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Abstract

Background/Aims: The biological effects of periodic mechanical stress on chondrocytes
have been studied extensively over the past few years. However, the mechanisms underlying
chondrocyte mechanosensing and signaling in response to periodic mechanical stress remain
to be determined. In the current study, we examined the effects of focal adhesion kinase
(FAK) signaling on periodic mechanical stress-induced chondrocyte proliferation and matrix
synthesis. Methods and Results: Periodic mechanical stress significantly induced sustained
phosphorylation of FAK at Tyr’®” and Tyr’%°77. Reduction of FAK with targeted shRNA via
transfection of NH,-terminal tyrosine phosphorylation-deficient FAK mutant Y397F or Y576F-
Y577F abolished periodic mechanical stress-induced chondrocyte proliferation and matrix
synthesis, accompanied by attenuated ERK1/2 phosphorylation. However, activation of Src,
PLCy1 and Racl was not prevented upon FAK suppression. Furthermore, pretreatment with the
Src-selective inhibitor, PP2, and shRNA targeted to Src or suppression of Racl with its selective
inhibitor, NSC23766, blocked FAK phosphorylation at Tyr,>’%5”7 but not Tyr,?” under periodic
mechanical stress. Interestingly, FAK phosphorylation neither at Tyr’*” nor at Tyr®’¢”7 was
affected by PLCy1 depletion when periodic mechanical stress was applied. In addition, Tyr3’
and Tyr7¢577 phosphorylation levels were reduced upon pretreatment with a blocking antibody
against integrin 1 under conditions of periodic mechanical stress. Conclusion: Our findings
collectively suggest that periodic mechanical stress promotes chondrocyte proliferation and
matrix synthesis through at least two pathways, integrin f1-Src-Racl-FAK(Tyr57¢/577)-ERK1/2

and integrin B1-FAK (Tyr*")-ERK1/2.
Copyright © 2013 S. Karger AG, Basel

Weimin Fan Department of Orthopedics, The First Affiliated Hospital of Nanjing Medical University
300 Guang Zhou Road, Nanjing 210029 (China)
Tel. +86-25-83718836-6780, E-Mail fanweimin@vip.sina.com

arger
OpengacceSS

915



http://dx.doi.org/10.1159%2F000354495

Ce||u|ar Phy5|o|08y Cell Physiol Biochem 2013;32:915-930

DOL 1Q.1129/000324405 © 2013 S. Karger AG, Basel

and Biochemistry Published online: October 01, 2013 www.karger.com/cpb

Liang et al.: FAK Mitogenic Signal Through ERK1/2 Activity

Introduction

Periodic mechanical stress promotes chondrocyte proliferation and matrix synthesis
via integrin-initiated pathways. However, the signaling proteins downstream of integrin
remain to be identified [1]. Focal adhesion kinase (FAK) is known to be tightly linked to
integrin-associated mechanotransduction [2-4]. Accumulating evidence supports an
important role of FAK in several signal transduction pathways that affect cellular biological
processes, including proliferation, migration and survival [5-7]. Several researchers have
established that mechanical stimulation activates FAK signaling in a number of cell types [8,
9]. For instance, in an earlier investigation, Chaturvedi et al. demonstrated an association
of FAK with cyclic mechanical strain-induced pulmonary epithelial cell proliferation [10].
However, the specific functions of FAK in chondrocytes under conditions of mechanical
stress are obscure. In the current study, the effects of FAK on chondrocyte proliferation and
matrix synthesis were examined in a periodic mechanical stress setting.

FAK activity depends on its site-specific tyrosine residues. The autophosphorylation
site at Tyr®*’ plays a critical role in catalytic activity, while Tyr>’¢/5”7 located in the catalytic
domain possibly enhances the kinase activity of FAK [11]. The functions of Tyr*’ and
Tyr576/577 residues of FAK in the regulation of signal pathways appear variable and complex.
For instance, Saldana and co-workers demonstrated that activation of FAK Tyr3%’ is essential
for the growth and function of hMSCs cultured on metallic surfaces under tensile forces
[12], while Kim and collaborators reported dependence of compressive stress-induced
expression of M-CSF, TNF-a, RANKL and OPG on FAK Tyr>’¢ phosphorylation in PDL cells
[8]. However, the role of site-specific tyrosine residues of FAK in chondrocytes exposed
to mechanical stimuli is currently unknown. Here, we substituted Tyr®®” and Tyr>’%/77 of
FAK with phenylalanine, with a view to exploring the effects of these residues on periodic
mechanical stress-induced chondrocyte proliferation and extracellular matrix synthesis.

