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Abstract

Background/Aims: Periodic mechanical stress has been shown to promote extracellular matrix
(ECM) synthesis and cell migration of nucleus pulposus (NP) cells, however, the mechanisms
need to be fully elucidated. The present study aimed to investigate the signal transduction
pathway in the regulation of NP cells under periodic mechanical stress. Methods: Primary
rat NP cells were isolated and seeded on glass slides, and then treated in our self-developed
periodic stress field culture system. To further explore the mechanisms, data were analyzed
by scratch-healing assay, quantitative reverse transcription polymerase chain reaction (RT-
gPCR) analysis, western blotting, and co-immunoprecipitation assay. Results: Under periodic
mechanical stress, the mRNA expression of ECM collagen 2A1 (Col2A1) and aggrecan, and
migration of NP cells were significantly increased (P < 0.05 for each), associating with increases
in the phosphorylation of Src, GIT1, and ERK1/2 (P < 0.05 for each). Pretreatment with the Src
inhibitor PP2 reduced periodic mechanical stress-induced ECM synthesis and cell migration of
NP cells (P < 0.05 for each), while the phosphorylation of GIT1 and ERK1/2 were inhibited. ECM
synthesis, cell migration, and phosphorylation of ERK1/2 were inhibited after pretreatment
with the small interfering RNA for GIT1 in NP cells under periodic mechanical stress (P <
0.05 for each), whereas the phosphorylation of Src was not affected. Pretreatment with the
ERK1/2 inhibitor PD98059 reduced periodic mechanical stress-induced ECM synthesis and cell
migration of NP cells (P < 0.05 for each). Co-immunoprecipitation assay showed that there
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was a direct interaction between Src and GIT1 and between GIT1 and ERK1/2. Conclusion: In
conclusion, periodic mechanical stress induced ECM expression and migration of NP cells via
Src-GIT1-ERK1/2 signaling pathway, playing an important role in regulation of NP cells.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

The Intervertebral disc contains two main components, including the nucleus pulposus
(NP) and the annulus fibrosus. In vivo, NP cells in the center of intervertebral disc (IVD) are
exposed to mechanical stress. The periodic mechanical load is advantageous to maintain
the physiologic functions of the disc [1, 2]. However, few studies have already elucidated the
mechanism of this mechanical-biochemical signal transduction in the NP cells lineage.

Src-family kinases (SFKs) consist of nine tyrosine kinases in the cytoplasmic domain.
Among them, Src protein not only is currently the most studied member, but also the most
closely protein associated with human diseases. Wu etal. reported that pressure alone induced
hepatic stellate cells proliferation involving the activation of Src-dependent signaling [3]. Our
previous study also revealed that periodic mechanical stress partly promoted chondrocyte
area expansion and migration through the Src-dependent signaling [4]. However, no study
demonstrated the effects of Src on NP cells in response to mechanical stimulation.

GIT1 is a protein kinase involved in controlling the activation of downstream signaling
proteins [5]. A study conducted by Kaneyama et al. demonstrated that GIT1 was localized
to stress fibers during the cyclic stretching, and participated in regulating the contractile
capability of cells in the stress fibers [6]. Meanwhile, our previous study confirmed that
periodic mechanical stress could promote the expression of extracellular matrix of rat
nucleus pulposus (NP) cells by regulation of GIT1 [7]. However, it is presently unclear which
proteins are involved in the upstream and downstream regulation of GIT1 during signaling
transduction.

ERK1/2 is a serine and threonine kinase, virtually existing in all eukaryotic cells [8].
ERK1/2 is one of the core proteins in Mitogen-activated protein kinase (MAPK) signaling
pathway and is closely associated with cell activity [9]. ERK1/2 activation has been shown
to be capable of regulating the mitogenic responses under mechanical stimulation in rat
chondrocytes [10, 11]. However, the regulation of ERK1/2 signaling needs to be elucidated
in NP cells under mechanical stimulation.

