 100 mmol/l NaS2O3 mixed in a 1:1
ratio, and then incubated in the dark for 30 min
followed by 3×15 min H2O washes. Spots were
dried by lyophilization and digested for 20 h in
10 ng/ml trypsin/0.1 mol/l NH4HCO3. Peptides
were extracted three times with 50% ACN 0.1% TFA and dried in a vacuum. The peptide
mixture was dissolved in 0.1% TFA and desalted using a C18 ZipTip (Millipore, Bedford, MA).
The eluted peptides in 0.1% TFA/50% ACN
mixed with an equal volume of 0.1% TFA/30%
ACN saturated with CHCA solution were applied
onto the target and air-dried. The peptide mixtures from samples were analyzed by 4800
MALDI-TOF MS Proteomics Analyzer (Applied
Biosystems Inc, Foster City, CA) with TOF/TOF
Optics Applied Biosystems. Tandem mass
spectrometry (MS/MS) was used to search protein identity from NCBI human database using
Mascot search engine.
Statistical analysis
ANOVA was used for analysis of MECs viability,
caspase9 activity, and apoptotic cells. Independent t-test was performed for a comparison
between two groups as needed. Statistical
analyses were conducted with SPSS 18.0 statistical analysis software (SPSS Inc., Chicago,
Int J Clin Exp Med 2018;11(11):12141-12148
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Figure 3. Glutamate-induced cell apoptosis in meningothelial cells (MECs). Cells were treated with 600 μM glutamate for 24 h and 48 h respectively and then subjected to annexin-V and propidium iodide (PI) double- staining for
cell apoptosis detection. Each white arrow indicates apoptotic cells. (24 h control, see A-C; 48 h control see G-I; 24
h glutamate-treated cells, see D-F; 48 h glutamate-treated cells, see J-L). (M) is the percentages of apoptosis for the
glutamate-exposed and unexposed cells. Data are presented as mean ± SD. *P < 0.05.

IL), with data presented as mean ± SD.
Statistical significance was defined as P < 0.05.
Results
Glutamate suppressed MECs viability
To investigate the effects of glutamate on the
cell viability of MECs, cells exposed to various
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concentrations of glutamate from 200 to 1000
μM for 24 h and 48 h were detected by MTS.
The subsequent assessment of the cell viability
indicated that cell growth was evidently inhibited by glutamate in a dose- and time-dependent
manner. There was a significant difference
among different groups after cells were treated
with glutamate; the obvious inhibition effect
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Figure 4. Two-dimensional gel electrophoresis maps of meningothelial cells (MECs). Arrow point spots represent
differentially expressed proteins in control cells (A) and glutamate-treated cells (B) in the 2-DE profile. Spot numbers
refer to the proteins identified and listed in Table 1.

