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INTRODUCTION

Proteoglycan 4 (PRG4), also known as
lubricin! and superficial zone protein?, is a
mucin-like glycoprotein present in synovial fluid
(SF) and at the surface of articular cartilage.
PRG4 exists in SF as monomeric and disulfide-
bonded multimeric forms, which are secreted
by chondrocytes in bovine cartilage explants in
vitro® and have been shown to be functionally
determinant in cartilage boundary lubricating
function*. Dynamic shear stimulation of
cartilage explant cultures has been shown to
increase the quantity of high molecular weight
(MW) PRG4 species and up-regulate overall
PRG4 secretion by 3-4 times that of unloaded
controls®. Dynamic compression via oscillation
of a ceramic ball over a chondrocyte-seeded
scaffold has also been shown to increase PRG4
mRNA expression levels®. Collectively, these
studies demonstrate that mechanical stimuli
regulate PRG4 expression. However, the effect
of hydrodynamic shear on PRG4 secretion by
chondrocytes in vitro remains to be
determined. Therefore, the objective of this
study was to compare the quantity and
immunoreactive size distribution of PRG4
products secreted into medium by chondrocytes
in  bovine cartilage explants from stirred
bioreactor versus T-flask cultures.

METHODS

Cartilage Explant Culture

PRG4 was prepared from a total of 600
cartilage discs (6mm diameter, ~0.3mm thick)
harvested from the patellofemoral groove and
femoral condyles of 4 skeletally mature bovine
stifle joints. 300 cartilage discs were cultured
as explants in either a stirred bioreactor
(125mL, 90rpm; Shear +) or T-flask with

gentle nutation (Shear -) containing Dulbecco’s
Modified Eagle’s Medium (DMEM). Media was
supplemented with 0.01% bovine serum
albumin, 25ug/mL ascorbic acid and 10ng/mL
TGF-B at ~1mL/10° cells/day at 37°C in an
atmosphere of 5% CO,. Shear + and Shear -
media was collected and replaced every three
days over the 27-day culture duration
(n=4 independent cultures).

PRG4 Quantity

Shear + and Shear - media aliquots were
quantitatively analyzed in duplicate using
indirect enzyme-linked immunosorbent assay’.
Samples were 2x serially diluted, adsorbed
overnight, and then reacted with mAb 4D6
(putative N terminal epitope)®, HRP-conjugated
secondary antibody, and TMB substrate with 3
washes PBS-0.1% Tween between each step.
PRG4 levels were calculated using a standard of
purified full-length recombinant human PRG4
(rhPRG4)°.

PRG4 Size Distribution

PRG4 species in Shear + and Shear -
media, pooled over the 27-day culture duration,
were separated using HPLC (Agilent 1260
Infinity Bio-Inert Quaternary LC) with a size
exclusion column (Sepax SRT SEC-500,
7.8x300mm) equilibrated in 1X PBS with in-line
UV detection. For each run, 50ul of pooled
Shear + and Shear - media was injected (n=4)
and eluted with a flow rate of 0.5mL/min. UV
absorbance at 214nm was monitored and
analyzed using OpenLAB CDS ChemStation
Edition C.01.07. Peak area ratios for pooled
Shear + and Shear - media were calculated by
dividing the area of peak 1 by the area of
peak 2 (mAu*s), where peak 1 represents
disulfide-bonded PRG4 dimers or multimers and
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peak 2 represents PRG4 monomers3. Peak
identities were confirmed using a standard of
purified full-length rhPRG4 (data not shown).

Pooled Shear + and Shear - media was
incubated with (R) or without (NR) NuPAGE
sample reducing agent (10x) and heated at
70°C for 10min. Samples were loaded on a

Novex 3-8% Tris-Acetate gel with 10ul of
HiMark®  Pre-Stained High MW Protein
Standard. Electrophoresis was conducted in