Based on the above-mentioned studies, we therefore attempted to explore the
mechanisms by which periodic mechanical stress is translated into biochemical signals, and
also verified the nature of the relationship among Src, GIT1, and ERK1/2 in extracellular
matrix expression and migration of NP cells.

Materials and Methods

Cell culture

NP cells were harvested using the method described previously [12]. In brief, four-week-old Sprague-
Dawley (SD) rats of either sex from Animal Center of Nanjing Medical University (Nanjing, Jiangsu province,
China) were sacrificed by cervical dislocation. NP cells collected from thoracic and lumbar spine were
digested by 1.5% type II collagenase (Gibco; Thermo Fisher Scientifc, Inc.,, Waltham, MA, USA) at 37°C
for 2 h, followed by filtration through a 200 mm Medium Mesh Strainer. The seed cells were cultured in
DMEM-F12 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and supplemented with 10%
fetal bovine serum (FBS; GE Healthcare Life Sciences Hyclone Laboratories, Logan, UT, USA) in a BB5060
incubator (Hereus, Hanau, Germany) at 37 °C and 5% CO2. Cells of the second generation were used for the
following experiments in presence of approximately 80% confluent.
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Construction of a periodical mechanical stress field

A periodic stress field of perfusion culture system with adjustable stress intensity was constructed
by connecting the reciprocating intensifier pump to the air-tight cell culture device through a barrier-type
pressure transducer (Taixing Experimental Instrument Factory, Jiangsu province, China), which provided a
periodic mechanical stress with a pressure of 0-0.3 MPa and frequency of 0-1 Hz, as previously described
[13]. Our previous study revealed that NP cells had a proper response to stress varying from 0 to 200 kPa at
0.1 Hz. Therefore, this range of pressure (0-200 kPa) and frequency (0.1 Hz) were used in the experiments
[14, 15].

Cell treatment

Cells were plated on slides (25 mm x 25 mm), and then underwent periodic mechanical stress treatment
of 0-0.2 MPa and 0.1 Hz (designated as pressure group), and also control group (without treatment) was
considered. In some experiments, NPs were transfected with GIT1 SiRNA (SiRNA group) or SiRNA negative
control (NC group) or without treatment (Control group) before the administration of periodic mechanical
stress. NP cells were also pretreated with PP2, PD98059, or without treatment (Control group) before the
administration of periodic mechanical stress. After stress treatment, cells were collected for various assays.

Inhibitors

PP2 (Amersham, UK) and PD98059 (Cell Signaling Technology Inc., Danvers, MA, USA) are specific
inhibitors against Srcand ERK1/2, respectively. Each inhibitor was dissolved in anhydrous dimethyl sulfoxide
(DMSO) to 5 mmol/L storage concentration solution, and stored at —20°C. Each storage concentration
solution was immediately diluted prior to use; each pretreatment group contained 0.1% (v/v) DMSO, which
also contained the concentration used for the control group. NP cells were pre-treated with PP2 (10 uM),
PD98059 (10 uM), or an equivalent amount of DMSO (0.1%, v/v) for 30 min, respectively. Then periodic
mechanical stress was applied immediately after treatment with inhibitors.

Cell transfection

The SiRNA sequence for GIT1 was as follows: Sense 5’- CCCAUCAAGUCAGAGUUCATT-3’
and antisense 5’-UGAACUCUGACUUGAUGGGTT-3’; the NC SiRNA sequence was as follows: Sense
5’-UUCUCCGAACGUGUCACGUATAT-3’ and antisense 5’-ACGUGACACGUUCGGAGAAATAT-3". The SiRNA and
the NC sequence were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). For transfection, 75
pM of SiRNA or NC, and 7.5 pl lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) were resolved in
50 pl Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), respectively, mixed for 5
min, and then added to the cells on slides (100 pl for each slide; 1x10° cells/ml). After 6 h at 37 °C, the cells
were collected for following periodic mechanical stress treatment.