exhibited after cells were incubated with 600
μM glutamate for 24 h (P < 0.01). Moreover,
with the increase both of exposure time and
treatment concentration, glutamate markedly
reduced the cell viability when compared to
controls (Figure 1).
Glutamate enhanced the caspase9 activity of
MECs
In order to assess the effect of glutamate on
MECs, cells were treated with glutamate at a
concentration of 600 µM for 24 h and 48 h
respectively. In comparison with unexposed
cells, increased caspase9 activity was presented in glutamate-treated cells at 24 h time point
(P < 0.01). Incubation with glutamate for 48 h
elevated the level of caspase9 as compared to
control cells (P < 0.05) (Figure 2).
Glutamate induced the apoptosis of MECs
Annexin-V-PI double staining assay was performed to assess a possible involvement of
apoptosis in glutamate-triggered stress on
MECs. As shown in Figure 3, annexin V generates green fluorescence representing early
apoptosis, and cells stained with both PI and
annexin V-FITC demonstrate late stage apoptosis and early necrosis. Compared with controls,
apoptosis increased after cells were exposed
to 600 μM glutamate for 24 h, but there was no
significant difference between the two groups
(P > 0.05). Under glutamate-induced stress for
48 h, the percentage of apoptotic cells was significantly increased relative to those in controls
(P < 0.05) (Figure 3M).
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Alterations in MECs protein in response to
glutamate stress
Spots which changed consistently and significantly with more than two-fold difference were
selected for analysis. Compared with the
untreated cells (Figure 4A), MECs with glutamate administration (Figure 4B) exhibited a significant reduction in the number of protein
spots in the 2-DE profiles. 7 proteins were identified from 26 differentially expressed proteins
through TOF/MS analysis (Table 1). Among
these identified proteins, transketolase (TK),
collapsin response mediator proteins (CRMPs),
GAIP-interacting protein (GIPC1), and lamin
(LMNA) were found to be down-regulated.
Cathepsin B (CatB), actin regulatory protein
(CAPG), and chloride intracellular channel 1
(CLIC1) showed a specific expression in cells
with the absence of glutamate.
Discussion
The retrobulbar side of the optic nerve is a compartment occupied with CSF within the subarachnoid space. Compartmentation of the
subarachnoid space of the optic nerve might
result in an impairment of the integrity of the
optic nerve-CSF barrier, which contributes to
the development of optic nerve sheath compartment syndrome and might be related to
optic neuropathy and optic nerve neurodegenerative diseases [13]. MECs, the predominant
cell types lining the inner surface of the dura
mater, both sides of arachnoid layer, and the
outer surface of pia mater surrounding the
optic nerve, directly contact with CSF and might
Int J Clin Exp Med 2018;11(11):12141-12148
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Table 1. Differentially expressed proteins in control and glutamate-treated cells
Spot
NCBI No
No

Protein

Mw

Protein
Isoelectric
Score Function
coverage (%)
point

(1) Proteins down-regulated with glutamate
1

gi|4503377

2

gi|27436946

3

gi|388891

4

gi|545809004

CRMP-2 (DPYL2) 62711

10

5.95

64

Neuronal growth and migration, apoptosis, proliferation, and differentiation

6.57

59

DNA replication, DNA repair, chromatin organization,
proliferation, mitogenesis, and differentiation

LMNA

74380

7

TK

68519

14

7.58

108

Cell proliferation and cell cycle

GIPC1

36141

3

5.90

34

Trafficking of transmembrane proteins, cell-cycle,
apoptosis, cell adhesion, and motility

(2) Proteins specifically expressed in control with absence of glutamate
5

gi|63252913

CAPG

38760

8

5.82

55

Cell motility, proliferation, and apoptosis

6

gi|14251209

CLIC1

27248

26

5.09

218

Ion channel protein and cell cycle control

7

gi|4503139

CatB

38766

5

5.88

64

Cell proliferation, apoptosis, invasion, and metastasis

Note: CRMPs, collapsin response mediator proteins; LMNA, lamin; TK, transketolase; GIPC1, GAIP-interacting protein; CAPG, actin regulatory protein; CLIC1, chloride
intracellular channel 1; CatB, cathepsin B.

