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Phosphorylation of osteopontin has proapoptotic
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Abstract. The aim of the present study was to investigate
the effects of phosphorylated osteopontin (p-OPN) on apop-
tosis and pro-inflammatory cytokine expression in human
knee osteoarthritis (OA) chondrocytes. Human knee OA
chondrocytes obtained from patients who underwent total
knee arthroplasty were treated with p-OPN, OPN or buffer.
Reverse transcription quantitative-polymerase chain reaction
(RT-gPCR) and western blot analysis were used to assess the
expression levels of proinflammatory factors, including inter-
leukin (IL)-1p, tumor necrosis factor (TNF)-a, IL-6 and nuclear
factor (NF)-kB. Apoptosis of human knee OA chondrocytes
was detected by Annexin V-fluorescein isothiocyanate/prop-
idium iodide flow cytometry. Compared with the controls,
chondrocytes treated with OPN exhibited higher mRNA and
protein expression levels of proinflammatory factors (IL-1§,
TNF-a, IL-6 and NF-kB), and a higher percentage of apoptotic
chondrocytes. Furthermore, chondrocytes treated with p-OPN
exhibited the highest mRNA and protein expression levels of
proinflammatory factors (IL-1p, TNF-a, IL-6, NF-xB) and the
highest percentage of apoptotic chondrocytes. p-OPN induces
chondrocyte apoptosis and proinflammatory factor release,
which suggests that p-OPN may contribute to OA pathogen-
esis, and inhibition of p-OPN may provide a novel effective
strategy to slow or halt OA progression.
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Introduction

Osteoarthritis (OA) is a complex degenerative joint disease
that characterized by the progressive loss of articular cartilage
that leads to chronic pain and functional limitations. The
prevalence of OA has markedly increased in the past two
decades due to an ageing population and increasing obesity,
and the public health consequences of OA and OA-associated
disability are expected to increase as a result of the increasing
incidence of obesity and the aging of the population (1-3).
However, the molecular mechanisms underlying OA remain
to be fully elucidated. Several biochemical and biomechanical
factors are thought to underlie OA pathogenesis.

OPN (osteopontin) is a 44-75 KD multifunctional phospho-
protein secreted by numerous cell types, including osteoclasts,
macrophages, lymphocytes, epithelial cells and vascular
smooth muscle cells (SMC) (4-5). This protein, also known
as early T cell activation gene-1 is abundant in bone, where it
mediates important cell-matrix and cell-cell interactions (5).
During the past two decades, OPN has become the subject of
increased research in OA pathogenesis. Previous studies have
demonstrated a close association between OPN and OA (6-17),
which suggests OPN may serve as a biochemical marker of
disease severity in knee OA. In addition, the functions of
OPN are tightly regulated by its phosphorylation status in
normal and pathological states (4). OPN phosphorylation
has been demonstrated to regulate cell adhesion and migra-
tion (18-21). Furthermore, the different types and the extent
of OPN phosphorylation contribute to the greater complexity
of OPN-receptor binding and downstream signaling path-
ways (18). Xu et al (22) revealed that OA cartilage had higher
phosphorylation levels of OPN compared with normal cartilage,
OPN increases matrix metalloproteinase (MMP)-13 expres-
sion, and the upregulation of MMP-13 expression induced by
phosphorylated (p)-OPN was more marked than that induced
by non-phosphorylated OPN. Further studies are required in
order to elucidate the detailed molecular mechanisms under-
lying the effect of p-OPN on cartilage degeneration.
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Apoptosis, or genetically programmed cell death, has been
associated with OA (23,24). Since chondrocytes are the only
resident cells located in articular cartilage and are responsible
for both the synthesis and the breakdown of the extracellular
matrix (ECM) and tissue function (25), research to elucidate
the detailed mechanism underlying apoptosis in cartilage is
of great significance for understanding OA pathogenesis (26).
Dalal ef al (27) reported that OPN stimulates apoptosis in
adult cardiac myocytes via the involvement of CD44 receptors.
However, to date no investigation into the roles of p-OPN in
apoptosis and pro-inflammatory cytokines in human chondro-
cytes have been reported.

The aim of the present study was to investigate the effects
of p-OPN on apoptosis and pro-inflammatory cytokine
expression of human knee OA chondrocytes, which may serve
as a useful tool to mark the OA disease process and to further
elucidate the molecular changes and signaling pathways
underlying OA.