In a previous study, we reported that periodic mechanical stress induces chondrocyte
proliferation and matrix synthesis through integrin B1-initiated Src, PLCy1, Racl and
ERK1/2 signals. FAK acts as an upstream regulator of ERK1/2 signaling under conditions of
mechanical stimulation in many non-chondrocytic cell types [13, 14]. Various studies have
demonstrated a pivotal role of FAK in integrin-mediated signal transduction pathways in
different cell types [15-17]. Although interactions of FAK and Src within signal transduction
pathways in different non-chondrocytic cell types have been extensively analyzed, the
conclusions are controversial [10, 18]. Furthermore, little is known about the associations
between FAK, Racl and PLCyl in chondrocytes subjected to mechanical stimuli. The
activation patterns of individual kinases appear to vary among different systems, cell types,
and physical forces. Thus, elucidation of the relationships between FAK, ERK1/2, integrin
1, Src, Racl and PLCy1 in chondrocytes are essential in this context.

The main aim of the current study was to determine whether FAK mediates the
periodic mechanical stress-induced cellular response in chondrocytes. We disrupted FAK
signaling via overexpression of point mutants in which tyrosine residues were replaced with
phenylalanine, with a view to highlighting the roles of site-specific Tyr**” and Tyr*’¢/*” in a
periodic mechanical stress setting. Additionally, associations between FAK, ERK1/2, integrin
1, Src, Racl and PLCy1 in this system were analyzed to establish the mechanotransduction
pathway linking these signals into mitogenic cascades.

Materials and Methods

Materials

Two-week-old Sprague-Dawley (SD) rats of either sex were provided by the Animal Center of Nanjing
Medical University. Fetal bovine serum was purchased from Hangzhou Sijiging Biological Engineering
Materials Co., Ltd (China). DMEM-F12, trypsin, collagenase II, and anti-collagen monoclonal antibody Il were

916



http://dx.doi.org/10.1159%2F000354495

C€||U|ar PhYSIO|OSY Cell Physiol Biochem 2013;32:915-930

DOL 1Q0.1129/000324405 © 2013 S. Karger AG, Basel

and Biochemistry Published online: October 01, 2013 www.karger.com/cpb

Liang et al.: FAK Mitogenic Signal Through ERK1/2 Activity

purchased from Gibco (USA). Type II collagen was obtained from Sigma (USA). Cell Counting Kit-8 (CCK-8)
was acquired from Beyotime Institute of Biotechnology (China). Anti-FAK, anti-phospho-FAK (Tyr®*7), anti-
phospho-FAK (Tyr%7¢/577), anti-Src, anti-phospho-Src (Tyr*#), anti-PLCy1, anti-phospho-PLCy1 (Tyr’%), anti-
Racl-cdc42, anti-phospho-Racl-cdc42 (Ser’!), anti-ERK1/2, anti-phospho-ERK1/2 (Thr?%?/Tyr?**), and
HRP-goat anti-rabbit IgG were supplied by CST Co., Ltd (USA). ECL, PP2 and U73122 were purchased from
Amersham (UK), BIOMOL (USA) and Santa Cruz (USA), respectively. Blocking antibodies against integrin $1
and NSC23766 were supplied by BD Biosciences (USA) and Calbiochem (USA), respectively. RNAiso Plus,
PrimeScript RT Reagent Kit and SYBR Premix Ex Taq II were acquired from TaKaRa (Japan). FAK shRNA
Lentiviral Particles, Src shRNA Lentiviral Particles, Control shRNA Lentiviral Particles and Polybrene were
supplied by Santa Cruz. The GV287 vector was obtained from GENECHEM (Shanghai). The FAK mutants
(Tyr3*7 to Phe®7” and Tyr>’°-Tyr>”” to Phe®’°-Phe®’’) were generated via site-directed mutagenesis using
overlapping PCR and subcloned into the GV287 vector. Wild-type FAK cDNA was subcloned into GV287
served as the control.

A cell incubator (Hereus BB 5060), an air-tight cell culture device and reciprocating pressure pump,
barrier type pressure transducer, and inversion microscope equipped with a camera system were acquired
from Hereus (Germany), Taixing Experimental Instrument Factory (China), Tianjin Plastics Research
Institute (China) and Olympus (Japan), respectively.

Methods

Cell culture. Chondrocytes were harvested using the method described by Séguin and Bernier [19].
Briefly, under sterile conditions, cartilage derived from the limb joints of two--week-old SD rats was
harvested and sliced into 1mm? sections. Tissues were digested with 0.25% trypsin at 37 °C for 0.5 h,
followed by digestion with 0.2% collagenase II at 37 °C for 4 h. Cells were harvested by filtering with a
200-mesh filter and cultured in DMEM-F12 medium supplemented with 10% FBS at 37 °C with 5% CO, in
an incubator. Cells were purified via repeated adherence, and morphology was examined under an inverted
phase-contrast microscope by staining with collagen type II according to the conventional ABC method.
Second-generation cells were seeded on a glass slide (25 mm x 25 mm) coated with type II collagen at a
density of 10° cells. Experiments were performed at ~ 70-80% cell confluence.