Western blot analysis

The cells were collected and prepared for total protein using radio immunoprecipitation assay (RIPA)
buffer (Beyotime Institute of Biotechnology, China). Then, Western blot analysis was performed as previously
described [16]. The concentration of the resultant total protein was determined using a bicinchoninic acid
assay (BCA) (Beyotime Institute of Biotechnology, China). Protein samples were resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes.
Primary antibodies used for incubating overnight at 4 °C were as follows: anti-Src (cat. no.2108; Cell
Signaling Technology, Inc., Danvers, MA, USA), anti-phospho-Src (Tyr418) (cat. no. ab40660; Abcam, USA),
anti-GIT1(cat. n0.2919; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-phospho-GIT1 (Tyr554)
(cat.no.0301412; PL Laboratories, Inc., British Columbia, Canada), anti-ERK1/2(cat. n0.9102; Cell Signaling
Technology, Inc., Danvers, MA, USA), anti-phospho-ERK1/2 (Thr202/Tyr204) (cat. no.4370; Cell Signaling
Technology, Inc., Danvers, MA, USA), and anti-GAPDH (cat. no. AP0063; Bioworld Technology, Inc., MN, USA).
Following washing the membrane with phosphate buffered saline with Tween 20 (PBST), blots were then
incubated with horseradish peroxidase (HRP) conjugated secondary antibody at ambient temperature for
1 h, and the colors were developed with ECL. The secondary antibodies used were as follows: goat anti-
rabbit IgG-HRP (cat. no. BS13278; Bioworld Technology, Inc., MN, USA), goat anti-mouse IgG-HRP (cat. no.
BS12478; Bioworld Technology, Inc., MN, USA) or rabbit anti-goat IgG-HRP (cat. no. sc-2768; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). The blots were scanned with Bio-Rad Gel Doc Imaging System (Bio-
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Rad Laboratories, Inc., Hercules, CA, USA), and the band densities were quantified and compared using
“Quantity One” software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Expression of the target protein
was calculated as the band density of the target protein normalized to that of GAPDH.

Co-immunoprecipitation

For cell samples, immunoprecipitation was performed according to a previous study [17]. Briefly, NP
cells were collected, rinsed twice with cold phosphate buffered saline (PBS), and lysed in Lysis/Wash buffer
(Beyotime Institute of Biotechnology, China), and supplemented with phenylmethylsulfonyl fluoride (PMSF;
Beyotime Institute of Biotechnology, China). Lysates were cleared by centrifugation at 11, 000 g at 4 °C for
10 min. Supernatants were incubated with 2ug of the specified antibody overnight at 4 °C followed by 30 pl
of protein A/G beads (cat. no. sc-2003; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 4 h at 4°C with
gentle rotation. The beads were then pelleted at 1, 000 g for 1 min, and washed three times in 1 ml ice-cold
Lysis/Wash buffer containing 1 mM PMSF and 50 g/ml aprotinin. Antibody-protein conjugates were eluted
by boiling (10 min), and samples were then subjected to immunoblotting as described above.

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted using TRIzol regent (Invitrogen, Carlsbad, CA, USA), and transcribed into cDNA
using a PrimeScript RT Master Mix kit (Takara Bio, Inc., Shiga, Japan). The primers for aggrecan and Col2al
were as follows: sense 5’-CCCTACCCTTGCTTCTCCA-3’ and antisense5’-CTTGAGAGGCACTCATCAATGT-3’ for
aggrecan; sense 5’-GACCCCCAGGTTCTAATGG-3’ and antisense 5-GCACCTTTGGGACCATCTT-3’ for Col2A1;
and sense 5’-GCAGAAGGAGATTACTGCCCT-3’ and antisense 5’-GCTGATCCACATCTGCTGGAA-3’ for B-actin.
The primers were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). RT-qPCR analysis was
performed using a SYBR Premix Ex Taq II kit (Takara Bio, Inc., Shiga, Japan) and a StepOnePlus Real-Time
PCR system (Thermo Fisher Scientific, Inc.,, Waltham, MA, USA). The reaction was performed in a 20-pL
mixture containing 2 uL of the cDNA. The cycling conditions were as follows: at 95°C for 30 s; by 40 cycles at
95°C for 5 s, and at 60°C for 30 s. The results were quantified using the 224 method [18].