Materials and methods

OA cartilage acquisition. OA cartilage samples were obtained
from the knees of patients (n=16; 6 males and 10 females;
mean age, 63.5+10.3 years) during total knee arthroplasty
at Xiangya Hospital (Changsha, China) between January
2014 and June 2014. Clinical data were carefully reviewed
to exclude any secondary forms of OA, rheumatoid arthritis
or other arthritis forms. The cartilage samples were macro-
scopically altered and histological analysis of representative
samples showed typical OA changes, such as focal cell loss,
chondrocyte cluster formation and fibrillation. The present
study was approved by the ethics committee of the Xiangya
Hospital. All patients willing to donate knee tissue samples
provided written-informed consent.

p-OPN preparation. Phosphorylation of recombinant osteo-
pontin increases its ability to support osteoclast adhesion and
cell attachment, which is dependent on an RGD sequence to
the same extent as the native phosphorylated osteopontin (28).
Therefore, mitogen-activated protein kinase (MAPK) was
used to obtain phosphorylated exogenous OPN. thOPN (R&D
Systems, Inc., Minneapolis, MN, USA) was diluted with phos-
phate-buffered saline (PBS) to 0.1 yg/ml. The diluted OPN
(5 ul) was phosphorylated in a total volume of 50 u1 containing
10 mM ATP (10 pl), 1 ul MAPK (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) 10X kinase buffer [25 mM Tris-HCl
(pH 7.5), 5 mM B-glycerophosphate, 2 mM dithiothreitol,
0.1 mM Na,;VO,, 10 mM MgCl,] at 30°C for 30 min. The phos-
phorylation was terminated by adding 10 pl of stop mixture
(1% SDS and 100 mM EDTA). These reagents were purchased
from Cell Signaling Technology Inc. (Danvers, MA, USA).

Cell isolation and culture conditions. OA cartilage
samples were cut from the subchondral bone and homog-
enized to form pieces <1 mm?, prior to being treated with
2% penicillin/streptomycin and 0.2% amphotericin B (Gibco;
Thermo Fisher Scientific, Inc.) in Dulbecco's modified Eagle's
medium (DMEM; Thermo Fisher Scientific, Inc.). OA chon-
drocytes were isolated from the OA articular cartilage using
a sequential enzymatic digestion with 0.1% hyaluronidase
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for 30 min, then 0.5% pronase for 1 h, and 0.2% collagenase
(Gibco; Thermo Fisher Scientific, Inc.) for 1 h at 37°C carried
out in the washing solution (DMEM, penicillin/streptomycin
and amphotericin B). The suspension was then filtered twice
through a 70 ym nylon mesh, washed twice with 4°C PBS,
and centrifuged at 450 x g for 10 min at 4°C. A trypan blue
viability test was conducted and demonstrated that 93% of the
recovered cells were alive. The primary cultures of chondro-
cytes were kept at 37°C in an atmosphere containing 5% CO,
for 2 weeks.

Treatments. Human OA chondrocytes at first passage
were seeded on a 24-well plate at a starting density of
1x10* cells/well with two medium changes (DMEM) per week
until they became confluent. The cells were then divided into
three groups: (1) The p-OPN group, treated with 4 pg/ml
p-OPN for 48 h as previously described (23); (2) the OPN
group, treated with 4 g/ml OPN (R&D Systems, Inc.) for 48 h
as previously described (15,16,23); and (3) the control group,
stimulated with 4 ug/ml buffer (Cell Signaling Technology,
Inc.) for 48 h.