Inhibitors. Blocking antibody against integrin 1, PP2, U73122 and NSC23766 were used as specific
inhibitors of integrin 81, Src, PLCy1 and Racl, respectively. Antibodies against integrin 1 and Racl were
dissolved in DMEM, and the other inhibitors in anhydrous dimethylsulfoxide (DMSO) to form 1,000x
concentrated solutions. Aliquots of all inhibitor solutions were stored at -20°C. Each concentrated solution
was diluted 1000x immediately prior to use. PP2 and U73122 pretreatment groups contained 0.1% (v/v)
DMSO, which was the concentration used for the control group. Cells were pretreated with PP2 (10 uM),
U73122 (10 uM), NSC23766 (50 uM) or an equivalent amount of DMEM or DMSO (0.1% v/v) for 1 h. The
remaining cells were pre-treated with blocking antibodies against integrin 31 (10 pg/mL) or an equivalent
amount of DMEM for 5 h.

Construction of a periodic mechanical stress field. A periodic stress field encompassing the perfusion
culture system with adjustable stress intensity and frequency was constructed by connecting the
reciprocating intensifier pump to the air-tight cell culture device through a barrier-type pressure transducer,
as described previously [20]. Earlier, we showed that rabbit chondrocytes subjected to stress varying from
0 to 200 kPa at 0.1 Hz yielded tissue-engineered cartilage of the best quality. Accordingly, a pressure range
of 0-200 kPa and 0.1 Hz frequency were used in the current study.

Experimental groups. The experiment comprised two steps. In the first step, cells were divided into
non-pressure and pressure groups. Cells were maintained under static conditions or periodic mechanical
stress for 0, 0.5, 1 or 2 h, prior to Western blot analysis.

In the second step, cells were pretreated with shRNA targeted to FAK or Src or control scrambled
shRNA, respectively, or transfected with FAK wild-type or mutant Phe®” and Phe%%/577 plasmid. Moreover,
cells were pretreated with blocking antibodies against integrin 1 (10 pg/mL each), PP2 (10 uM), U73122
(10 uM) or NSC23766 (50 uM) and maintained under static conditions or periodic mechanical stress for 1
h prior to western blot analysis, 8 h prior to qPCR analysis (aggrecan and type II collagen gene expression)
or 3 days (8 h per day mechanical stress) prior to direct cell counting and CCK-8 assay. All groups of cells
were incubated at 37°C under 5% CO,,.
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Genes Sequence of primers (5'-3") AS(bp)  AT(degrees)
Aggrecan F GAAGTGATGCATGGCATTGAGG o -
R ATGATGGCGCTGTTCTGAAGG
Type Il collagen F GAGGGCAACAGCAGGTTCAC - &
R TGTGATCGGTACTCGATGATGG
GAPDH F GGCACAGTCAAGGCTGAGAATG .
R ATGGTGGTGAAGACGCCAGTA . o0
F: forward; R: reverse; AS: amplicon size; bp: base pairs; AT: annealing temperature

Table 1. Primer sequences and product sizes of real-time PCR

Western blot analysis

Total protein was prepared and western blot analyses were performed as described previously
[21]. Total protein was prepared using RIPA buffer, and the Bradford assay was employed to determine
protein concentrations. Protein samples were resolved using SDS-PAGE, and transferred to nitrocellulose
membranes. Following blocking for 1 h with 5% skimmed milk in TBST, membranes were incubated with
antibodies (1:1,000 dilution for antibodies) overnight at 4°C. Blots were incubated with horseradish
peroxidase-conjugated secondary antibody at ambient temperature for 1 h, and colors were subsequently
developed with ECL. Results were scanned using a Gel Imaging System (UVP Company, USA) and measured
using Gel-Pro Analyzer software (Media Cybernetics, USA).

Quantitative real-time PCR (qPCR) analysis

Total RNA was extracted using RNAiso Plus and reverse-transcribed into cDNA with the PrimeScript
RT Reagent Kit, according to the manufacturer’s protocol. qPCR analysis was performed with the LightCycler
System (Roche Diagnostics) using SYBR Premix Ex Taq II, as described previously [22]. The reaction was
performed in a 20 pL mixture containing 2 puL cDNA. Each cDNA sample was amplified using specific
primers (Table 1, TaKaRa, Japan) under the following cycling conditions: 30 s initial denaturation at 95°C,
followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. Gene expression for AGC and Col2 was normalized
against that for GAPDH.

Proliferation studies
Proliferation was assessed by two different methods, specifically, direct cell counting and the CCK-8
assay.