therefore perform an essential role in keeping
the optic nerve-CSF barrier intact and maintaining the balance of the substance in the CSF.
In the current study, assessment of the cell
viability in the proliferation of MECs under the
glutamate stress indicates that glutamate suppressed MECs growth. Upregulation of caspase9 activity in glutamate-exposed cells
implies that apoptosis might be involved in the
pathogenesis of the glutamate-stress on MECs.
Caspase9, an indicator of intrinsic pathway of
apoptosis, is regarded as the early symbol via
transmitting the cellular apoptosis signaling.
Additionally, our data regarding the Annexin-VPI double staining showed that exposure to glutamate was capable of inducing apoptosis,
which was consistent with the elevated level of
caspase9 in glutamate-treated cells, suggesting the role of apoptosis might be involved in
the pathological event elicited by glutamate
excitotoxicity.
In our study, proteomic changes were detected
in MECs after glutamate exposure. The identification of protein spots discovered by mass
spectrometry techniques allows a more
detailed analysis of molecular mechanisms
involved in the glutamate-induced stress on
the proteomic changes of MECs. 7 proteins
were identified from 26 differentially expressed
proteins through TOF/MS analysis. Among
those, down-regulated proteins including TK,
CRMPs, GIPC1, and LMNA were recently demonstrated to be involved in proliferation, apoptosis and cell structure modulation [14-17]. TK
is abnormally and characteristically degraded
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during extraction of AD fibroblasts and proposed to be closely related with the onset of AD
[18]. TK knockdown has been reported to result
in cell-cycle delay, thereby inhibiting cell proliferation [14]. CRMPs are important brain-specific proteins linked with nervous system development and neurodegenerative disorders [19].
Other investigations have implicated CRMP-2 in
a range of cellular functions, such as apoptosis,
proliferation, cell migration, differentiation,
modifying microtubule assembly, and neuronal
survival [15, 19-22]. GIPC1 has emerged as a
structural protein by inducing multiple biological responses such as protein trafficking, endocytosis, and receptor clustering [23]. GIPC1
silencing promotes G2 cell-cycle arrest, apoptosis, and alternations in cell adhesion and motility [16]. Nuclear LMNA family provides a structural scaffolding for the cell nucleus and
interacts with both nuclear membrane proteins
and chromatin [24], and it also plays central
roles in DNA replication, formation of the mitotic spindle, gene transcription, cell proliferation,
and cell differentiation [17, 25, 26]. Silencing of
LMNA expression slows cell proliferation [17].
The down-regulation of TK, CRMP-2, GIPC1 and
LMNA in our study gives a clue that glutamate
might be involved in the degradation of these
proteins, leading to cell growth inhibition and
apoptosis during the oxidative stress. Glutamate might therefore restraint the protective
role of MECs in the optic nerve-CSF barrier.
In this study, the other 3 identified proteins
showed a specific expression in non-glutamateexposed cells include CatB, CAPG and CLIC1,
which are demonstrated to be related with cell
Int J Clin Exp Med 2018;11(11):12141-12148
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structure and cellular process regulation functions, such as proliferation and apoptosis [2729]. CatB has been demonstrated a role for
proliferation, invasion, and metastasis of tumor
development [27]. Down-regulation of CatB has
been found to induce apoptosis in glioma cells
[28]. CAPG is an actin-regulatory protein and
plays important roles in cell motility through
interaction with actin monomers and filaments.
Moreover, depletion of CAPG has been associated with decreased cell motility, cellular proliferation, and apoptosis [29]. CLIC1, regarded as
a real chloride channel in plasma and nuclear
membrane, is postulated to play a role in ion
homeostasis modulation, cell cycle mediation,
transepithelial transport, and regulation of
electrical excitability [30, 31]. In our study, glutamate-induced absence expression of CatB,
CAPG, and CLIC1 may be part responsible for
the MECs dysfunction via interference of cell
structure, deregulation of cell cycle, and inhibition of cell motility, which resulted in an inhibitory effect of glutamate on the proliferation of
MECs.
Altogether, these in vitro observations provide
an evidence that glutamate poses an impact on
MECs through inhibiting cell viability, triggering
apoptosis, and down-regulating several key
proteins. These altered proteins are most likely
involved in cell-mediated biological functions
such as modulating cell proliferation, apoptosis, regulating cell structure, cell cycle, and cell
motility. The down-regulated proteins probably
contribute to the suppression of MECs growth
and cellular function, which probably influence
the intact of optic nerve-CSF barrier. These
results suggest a role of MECs in the pathogenic mechanisms of optic nerve diseases.
Acknowledgements
This work was supported by grants from the
National Natural Science Foundation of China
(81160122 and 81460086), Thousand Talents
Plan of Qinghai Province, Ministry of Human
Resources and Social Security of PRC, and
Qinghai Science Technology Committee (2014ZJ-911).
Disclosure of conflict of interest
None.
Address correspondence to: Xiaorong Xin, Department of Ophthalmology, Qinghai Red Cross

12147

Hospital, Xining 810000, Qinghai Province, China.
E-mail: xrgc19@yahoo.com

References
[1]