Cell migration assay

NP cells of the second generation were used to perform a scratch-healing assay [19]. Cells were grown
on a glass slide (25 mm x 25 mm) at a density of 10° cells/slide. When cell growth reached 80% confluency,
scratch wounds were created with the fine end of 200 pl tips. After experiments, the slides were observed
under a CKX31 microscope (Olympus, Tokyo, Japan), and images were captured under three optimal
fields at 0 and 24 h following the scratch. Cell migration was analyzed using Image] 1.43 software. The cell
migration distance (um) was calculated as the scratch width at 0 h minus the scratch width at 24 h following
the scratch.

Statistical analysis

Data were expressed as the mean * standard deviation (SD), and analyzed using SPSS 13.0 software
(SPSS Inc., Chicago, IL, USA). The data between groups were analyzed using an unpaired t-test. P-value <
0.05 was statistically considered significant.

Results

Periodic mechanical stress significantly induces the mRNA expression of extracellular

matrix (ECM) Col-2A1 and aggrecan, and promotes the migration of NP cells.

Compared with the control group, periodic mechanical stress (0.2 MPa; 0.1 Hz; 6 h)
significantly induced the mRNA expression of ECM Col2A1 and aggrecan, as determined using
RT-qPCR analysis (P < 0.05, Fig. 1A), promoted the migration of NP cells, which determined
in scratch experiments (P < 0.05, Fig. 1B).
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Fig. 1. Periodic mechanical stress significantly induces the mRNA expression of Col2A1 and aggrecan,
and promotes migration of NP cells. Cells were exposed to periodic mechanical stress (pressure) or
remained untreated (non-pressure). (A) mRNA expression levels of Col2A1 and aggrecan were analyzed by
quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis after 6 h stress treatment.
(B) Migration was determined by scratch experiments after 24 h stress treatment. The scratch width at
0 h minus the scratch width at 24 h was equal to the cell migration distance (magnification, x200). Data
are expressed as mean * standard deviation (SD). *P<0.05, compared with the non-pressure group (n=3).
Col2A1, collagen 2A1; NP, nucleus pulposus.

Periodic mechanical stress significantly induces the phosphorylation of Src, GIT1, and

ERK1/2 in NP cells.