Direct cell counting

Cells were trypsinized and counted according to published protocols [23]. Second-generation
chondrocytes were seeded on glass slides (25 mm x 25 mm) coated with type II collagen at a density of
10° cells and randomly divided into different groups, each including six glass slides. Experiments were
performed when cells had reached approximately ~70-80% confluence. Chondrocytes were cultured for
3 days under non-pressure conditions or periodic mechanical stress for 8 h per day, prior to direct cell
counting. Cells were trypsinized and counted, and the cell number was determined by counting cells from
each glass slide independently. Experiments were repeated five times.

CCK-8 assay

Cell proliferation was determined using CCK-8 solution according to the manufacturer’s instructions
[24]. Cells were added to 10 pL of CCK-8 solution in each well of five 96-well plates (n=5) and incubated for
4 h at 37°C. The absorbance of each well was determined at 450 nm using a microplate reader.

Statistical analysis

Statistical analyses were performed using SPSS 14.0 software, and results were expressed as
mean * standard deviation. Student’s unpaired t-test and one-way analysis of variance (ANOVA), followed
by post-hoc Fisher’s least significance difference (LSD) test, were used to determine statistical significance.
A P- value < 0.05 was considered significant.
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Fig. 1. Effects of periodic mechanical stress on expression and phosphorylation of FAK at Tyr*®’(pFAK-
Y397) and Tyr57¢/577(pFAK-Y576/Y577). Rat chondrocytes were cultured in vitro for 0, 0.5, 1 and 2 h with
or without periodic mechanical stress. Expression and phosphorylation levels of FAK at Tyr*®” (pFAK-Y397)
and Tyr>7%/577(pFAK-Y576/Y577) were detected via western blotting, and the total quantity of FAK served as
the control. Representative western blots of five different experiments are shown, and data averaged in ima-
ges on the left. The phosphorylation levels of FAK at Tyr?*” (pFAK-Y397) and Tyr57¢/5”7 (pFAK-Y576/Y577)
in the pressure groups were significantly increased, relative to those in the non-pressure groups (N=5,
P < 0.05 for each, Student’s unpaired t-test).

Results

Effects of FAK on periodic mechanical stress-induced chondrocyte proliferation and matrix

synthesis

In our experiments, periodic mechanical stress significantly induced phosphorylation
of FAK at Tyr*7 and Tyr®’¢/*”7 at 0.5, 1 and 2 h, compared with the non-pressure group
(P < 0.05, Fig. 1, N = 5). To determine whether FAK mediates mechanical stress-induced
chondrocyte proliferation and matrix synthesis, chondrocytes were transfected with
shRNA targeted to FAK or non-targeting (NT) shRNA sequences for 48 h and subsequently
assessed for proliferation and matrix synthesis. Periodic mechanical stress-induced
chondrocyte proliferation and matrix synthesis were significantly reduced in the targeted
shRNA, compared with control shRNA-transfected group (P < 0.05, Fig. 2, N = 5).We further
determined the effects of FAK-Tyr**” and FAK-Tyr>7¢/°’7 sites on periodic mechanical stress-
induced chondrocyte proliferation and matrix synthesis. Notably, mechanical stress-induced
chondrocyte proliferation and matrix synthesis were significantly reduced in chondrocytes
transfected with FAK mutant-expressing plasmids (Phe3%?, Phe®’%/°77), compared with those
transfected with FAK wild-type (P < 0.05, Figs 3 and 4, N = 5).
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Fig. 2. Effects of FAK on chondrocyte proliferation and matrix synthesis in response to periodic mechanical
stress. Chondrocytes were transfected with shRNA targeted to FAK or Src or non-targeting (NT) sequences
prior to lysis and Western blot for FAK and Src proteins. Transfection with shRNA for FAK and Src achieved
~50% reduction in FAK and Src protein levels, respectively (A). After pretreatment with control or FAK
shRNA, rat chondrocytes were cultured for 3 days under static conditions or periodic mechanical stress
for 8 h per day, prior to proliferation studies. Cell proliferation was analyzed via direct cell counting (B)
and the CCK-8 assay (C). Rat chondrocytes were cultured in vitro for 8 h under static conditions or periodic
mechanical stress. Aggrecan (D) and type II collagen (E) gene expression levels were measured using quan-
titative real-time PCR. In chondrocytes subjected to periodic mechanical stress, cell proliferation and matrix
synthesis in FAK shRNA pretreatment groups were significantly decreased, compared with control shRNA
groups (N =5, *P < 0.05, Student’s unpaired t-test).

Integrin (1 is required for periodic mechanical stress-induced activation of FAK. Src is
required for periodic mechanical stress-induced phosphorylation of FAK-Tyr®’%5”7, but not
FAK-Tyr*

Relative to the control group, both FAK-Tyr**” and FAK-Tyr®7¢/>”7 phosphorylation were
significantly diminished after pretreatment of chondrocytes with blocking antibody against
integrin 1 (10 pg/mL) in response to periodic mechanical stress (P < 0.05, Fig. 5, N = 5).
Src inhibition with PP2 and targeted shRNA did not suppress periodic mechanical stress-
induced FAK-Tyr*’ phosphorylation, compared with the control groups (P > 0.05, Fig. 5,
N = 5). However, suppression of Src prevented FAK-Tyr>7¢/57 phosphorylation to a significant
extent under conditions of periodic mechanical stress (P < 0.05, Fig. 5, N = 5).