Xin X, Fan B, Flammer J, Miller NR, Jaggi GP,
Killer HE, Meyer P and Neutzner A. Meningothelial cells react to elevated pressure and oxidative stress. PLoS One 2011; 6: e20142.
[2] Li J, Fang L, Killer HE, Flammer J, Meyer P and
Neutzner A. Meningothelial cells as part of the
central nervous system host defence. Biol Cell
2013; 105: 304-315.
[3] Li J, Fang L, Meyer P, Killer HE, Flammer J and
Neutzner A. Anti-inflammatory response following uptake of apoptotic bodies by meningothelial cells. J Neuroinflammation 2014; 11: 35.
[4] Xin X, Huber A, Meyer P, Flammer J, Neutzner
A, Miller NR and Killer HE. L-PGDS (betatrace
protein) inhibits astrocyte proliferation and mitochondrial ATP production in vitro. J Mol Neurosci 2009; 39: 366-371.
[5] Killer HE, Jaggi GP, Miller NR, Huber AR, Landolt H, Mironov A, Meyer P and Remonda L. Cerebrospinal fluid dynamics between the basal
cisterns and the subarachnoid space of the
optic nerve in patients with papilloedema. Br J
Ophthalmol 2011; 95: 822-827.
[6] Wostyn P, De Groot V, Van Dam D, Audenaert
K, Killer HE and De Deyn PP. Glaucoma and
the role of cerebrospinal fluid dynamics. Invest
Ophthalmol Vis Sci 2015; 56: 6630-6631.
[7] Killer H, Jaggi G, Flammer J, Miller N, Huber A
and Mironov A. Cerebrospinal fluid dynamics
between the intracranial and the subarachnoid space of the optic nerve. Is it always bidirectional? Brain 2006; 130: 514-520.
[8] Zhou Y and Danbolt NC. Glutamate as a neurotransmitter in the healthy brain. J Neural
Transm (Vienna) 2014; 121: 799-817.
[9] Lewerenz J and Maher P. Chronic glutamate
toxicity in neurodegenerative diseases-What is
the evidence? Front Neurosci 2015; 9: 469.
[10] Miranda AS, Vieira LB, Lacerda-Queiroz N, Souza AH, Rodrigues DH, Vilela MC, Gomez MV,
Machado FS, Rachid MA and Teixeira AL. Increased levels of glutamate in the central nervous system are associated with behavioral
symptoms in experimental malaria. Braz J Med
Biol Res 2010; 43: 1173-1177.
[11] Hsieh MH, Ho SC, Yeh KY, Pawlak CR, Chang
HM, Ho YJ, Lai TJ and Wu FY. Blockade of
metabotropic glutamate receptors inhibits cognition and neurodegeneration in an MPTP-induced Parkinson’s disease rat model. Pharmacol Biochem Behav 2012; 102: 64-71.
[12] Brennan-Minnella A, Shen Y and Swanson R.
Phosphoinositide 3-kinase couples NMDA receptors to superoxide release in excitotoxic
neuronal death. Cell Death Dis 2013; 4: e580.