The Western blot analysis showed that periodic mechanical stress significantly induced
the phosphorylation of Src, GIT1, and ERK1/2 (P < 0.05; Fig. 2).
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Fig. 2. Periodic mechanical stress significantly induces the phosphorylation of Src, GIT1 and ERK1/2 in NP
cells. Phosphorylation of of Src, GIT1 and ERK1/2 exposed to periodic mechanical stress for 1 h (pressure)
or not (non-pressure) were analyzed by Western blot analysis. Data are expressed as mean * standard
deviation (SD). *P<0.05, compared with the control (n=3). pSrc, phosphorylated Src; pGIT1, phosphorylated
GIT1; NP, nucleus pulposus; pERK1/2, phosphorylated ERK1/2.
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Fig. 3. PP2, PD98059, and GIT1 siRNA respectively suppress the mRNA expression levels of Col2A1 and
aggrecan, and migration of NP cells under periodic mechanical stress. NP cells treated with GIT1 SiRNA
(SiRNA), NC SiRNA(NC), PP2, PD98059 or untreated cells (control) were collected. The NP cells from SiRNA,
NC, PP2,PD98059, and control groups were collected to measure the (A) mRNA expression levels of Col2A1
and aggrecan, (B) migration by scratch experiments (magnification, x200). Data are expressed as mean *
standard deviation (SD). *P<0.05, compared with the control group (n=3). SiRNA, small interfering RNA;
Col2A1, collagen 2A1; NP, nucleus pulposus; NC, negative control.
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Fig. 4. Src-GIT1-ERK1/2 is a sequential chained reaction in signal transduction of NP cells under periodic
mechanical stress. After pretreatment with DMSO (control), PP2 or SiNRA, cells were cultured in vitro for 1
h with or without periodic mechanical stress. The expression and phosphorylation levels of Src, GIT1, and
ERK1/2 were detected by Western blotting. Results are represented in the histogram (n = 3, *, P<0.05 for
each). The above-illustrated images are representative results. (A,B) The phosphorylation levels of GIT1 and
ERK1/2 in the PP2 pretreatment group were significantly diminished relative to those of the control group
in response to periodic mechanical stress (n = 3, P<0.05 for each). (C, D) The phosphorylation levels of
ERK1/2 in the GIT1 SiRNA pretreatment group were significantly decreased relative to those of the control
group (n = 3, P<0.05 for each), whereas the phosphorylation level of Src in the GIT1 SiRNA pretreatment
group was not affected (n =3, P<0.05).
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Fig. 5. Periodic mechanical stress enhances the interaction among Src, GIT1, and ERK1/2. The expression
of Src, GIT1, and ERK1/2 in NP cells were verified by Western blot analysis. Cell lysates were subjected
to co-immunoprecipitation with the antibody against GIT1 followed by Western blotting using indicated
antibodies. (A) Co-immunoprecipitation showed that GIT1 interacted with Src in both non-pressure and
pressure groups (stress treatment for 1 h). In pressure group, the interaction between GIT1 and Src was
stronger than the non-pressure group. (B) Co-immunoprecipitation showed that GIT1 interacted with
ERK1/2. In pressure group (stress treatment for 1 h), the interaction between GIT1 and ERK1/2 was
stronger than the non-pressure group.

Phosphorylation of Src, GIT1, and ERK1/2 is required for the periodic mechanical

stress-induced expression of ECM and the migration of NP cells

To examine whetherthe phosphorylation of Src, GIT1 or ERK1/2 isinvolved in the periodic
mechanical stress-induced expression of ECM, the NP cells were pretreated with PP2, GIT1
SiRNA, or PD98059 prior to the administration of periodic mechanical stress. Pretreatment
with PP2, GIT1 SiRNA or PD98059 significantly suppressed the mRNA expression levels of
Col2A1 and aggrecan in the NP cells (P<0.05; Fig. 3A), and the migration of NP cells under
the periodic mechanical stress (P < 0.05; Fig. 3B).

Src-GIT1-ERK1/2 is a sequential chained reaction in signal transduction of NP cells under

periodic mechanical stress

To explore the relationship among Src, GIT1, and ERK1/2 in NP cells’ signaling pathway
under mechanical stress, the NP cells were pretreated with PP2 or GIT1 SiRNA prior to
the administration of periodic mechanical stress. Pretreatment with PP2 suppressed the
phosphorylation of GIT1 and ERK1/2 in the NP cells (P < 0.05; Fig. 4A-B). Pretreatment
with GIT1 SiRNA suppressed the phosphorylation of ERK1/2, while failed to affect the
phosphorylation of Src in the NP cells (P < 0.05; Fig. 4C-D).

Periodic mechanical stress enhances the interaction among Src, GIT1, and ERK1/2

AsshowninFig. 5, co-immunoprecipitation confirmed thatthere were clear relationships
between Src and GIT1 (Fig. 5A), and between GIT1 and ERK1/2 (Fig. 5B) in both non-
pressure and pressure groups. The interaction in pressure group was stronger than that in
non-pressure group.
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Discussion

This study was designed to determine the mechanism of signal transduction by
which periodic mechanical stress promotes NP cells migration and ECM synthesis. We
demonstrated that periodic mechanical stress partly activates NP cells migration and ECM
synthesis through Src-GIT1-ERK1/2 signaling pathway.