FAK is not required for periodic mechanical stress-induced Src phosphorylation

Next, we examined the relationship between FAK and Src. FAK induction with targeted
shRNA did not inhibit Src phosphorylation, compared with the NT shRNA group, under
periodic mechanical stress (P > 0.05, Fig. 7, N = 5).
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Fig. 3. Effects of inhibition of FAK-Tyr?*” phosphorylation on chondrocyte proliferation and matrix synthe-
sis under conditions of periodic mechanical stress. Chondrocytes were transfected with a GFP-tagged FAK
wild-type GV287 vector or GV287 expressing mutant FAK (Tyr3*” to Phe®*?). Phosphorylation of Tyr®*’ in the
FAK-Phe*? group was significantly abolished, compared with that in the wild-type group (A).Rat chondro-
cytes were cultured for 3 days under static conditions or periodic mechanical stress for 8 h per day, prior
to proliferation studies. Cell proliferation was analyzed using direct cell counting (B) and the CCK-8 assay
(C). Rat chondrocytes were cultured in vitro for 8 h under static conditions or periodic mechanical stress.
Aggrecan (D) and type Il collagen (E) gene expression levels were measured using quantitative real-time
PCR. Cell proliferation and matrix synthesis in the FAK mutant Phe®” groups were significantly decreased,
compared with that in FAK wild-type chondrocytes subjected to periodic mechanical stress (N = 5, *P < 0.05,
Student’s unpaired t-test).

Periodic mechanical stress-induced FAK-Tyr®’%>”” phosphorylation is dependent on Racl

We further focused on the role of Racl in periodic mechanical stress-induced FAK
tyrosine phosphorylation. Upon treatment of chondrocytes with NSC23766 (a selective
Racl inhibitor), phosphorylation of Tyr>’%/°’” was significantly diminished, relative to that
in control groups, under conditions of periodic mechanical stress (P < 0.05, Fig. 6, N = 5). In
contrast, no differences in phosphorylation of Tyr**” were evident between the NSC23766-
treated and control groups subjected to periodic mechanical stress (P > 0.05, Fig. 6, N = 5).

Racl is not regulated by FAK in response to periodic mechanical stress

Blockage of FAK with targeted shRNA did not inhibit periodic mechanical stress-induced
Racl phosphorylation, relative to that in the NT shRNA group, under the same conditions
(P>0.05,Fig. 7, N = 5).

921



http://dx.doi.org/10.1159%2F000354495

Ce||u|ar Phy5|o|08y Cell Physiol Biochem 2013;32:915-930

DOL 10.1120/000324405 © 2013 S. Karger AG, Basel

and Biochemistry  pubiished onfine: October o1, 2013 www.karger.com/cpb

Liang et al.: FAK Mitogenic Signal Through ERK1/2 Activity

A FAK Wild-type mutant(Y576F/Y577F)
pFAK-Y576/Y57T —
FAK T e e
B c
® *
T80 2180
N Non-ptwuure
o & 160 o provears ; 1601 Pressure
£ £ 140 140
SEZ S & €120
§ 55120 §%5
% 82100 E 2 2100
€32 a0 £3 5 a0
2 'g g 60 2 g & 60
=9 40 S 40
Q‘E 20 E 20
(%] Qo
S Wild-type mutant(Y576F/Y577F) £ Wild-type mutantl:YSI'EF.'YSTTF]
FAK
D E .
£ ® 250 5 £ 250
S5 [INon-pressure = @ [CONon-pressure
] H M Pressure ] 5 M Pressure
2 @ 200 g 5. 200
2 »x
® 7 =B 5
e @ c
@ o © 150 e o Z 150
2 5= 56 a
22 3 100 =g 8100
<is 8% s
= w ©
E g 50 E E 50|
-3 H 3
z8 o Z3
£ Wild-type mutant(Y576F/YSTTF) = Wild-type mutant{YS?BFn' 577F)
FAK

Fig. 4. Effects of blockade of FAK-Tyr*’¢/5’” phosphorylation on chondrocyte proliferation and matrix syn-
thesis under conditions of periodic mechanical stress. Chondrocytes were transfected with GFP-tagged FAK
wild-type GV287 or GV287 expressing mutant FAK (Tyr7¢/577 to Phe®’¢/*’7). Phosphorylation of Tyr’¢/5”7 in
the FAK-Phe®’¢/5”7 group was significantly diminished, relative to that in the wild-type group (A). Rat chond-
rocytes were cultured for 3 days under static conditions or periodic mechanical stress for 8 h per day, prior
to proliferation studies. Cell proliferation was analyzed via direct cell counting (B) and the CCK-8 assay
(C). Rat chondrocytes were cultured in vitro for 8 h under static conditions or periodic mechanical stress.
Aggrecan (D) and type II collagen (E) gene expression were measured with quantitative real-time PCR. Cell
proliferation and matrix synthesis in FAK mutant Phe®’¢/5”7 groups were significantly decreased, compared
with that of FAK wild-type chondrocytes subjected to periodic mechanical stress (N = 5, *P < 0.05, Student’s
unpaired t-test).