Int J Clin Exp Med 2018;11(11):12141-12148

Cellular function changes of meningothelial cells react to glutamate stimuli
[13] Jaggi G, Mironov A, Huber A and Killer H. Optic
nerve compartment syndrome in a patient with
optic nerve sheath meningioma. Eur J Ophthalmol 2007; 17: 454-458.
[14] Xu IM, Lai RK, Lin SH, Tse AP, Chiu DK, Koh HY,
Law CT, Wong CM, Cai Z, Wong CC and Ng IO.
Transketolase counteracts oxidative stress to
drive cancer development. Proc Natl Acad Sci
U S A 2016; 113: E725-734.
[15] Tahimic CG, Tomimatsu N, Nishigaki R, Fukuhara A, Toda T, Kaibuchi K, Shiota G, Oshimura
M and Kurimasa A. Evidence for a role of Collapsin response mediator protein-2 in signaling pathways that regulate the proliferation of
non-neuronal cells. Biochem Biophys Res
Commun 2006; 340: 1244-1250.
[16] Chittenden TW, Pak J, Rubio R, Cheng H,
Holton K, Prendergast N, Glinskii V, Cai Y, Culhane A, Bentink S, Schwede M, Mar JC, Howe
EA, Aryee M, Sultana R, Lanahan AA, Taylor JM,
Holmes C, Hahn WC, Zhao JJ, Iglehart JD and
Quackenbush J. Therapeutic implications of
GIPC1 silencing in cancer. PLoS One 2010; 5:
e15581.
[17] Shimi T and Goldman RD. Nuclear lamins and
oxidative stress in cell proliferation and longevity. Adv Exp Med Biol 2014; 773: 415-430.
[18] Mocali A, Della Malva N, Abete C, Mitidieri
Costanza VA, Bavazzano A, Boddi V, Sanchez L,
Dessi S, Pani A and Paoletti F. Altered proteolysis in fibroblasts of Alzheimer patients with
predictive implications for subjects at risk of
disease. Int J Alzheimers Dis 2014; 2014:
520152.
[19] Hensley K, Venkova K, Christov A, Gunning W
and Park J. Collapsin response mediator protein-2: an emerging pathologic feature and
therapeutic target for neurodisease indications. Mol Neurobiol 2011; 43: 180-191.
[20] Na EJ, Nam HY, Park J, Chung MA, Woo HA and
Kim HJ. PI3K-mTOR-S6K signaling mediates
neuronal viability via collapsin response mediator protein-2 expression. Front Mol Neurosci
2017; 10: 288.
[21] Petratos S, Ozturk E, Azari MF, Kenny R, Lee JY,
Magee KA, Harvey AR, McDonald C, Taghian K,
Moussa L, Mun Aui P, Siatskas C, Litwak S,
Fehlings MG, Strittmatter SM and Bernard CC.
Limiting multiple sclerosis related axonopathy
by blocking Nogo receptor and CRMP-2 phosphorylation. Brain 2012; 135: 1794-1818.

12148

[22] Yoneda A, Morgan-Fisher M, Wait R, Couchman JR and Wewer UM. A collapsin response
mediator protein 2 isoform controls myosin IImediated cell migration and matrix assembly
by trapping ROCK II. Mol Cell Biol 2012; 32:
1788-1804.
[23] Katoh M. Functional proteomics, human genetics and cancer biology of GIPC family members. Exp Mol Med 2013; 45: e26.
[24] Dittmer TA and Misteli T. The lamin protein
family. Genome Biol 2011; 12: 222.
[25] Burke B and Stewart CL. The nuclear lamins:
flexibility in function. Nat Rev Mol Cell Biol
2013; 14: 13-24.
[26] Dechat T, Adam SA, Taimen P, Shimi T and
Goldman RD. Nuclear lamins. Cold Spring
Harb Perspect Biol 2010; 2: a000547.
[27] Vasiljeva O, Korovin M, Gajda M, Brodoefel H,
Bojic L, Kruger A, Schurigt U, Sevenich L, Turk
B, Peters C and Reinheckel T. Reduced tumour
cell proliferation and delayed development of
high-grade mammary carcinomas in cathepsin
B-deficient mice. Oncogene 2008; 27: 41914199.
[28] Malla R, Gopinath S, Alapati K, Gondi CS, Gujrati M, Dinh DH, Mohanam S and Rao JS.
Downregulation of uPAR and cathepsin B induces apoptosis via regulation of Bcl-2 and
Bax and inhibition of the PI3K/Akt pathway in
gliomas. PLoS One 2010; 5: e13731.
[29] Xu X, Hu H, Wang X, Ye W, Su H, Hu Y, Dong L,
Zhang R and Ying K. Involvement of CapG in
proliferation and apoptosis of pulmonary arterial smooth muscle cells and in hypoxia-induced pulmonary hypertension rat model. Exp
Lung Res 2016; 42: 142-153.
[30] Ulmasov B, Bruno J, Woost PG and Edwards JC.
Tissue and subcellular distribution of CLIC1.
BMC Cell Biol 2007; 8: 8.
[31] Goodchild SC, Howell MW, Cordina NM, Littler
DR, Breit SN, Curmi PM and Brown LJ. Oxidation promotes insertion of the CLIC1 chloride
intracellular channel into the membrane. Eur
Biophys J 2009; 39: 129.

Int J Clin Exp Med 2018;11(11):12141-12148