Src participates in regulation of cell growth, and proliferation and differentiation
related to multiple signaling pathways [20-22]. One study has reported that Src plays crucial
roles in shear stress-induced cellular processes [23]. A report published by Hum et al.
revealed that mechanical loading may induce the formation of a Src/Pyk2/MBD2 complex
in the nucleus, that functions to suppress anabolic gene expression [24]. Moreover, it has
been demonstrated that SFKs, the upstream regulators of ERK1/2, regulate ERK1/2 in
nociceptive neurons during H,0, [25]. We found that periodic mechanical stress promotes
ECM expression and migration of NP cells. Simultaneously, the phosphorylation level of Src
significantly increased. When the phosphorylation level of Src was inhibited, the activation of
GIT1 and ERK1/2 were suppressed, besides, ECM expression and migration of NP cells were
also significantly reduced, suggesting that Src regulates the activation of GIT1 and ERK1/2
to promote ECM expression and migration under stress environment.

GIT1 is a type of bridging protein within the cell’s local adhesion that regulates
downstream signaling molecules and cell activity [26]. A study conducted by Chen et al.
indicated that GIT1 is an independent prognostic biomarker and facilitates HCC progression
via activating ERK/MMP9 signaling [27]. Xiao et al. found that Platelet-derived growth factor
(PDGF) is able to activate the GIT1-PLCy1l-mediated ERK1/2 pathway to control chondrocyte
proliferation. However, the role of GIT1 in signaling pathways under stress environment is
less studied. The results of our study confirmed that periodic mechanical stress not only
causes ECM expression and cell migration, but also activates the phosphorylation level of
GIT1. ECM expression and cell migration were inhibited after SiRNA transfection of GIT1,
which indicated that GIT1 mediates ECM expression and migration of NP cells induced by
periodic mechanical stress. Additionally, when the activation of GIT1 was inhibited, the
phosphorylation level of ERK1/2 induced by periodic mechanical stress was suppressed as
well, while the activation of Src was not affected, which suggested that GIT1 was located
upstream of ERK1/2 and downstream of Src under conditions of periodic mechanical stress.

ERK1/2 is one of the core proteins of the MAPK cascade, and plays an important role
in cell proliferation, differentiation, and migration [28-32]. In addition, increasing evidence
showed that ERK1/2 plays an important role in the signal transduction pathway under
mechanical stress environment. Sun et al. demonstrated that mechanical stress can promote
matrix synthesis of mandibular condylar cartilage via the RKIP-ERK pathway [33]. Li et al.
found that chronic mechanical stress can enhance MUC5AC expression in human bronchial
epithelial cells through the ERK signal transduction pathway [34]. Mu et al. suggested that
mechanical stress is an important factor affecting the proliferation and differentiation of
stem cells from apical papilla via the activation of ERK and JNK signaling pathways [35]. In
the present study, we observed that periodic mechanical stress significantly enhances ECM
expression and migration of NP cells through activation of ERK1/2, relative to that in NP
cells under static conditions. Moreover, blocking ERK1/2 with PD98059 prevented the up-
regulation of ECM expression and cell migration following periodic mechanical stress. Our
findings indicate that ERK1/2 appears to play a key role in cellular adaptation of NP cells to
periodic mechanical stress.

In addition, our study for the first time demonstrated that there is a direct interaction
between the three proteins of Src, GIT1, and ERK1/2 in rat NP cells through co-
immunoprecipitation, and this effect was significantly enhanced under periodic mechanical
stress.
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Conclusion
Periodic mechanical stress
In conclusion, the present study l
confirmed that periodic mechanical stress
can stimulate the phosphorylation level of Src

Src, which then can activate downstream

of GIT1. Downstream activation of GIT1 led l« direct interaction

to ECM expression and migration of rat NP GIT1

cells via regulating the activity of ERK1/2.

Thus, Src-GIT1-ERK1/2 constitutes at least l direct interaction
akey signal transduction pathway regulated

by periodic mechanical stress in rat NP cells ERK1/2

(Fig. 6).

!

Rat nucleus pulposus cells migration
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