PLCy1 is not essential for periodic mechanical stress-induced FAK activation

We additionally evaluated the requirement for PLCy1 for FAK activation under periodic
mechanical stress. PLCy1l inhibition via pretreatment with U73122 (10 puM) did not
affect either FAK-Tyr*’ or FAK-Tyr®’¢/5’7 phosphorylation, compared with levels in DMSO-
pretreated chondrocytes grown under similar conditions (P > 0.05, Fig. 6, N = 5).

Role of FAK in periodic mechanical stress-induced PLCy1 phosphorylation

Reduction of FAK with targeted shRNA did not abolish periodic mechanical stress-
induced PLCy1 phosphorylation, compared with that in the NT shRNA group under similar
conditions (P > 0.05, Fig. 7, N = 5).
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Fig. 5. Effects of integrin 1 and Src on expression and phosphorylation of FAK-Tyr*” and FAK-Tyr*’¢/*7” un-
der conditions of periodic mechanical stress. After pretreatment with control vehicle (DMEM) or blocking
antibody against integrin 31, DMSO or Src inhibitor (PP2), and Src shRNA or non-targeting (NT) sequence,
rat chondrocytes were cultured in vitro for 1 h under static conditions or periodic mechanical stress. Expres-
sion and phosphorylation levels of FAK-Tyr**” and FAK-Tyr57¢/5”7 were detected using western blot analysis.
Total amounts of FAK served as controls. Representative western blots from five different experiments are
shown, and data averaged in a bar graph. The phosphorylation levels of FAK-Tyr*” and FAK-Tyr>’¢/*77 in
groups pretreated with a blocking antibody against integrin 31 were significantly diminished, compared
with those of the control group, in chondrocytes subjected to periodic mechanical stress (N=5, P < 0.05
for each, Student’s unpaired t-test). The phosphorylation levels of FAK-Tyr57%577 in the PP2 and Src shRNA-
pretreated groups were significantly reduced, compared to those of the control groups, in chondrocytes
subjected to periodic mechanical stress (N=5, P < 0.05 for each, Student’s unpaired t-test). In contrast, phos-
phorylation levels of FAK-Tyr®?” in the PP2 and Src shRNA-pretreated groups were not affected (N=5, P >
0.05 for each, Student’s unpaired t-test).
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Fig. 6. Effects of PLCy1 and Rac1 on expression and phosphorylation of FAK-Tyr**” and FAK-Tyr>’¢/>’7 under
conditions of periodic mechanical stress. After pretreatment with DMSO or the PLCy1 inhibitor, U73122,
or the Racl inhibitor, NSC23766, rat chondrocytes were cultured in vitro for 1 h under static conditions or
periodic mechanical stress. Expression and phosphorylation levels of FAK-Tyr?*” and FAK-Tyr>’¢/”” were de-
tected using western blotting. The total amount of FAK served as the control. Representative western blots
from five different experiments are shown, and the data averaged in a bar graph. Phosphorylation levels
of FAK-Tyr**” and FAK-Tyr%’¢/577 in the U73122 pretreatment groups were not altered in chondrocytes in
response to periodic mechanical stress (N=5, P > 0.05 for each, Student’s unpaired t-test). Phosphorylation
levels of FAK-Tyr>7¢/577 in the NSC23766-pretreated groups were significantly reduced, compared with con-
trol chondrocytes subjected to periodic mechanical stress (N=5, P < 0.05 for each, Student’s unpaired t-test),
whereas those of FAK-Tyr**’were not affected (N=5, P > 0.05 for each, Student’s unpaired t-test).