Apoptosis assay. The frequency of chondrocyte apoptosis
was measured by flow cytometry with Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI; both from
Roche Diagnostics GmbH, Mannheim, Germany). A total of
1x10* treated chondrocytes were collected from each group,
washed in cold PBS and incubated with Annexin V-FITC and
PI at room temperature for 15 min in the dark on ice. These
samples were then analyzed using a fluorescence-activated cell
sorter (BD Biosciences, San Jose, CA, USA). Cell Quest soft-
ware (version 7.5.3; BD Biosciences) was used to analyze the
percentage of apoptosis. All tests were repeated in triplicate.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from OA chondrocytes following treatments using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. Total RNA (1 xg) was quantified
by spectrophotometry and reverse transcribed to cDNA using
an AllinOne™ First Strand cDNA Synthesis kit (GeneCopoeia,
Inc., Rockville, MD, USA). RT-qPCR was performed using a
SYBR Green qPCR SuperMix (GeneCopoeia, Inc.) and ABI
7900 Sequence Detection system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The qPCR thermal cycling conditions
were as follows: Initial denaturation at 95°C for 10 min, followed
by 40 cycles of denaturation at 95°C for 15 sec, annealing at
60°C for 30 sec and extension at 72°C for 30 sec. Melting curve
analysis was performed following the final amplification period
via a temperature gradient of 95°C for 15 sec, 60°C for 15 sec
and 95°C for 15 sec. The specific primers used for the various
human mRNAs (GenScript, Nanjing, China) were: Interleukin
(IL)-1p forward, 5'-CGTTCCCATTAGACAACTGCA-3', and
reverse, 5'-GGTATAGATTCTTTCCTTTGAGGC-3'; tumor
necrosis factor (TNF)-a forward, 5-AAAGCATGATCCGAG
ATGTGTGGAA-3', and reverse, 5'-AGTAGACAGAAGAGC
GTGGTGGC-3" IL-6 forward, 5'-CCAGTTGCCTTCTTG
GGACT-3, and reverse, 5-GTCTGTTGTGGGTGGTATCCT
CTGT-3"; nuclear factor (NF)-xB forward, 5'-CCCATCGGG
TTCCCATAAAG-3, and reverse, 5-GCCTGAAGCAAATGT
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Figure 1. p-OPN and OPN increase the relative mRNA expression levels of (A) IL-1f, (B) TNF-a, (C) IL-6 and (D) NF-kB in OA chondrocytes. Reverse
transcription-quantitative polymerase chain reaction was carried out to determine the relative mRNA expression levels of pro-inflammatory factors (IL-1f3,
TNF-a, IL-6 and NF-«B) in chondrocytes treated for 48 h with p-OPN, OPN and buffer. For comparative purposes, mRNA expression levels in buffer-treated
cells were normalized to 1. Error bars represented fold changes in the mRNA expression of IL-1f3, TNF-a, IL-6 and NF-«xB following normalization with the
expression levels of buffer-treated OA chondrocytes. Samples from three independent experiments were measured. Results were provided as means + standard
deviation. "P<0.05, vs. the control; “P<0.05, vs. the OPN group. p-OPN, phosphorylated osteopontin; IL, interleukin; TNF, tumor necrosis factor; NF, nuclear

factor; OA, osteoarthritis.

TGGCGTA-3'"; and B-actin forward, 5'-CATCCTGCGTCT
GGACCTGG-3', and reverse, 5“-TAATGTCACGCACGATTT
CC-3. The data were given as a quantitative cycle (Cq). IL-1p,
TNF-a, IL-6 mRNA and NF-kB mRNA expression levels were
normalized to B-actin mRNA controls using the comparative
2-44% method (29).

Western blot analysis. Total proteins were extracted from the
cells using whole-cell ice-cold lysis buffer containing 50 mM
Tris-HCI, pH 7.4, 1% NP-40, 150 mM NaCl and 0.1% SDS
supplemented with proteinase inhibitor (one tablet/10 ml; Roche
Diagnostics, Indianapolis, IN, USA). For the western blot anal-
ysis, 40 ug of protein extracts were size-fractionated by 4-20%
SDS-PAGE, and transferred onto nitrocellulose membranes
(Invitrogen; Thermo Fisher Scientific, Inc.). The membrane
was blocked with 5% bovine serum albumin in Tris-buffered
saline with Tween 20 (TBST) for 1 h. The membranes were
then incubated with the following primary antibodies for 24 h
at 4°C: Anti-IL-1p (1:1,000; cat. no. 12242; Cell Signaling Tech-
nology, Inc.), TNF-a (1:1,000; cat. no. 37078; Cell Signaling
Technology, Inc.), IL-6 (1:100; cat. no. 12153; Cell Signaling
Technology, Inc.), NF-xB (1:500; cat. no. 8242; Cell Signaling
Technology, Inc.) and B-actin (1:4,000; cat. no. 8457; Cell
Signaling Technology, Inc.). The membranes were then washed

with TBST for 5 min 3 times and incubated with horseradish
peroxidase-conjugated anti-mouse or rabbit secondary antibody
(1:1,000; cat. no. sc-2030; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). The proteins were detected by a chemilumi-
nescence system using an enhanced chemiluminescence (ECL)
reagent Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific, Inc.). Intensity of the bands was quantified using
Quantity One software (version 4.2.3; Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Statistical analysis. Data were expressed as means + standard
deviation. Statistical analysis was performed with SPSS 15.0
statistical software (SPSS Inc.,Chicago,IL,USA). Comparisons
between two groups were made using Student's #-test. One-way
analysis of variance followed by Student-Newman-Kuels test
was utilized to determine the significant difference between
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant result.