Involvement of FAK in periodic mechanical stress-induced ERK1/2 phosphorylation

The NT shRNA-transfected group displayed increased ERK 1/2 phosphorylation,
compared with the FAK shRNA-transfected group, in response to periodic mechanical stress
(P < 0.05, Fig. 7, N = 5).To clarify the specific roles of FAK-Tyr**” and Tyr>’®/*’7 in periodic
mechanical stress-induced ERK1/2 activation, we transfected chondrocytes with GFP-
tagged FAK wild-type or phosphorylation-deficient mutant expression constructs in which
Tyr®’, Tyr576-Tyr®”” were mutated to phenylalanine (Phe3%’, Phe®”¢-Phe®”’) to prevent tyrosine
phosphorylation. ERK1/2 activation was significantly blocked in both FAK mutant Phe**” and
Phe®’¢-Phe®”” groups, compared with the FAK wild-type group, under periodic mechanical
stress conditions (P < 0.05, Fig. 8, N = 5).
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Fig. 7. Effects of FAK on expression and phosphorylation of Src, PLCy1, Racl and ERK1/2 under conditions
of periodic mechanical stress. After suppression of FAK with targeted shRNA, rat chondrocytes were cultured
in vitro for 1 h under static conditions or periodic mechanical stress. Expression and phosphorylation levels
of Src, PLCy1, Racl and ERK1/2 were detected with western blot analysis. The total amounts of Src, PLCy1,
Racl and ERK1/2 served as controls, respectively. Representative western blots of five different experiments
are shown, and data averaged in a bar graph. Phosphorylation levels of ERK1/2-Thr?°?/Tyr?°* in FAK shRNA
pretreatment groups were significantly diminished relative to those of control shRNA-pretreated groups
under periodic mechanical stress (N=5, P < 0.05, Student’s unpaired t-test), while activation of Src-Tyr*¢,
Racl-Ser” and PLCy1-Tyr’® in the FAK shRNA pretreatment groups remained unaffected (N=5, P > 0.05 for
each, Student’s unpaired t-test).

Discussion

In the present study, we showed that the autophosphorylation site of FAK at Tyr®’
and two other highly conserved tyrosine phosphorylation sites, Tyr>’®/*”7, are required for
periodic mechanical stress-induced integrin $1-ERK1/2 activation, as well as chondrocyte
proliferation and matrix synthesis.

The catalytic functions of FAK are dependent on phosphorylation of tyrosine residues.
Tyrosine phosphorylation at different sites within FAK is catalyzed in distinct ways and
affects various cellular functions. Previous studies regarding the FAK activation state in a
variety of non-chondrocytic cell types under mechanical stress have mainly concentrated
on the autophosphorylation site [25-27]. In a study on fibroblasts, Tyr>’¢/>’” residues of FAK
were shown to be required for the mechanical stress-induced cellular response [13, 28]. We
observed that periodic mechanical stress induces significantly increased phosphorylation
of FAK at Tyr®*’ and Tyr®’¢/*”7 in relation to that under static conditions in chondrocytes.
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Fig. 8. Effects of prevention of FAK-Tyr**” or FAK-Tyr®’®5”” phosphorylation on expression and
phosphorylation of ERK1/2 under conditions of periodic mechanical stress. Chondrocytes were transfected
with a GFP-tagged FAK wild-type GV287 vector or two GFP-tagged FAK mutant-expressing GV287 (Tyr3"’
to Phe®”7, Tyr57%/577 to Phe®7¢/577) constructs. Representative western blots of five different experiments are
shown, and data averaged in a bar graph. The phosphorylation levels of ERK1/2-Thr?°?/Tyr?** in the FAK
mutant Phe®”and Phe®’¢/”7 groups were significantly abolished relative to those of FAK wild-type groups
under periodic mechanical stress (N=5, P < 0.05, Student’s unpaired t-test).
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Moreover, depletion of FAK with shRNA resulted in blockage of periodic mechanical stress-
induced up-regulation of chondrocyte proliferation and matrix synthesis. These results
strongly indicate that FAK plays a critical role in chondrocyte sensing and response to
periodic mechanical stress. Meanwhile, FAK Y397F and Y576F/Y577F mutants abolished
proliferation and matrix synthesis in chondrocytes exposed to periodic mechanical stress,
compared to control groups, further supporting the involvement of these phosphorylation
sites of FAK. To the best of our knowledge, this is the first study to highlight the significance of
site-specific tyrosine residues within FAK in chondrocyte mitogenic signaling under periodic
mechanical stress.

FAK activation is essential for several downstream mechanotransduction signal
events, including ERK/MAPKS [3, 29]. An earlier study by Ward et al. demonstrated that
cyclic tensile strain-induced FAK activation modulates human mesenchymal stem cell
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behavior and function via enhancing ERK1/2 phosphorylation levels [30]. In the present
investigation, pretreatment of chondrocytes with shRNA targeted to FAK significantly
abolished ERK1/2 phosphorylation, compared with control groups, under conditions of
periodic mechanical stress, suggesting that FAK is located upstream of ERK1/2. Moreover,
both FAK Y397F and Y576F/Y577F mutant groups attenuated ERK1/2 phosphorylation
induced by periodic mechanical stress. Our results suggest that mechanical stress-induced
ERK1/2 phosphorylation in chondrocytes is at least partly regulated by activation of FAK at
Tyr3*7 and Tyr®>’®/°77, and do not exclude a possible role for other signal proteins downstream
of FAK.

The relationship between Src and FAK is complex and controversial. Increasing evidence
has confirmed that activated Tyr3*’ of FAK serves as a high-affinity binding site to recruit Src
kinase. Activated Src phosphorylates FAK at Tyr®’¢/5’7 to form a FAK-Src signaling complex
[31, 32]. In our experiments, FAK reduction with shRNA did not prevent Src activation in
chondrocytes under periodic mechanical stress, while Src inhibition attenuated periodic
mechanical stress-induced FAK phosphorylation at Tyr®7¢/°”7, but not Tyr3?’. These findings
indicate that Src activation of FAK at Tyr>’®/*”7, but not Tyr3%’, contributes to the mechanism
by which chondrocytes sense and respond to periodic mechanical stress. Our data are
consistent with a study showing that cyclic mechanical strain-induced Tyr®’® activation
of FAK is dependent on activation of Src in human pulmonary epithelial H441 cells [10].
However, contradictory findings have also been documented. In an investigation on vascular
smooth muscle cell mechanotransduction, Rice et al. reported that Src activation leads to
FAK-Tyr3%7 activity to mediate the cellular growth response [18]. A study by Chaturvedi et al.
showed that in human Caco-2 intestinal epithelial cells, repetitive strain induced activation
of both FAK-Tyr**” and FAK-Tyr°’® located downstream of Src [33]. In addition, FAK has
been implicated upstream of Src in several cell types in response to different stimuli [34,
35]. These differences may be attributable to the activation of FAK by multiple inputs and
variations in cell types and settings.

Previous studies have revealed variable relationships between FAK and Racl. Racl
has been shown to be required for activation of FAK in many non-chondrocyte cell types
subjected to various stimuli [36, 37]. We observed that pretreatment of chondrocytes with the
Rac1 inhibitor, NSC23766, significantly abolishes periodic mechanical stress-induced FAK-
Tyr57¢/577 phosphorylation in chondrocytes, but does not affect FAK-Tyr3®” phosphorylation. In
addition, FAK inhibition with shRNA did not prevent Rac1 phosphorylation in chondrocytes
subjected to periodic mechanical stress. Therefore, Rac1l phosphorylation at Ser71 appears
to play an indispensable role in activation of FAK-Tyr°’¢/5’7, but not FAK-Tyr®*’, under
conditions of periodic mechanical stress. The observation is consistent with data from a
study focusing on the mechanotransduction pathways of human Caco-2 intestinal epithelial
cells in response to cyclic mechanical deformation [23].

Next, we examined the interactions between PLCy1 and FAK. Pretreatment with the
PLCy1 inhibitor, U73122, did not block periodic mechanical stress-stimulated activation of
FAK at Tyr*” or Tyr>’¢/5”7. Moreover, FAK inhibition with shRNA did not attenuate the PLCy1
phosphorylation levels under conditions of periodic mechanical stress. Based on the results,
we suggest that periodic mechanical stress-initiated PLCy1 and FAK-Tyr57%/577 signals act in
parallel.

FAK is generally viewed as an important integrin signal-associated protein that
transmits mechanical signals from the extracellular matrix into intracellular biochemical
signals [4, 28]. In chondrocytes pretreated with a functional blocking antibody against
integrin B1, Tyr®**” and Tyr®’®/5”” phosphorylation levels of FAK were significantly attenuated
under periodic mechanical stress conditions. The data clearly suggest that integrin 1
activation is required for periodic mechanical stress-induced FAK-Tyr**” and FAK-Tyr>7¢/577
activation in chondrocytes. However, this may not be universally true, since mechanosensors
other than integrins also transmit mechanical signals [38, 39]. For instance, a study on
pulmonary artery-derived smooth muscle cells disclosed that mechanical stretch-induced
FAK phosphorylation is mediated by activation of cell surface PDGFR [39].
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In conclusion, FAK is a crucial decision-making protein participating in chondrocyte
ERK1/2 mitogenic effects mediated by periodic mechanical stress. Specifically, two signaling
pathways converge upon FAK, one requiring activation of Src and Racl, but not PLCy1,
which, in turn, stimulates activation of FAK at Tyr®’¢/577, and another whereby separate
phosphorylation at Tyr**’ occurs independently of Src, Racl and PLCy1, although both
pathways are initiated by integrin f1 (Fig. 9). Briefly, periodic mechanical stress promotes
chondrocyte proliferation and matrix synthesis, at least in part, through separate integrin
B1-Src-Rac1-FAK (Tyr>’¢/57)-ERK1/2 and integrin f1-FAK (Tyr3°”)-ERK1/2 pathways.

Abbreviations

FAK (focal adhesion kinase); ERK (extracellular signal-regulated kinase); DMSO
(Dimethyl sulfoxide); HRP (Horseradish Peroxidase); GAPDH (glyceraldehyde-3-phosphate
dehydrogenase); PDGFR (platelet-derived growth factor receptor).
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