Results
Effect of OPN and its phosphorylation on the relative mRNA

expression levels of pro-inflammatory factors. As shown
in Fig. 1, the relative mRNA expression levels of IL-1f,
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Figure 2. p-OPN and OPN increase the protein expression levels of pro-inflammatory factors in OA chondrocytes. (A) Western blotting was carried out to
determine the protein expression levels of IL-18, TNF-a, IL-6 and NF-kB in chondrocytes treated for 48 h with p-OPN, OPN and buffer. Bars represented
the fold changes in protein expression of (B) IL-1f, (C) TNF-a, (D) IL-6 and (E) NF-«xB following normalization with the expression levels of $-actin in the
OA chondrocytes. Samples from three independent experiments were measured. Results were given as means + standard deviation. "P<0.05, vs. the control,
"P<0.05, vs. the OPN group. p-OPN, phosphorylated osteopontin; IL, interleukin; TNF, tumor necrosis factor; NF, nuclear factor; OA, osteoarthritis.

TNF-a, IL-6 and NF-«xB in the OPN group (1.744+0.125-fold,
1.522+0.086-fold, 1.204+0.027-fold and 1.880+0.052-fold,
respectively) were significantly higher compared with the
control group (P<0.05). Furthermore, p-OPN-treated chon-
drocytes exhibited enhanced relative mRNA expression
levels of IL-1B, TNF-a, IL-6 and NF-xB (2.295+0.087-fold,
1.761+0.076-fold, 1.444+0.076-fold and 2.423+0.083-fold,
respectively) compared with the buffer control group (P<0.05).
In addition, Fig. 1 shows that chondrocytes treated with p-OPN
exhibited a significant increase the relative mRNA expression
levels of IL-1B, TNF-a, IL-6 and NF-xB compared with cells
in the OPN group (P<0.05). Therefore, OPN upregulates the
expression of pro-inflammatory factors (IL-1p3, TNF-a, IL-6
and NF-«kB) at the gene level and the effects are associated
with the state of phosphorylation.

Effect of OPN and its phosphorylation on the protein expres-
sion levels of pro-inflammatory factors. To determine the
effect of OPN phosphorylation on the protein expression of
pro-inflammatory factors, western blotting was employed to
measure the protein expression levels of IL-1, TNF-a, IL-6
and NF-«B in all three groups of OA chondrocytes (Fig. 2).
The highest protein expression levels of pro-inflammatory
factors were found in chondrocytes treated with p-OPN
(P<0.05), although OPN-treated chondrocytes also exhibited
significantly increased pro-inflammatory factor expression
levels (P<0.05). Upregulation of the protein expression of
pro-inflammatory factors detected in chondrocytes treated

with OPN (whether phosphorylated or not) suggests that OPN
activates the protein expression of pro-inflammatory factors.
However, the 2-3-fold upregulation of the protein expression
levels of pro-inflammatory factors detected in chondrocytes
treated with p-OPN suggests the activation of pro-inflammatory
factors not only relies on the quantity of OPN, but also on
post-translational phosphorylation. Therefore, OPN upregu-
lates the expression of pro-inflammatory factors (IL-1f,
TNF-a, IL-6 and NF-«B) at the protein level and the effects
are associated with the state of phosphorylation.

Effect of OPN and its phosphorylation on the apoptosis of human
OA chondrocytes. To examine the effect of OPN phosphoryla-
tion on OA chondrocyte apoptosis, flow cytometry staining
with Annexin V-FITC/PI was employed to detect chondrocyte
apoptosis in all three groups (Fig. 3). Compared with the buffer
control group, treatment with OPN or p-OPN for 48 h caused an
increase in the percentage of Annexin V-positive cells (P<0.05;
Fig. 3). Furthermore, the percentage of Annexin V-positive cells
in the p-OPN group was higher compared with that of the OPN
group (P<0.05). Therefore, OPN treatment increases human OA
chondrocyte apoptosis and the effects are associated with the
state of phosphorylation.

Discussion

OPN is found predominantly as a secreted protein expressed by
various types of cells, and is present in the majority of tissues
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Figure 3. p-OPN and OPN increase OA chondrocyte apoptosis. Chondrocytes were treated with (A) buffer, (B) OPN and (C) P-OPN for 48 h. (D) Apoptosis of
chondrocytes was measured by flow cytometric analysis of cells labeled with Annexin V-FITC/PI double staining. All data are presented as means + standard
deviation. "P<0.05, vs. the control; “P<0.05, vs. the OPN group. p-OPN, phosphorylated osteopontin; OA, osteoarthritis; FITC, fluorescein isothiocyanate; PI,

propidium iodide.

and body fluids. Post-translational modifications (such as sulfa-
tion, O-glycosylation and phosphorylation) modulate the protein
function of OPN (30). Previous studies (6-21) predominantly
focused on the amount of OPN expression and demonstrated
that the gene were associated with the susceptibility and severity
of OA. Osteopontin has an important role in OA progression.
Morimoto et al (31) considered that the role of OPN is depen-
dent on its phosphorylation state in rheumatoid arthritis. Our
previous study (22) revealed that p-OPN led to higher levels of
MMP-13 expression than OPN. This prompted further inves-
tigation to determine whether phosphorylated modification of
OPN has a role in apoptosis and pro-inflammatory cytokine
expression in human knee OA chondrocytes. The results of the
present study demonstrated that p-OPN causes cell apoptosis
and production of inflammatory mediators in articular chondro-
cytes, two primary features of OA cartilage pathology.
Chronic, low-grade inflammation in OA contributes to the
severity and symptoms of OA, as well as its progression (32).
Inflammatory cytokines (such as TNF-a, IL-1f, IL-6 and
multiple chemokines) released from various cell types are able
to promote disease progression of OA by, for example, altering
chondrocyte differentiation and function, and promoting
synovitis and subchondral bone turnover (33,34). Previously, it
was observed that OPN enhanced Thl cytokine (interferon y
and TNF) levels and inhibited Th2 cytokine (IL-4 and IL-10)

levels (35). We report herein a proinflammatory response of
human knee OA chondrocytes to OPN treatment, as evidenced
by the upregulation of IL-1f3, TNF-a, IL-6 and NF-xB expres-
sion at the gene and protein levels. Furthermore, p-OPN
exhibited more marked proinflammatory effects on human knee
OA chondrocytes through upregulation of proinflammatory
cytokines (IL-1p, TNF-a, IL-6, NF-xB) at the gene and protein
level compared with non-phosphorylated OPN. These results
indicate that OPN or p-OPN in synovial fluid is able to initiate
joint inflammation and/or aggravate the inflammatory process,
potentially contributing to the development and progression of
OA.

Chondrocytes are the single cell type responsible for
preserving the integrity and function of articular cartilage
by synthesizing and maintaining the ECM and providing a
structural framework; reduced cartilage cellularity is a hall-
mark of OA (36). Several processes (such as reactive oxygen
species accumulation, death receptor activation, mitochondrial
dysfunction and mechanical stress) are capable of causing
cellular apoptosis (37). Previously, it was observed that neither
100 ng/ml nor 1 pug/ml rhOPN caused cytotoxicity or chon-
drocyte apoptosis, and that treatment with 1 pg/ml rhOPN
significantly increased the relative mRNA expression levels of
tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 (16).
These results suggest that OPN may exert protective effects
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against pathological changes in advanced-stage OA. To examine
the mechanism underlying OPN or p-OPN regulation of the OA
associated changes in human articular chondrocytes, the present
study investigated whether OPN or p-OPN modulates apoptosis.
The results demonstrated that 4 ng/ml OPN induces human
articular chondrocyte apoptosis. In addition, proapoptotic and
proinflammatory effects are markedly enhanced when OPN is
in a phosphorylated state.

The present study had several limitations. Firstly, the
potential phosphokinases of OPN were located in the consensus
sequence for the mammary gland casein kinase (CK) and the
CKII consensus sequence (37), both of which are from the CK
family. MAPKs were employed to act as the phosphokinase of
OPN, and this may have resulted in the mis-phosphorylation
of the non-OA specific phosphorylation sites. Secondly, as
the native human OPN has 36 potential phosphoric sites and
is highly tissue- and cell-specific for phosphorylation (37),
site-specific characterization of O-glycosylation in human OPN
remains poorly understood. Therefore, it is difficult to determine
whether the occurrence of OA is the result of the phosphoryla-
tion of specific sites. Post-translational modifications of OPN
may affect its structure and biological properties. Further
investigations of phosphorylation on specific sites may provide
more detailed information regarding the possible mechanism
underlying the effect of OPN in OA.

In summary, OPN increases the expression levels of
pro-inflammatory factors (IL-1B, TNF-a, IL-6, NF-xB) and
induces chondrocyte apoptosis. This effect can be greatly
increased by OPN phosphorylation, which suggests that p-OPN
may contribute to the causes and pathogenesis of knee OA.
Inhibition of p-OPN may provide a novel effective strategy to
slow or halt OA progression.
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