NuPAGE Tris-Acetate SDS running buffer at 4°C
for 70min at 150V in a vertical gel apparatus.
Gels were subsequently electroblotted to 0.2um
nitrocellulose membranes at 200mA for 2hr in
NuPAGE Transfer Buffer (0% methanol).
Membranes were blocked with 5% non-fat dry
milk in TBS-0.1% Tween (TBST) for 60min at
room temperature and then incubated
overnight at 4°C with rocking with anti-PRG4
mAb 4D6 (0.5ug/mL) (A) or 9G3 (0.02ug/mL;
mucin domain epitope)!® (B) primary antibody
in 3% milk/TBST. Membranes were washed in
TBST (3x10min), incubated in 0.5ug/mL goat
anti-mouse IgG Cy3 (A) or 12.6ng/mL goat
anti-mouse IgG HRP (B) secondary antibody in
3% milk/TBST with rocking for 1hr at room
temperature. Membranes were washed again in
TBST (3x10min) and immunoreactive bands
were detected using the GE Typhoon FLA 9500
(A) or SuperSignal West Femto Maximum
Sensitivity Substrate and Chemi Genius 2 Bio
Imaging System (B).

Statistical Analysis

A Mann-Whitney U-test was used to assess
the effect of culture condition on PRG4
accumulation (ug/cm?/day) in Shear + and
Shear - media for each individual collection
point (3-day average) and over the 27-day
culture duration, with Bonferroni correction.
Statistical analysis was implemented using
SPSS Statistics 22.0

RESULTS

PRG4 Quantity

The amount of PRG4 accumulated in media
(ug/cm?/day) was consistently higher in stirred
bioreactor versus T-flask culture, except for
days 0-3, with 3-day average values tending to
decrease over the 27-day culture duration

(Fig.1). When considering individual collection
points, PRG4 accumulation in Shear + media
was significantly greater than Shear - media on
days 16-18, 19-21, 22-24 and 25-27 (all
p<0.05). The amount of PRG4 accumulated in
Shear + media (11.2+1.7 ug/cm?/day) was
significantly greater than Shear - media
(8.88+1.7 ug/cm?/day) over the 27-day culture
duration (p<0.001).
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Figure 1: PRG4 accumulation (ug/cm?/day) in
Shear + and Shear - media over the 27-day

culture duration. Vales are mean + SEM.

PRG4 Size Distribution

Two major peaks were observed in the UV
trace for pooled Shear + and Shear - media
(Fig. 2). Peak 1 represents disulfide-bonded
PRG4 dimers and peak 2 represents PRG4
monomers3. Calculated peak area ratios,
indicative of PRG4 dimer/monomer are shown
(Table 1). The ratio of peak 1 to peak 2 is
consistently greater for pooled Shear + media
compared to pooled Shear - media with mean
values of 0.318 and 0.226 respectively.
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Figure 2: HPCL-SEC chromatogram of pooled

Shear + and Shear - media (n=4) showing

two peaks of interest.
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Table 1: Calculated peak area ratios
(dimer/monomer) of pooled Shear + and
Shear - media (n=4; A-D).

Peak Area | Mean Peak
Culture Culture Peak # Retention Area Ratio Area Ratio
Condition Time (min) |(mAU*s) | (dimer/ (dimer/
monomer) | monomer)
Shear + 1 (dimer) 10.3 3453.3 0.264
A 2 (monomer) 11.1 13083.9
Shear - | L(dimer) 10.3 3322.1 e
2 (monomer) 11.1 14676.0 0.318
i Shear +
Shear + |L.(dimer) 10.4 2063.7 0.228 ( )
B 2 (monomer) 11.1 9067.5
Shear - |1 (dimer) 10.4 1975.8 DiGa
2 (monomer) 11.1 12048.3
Shear + L (dimer) 10.3 2109.7 0.323
c 2 (monomer) 11.1 6537.8
Shear - | L(dimer) 10.3 3244.1 0277
2 (monomer) 11.1 11699.0 0.226
i Shear -
Shear + |L.(dimer) 10.3 5995.8 0.423 ( )
D 2 (monomer) 11.1 14160.7
Shear - 1 (dimer) 10.4 3489.8 0.235
2 (monomer) 11.1 14856.8
Pooled Shear + and Shear - media

contained a broad high MW mAb 4D6
immunoreactive species in NR samples, and a
single ~460kDa monomeric®> band (*) in R
samples when assessed by SDS-PAGE western
blot (Fig.3A). Immunoreactivity to mAb 9G3
resulted in a broad high MW species in NR
samples, and a less diffuse band with greater
electrophoretic migration at ~460kDa (*) in R
samples (Fig.3B).
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Figure 3: SDS-PAGE western blot of pooled
Shear + and Shear - media, NR and R, with
anti-PRG4 mAb 4D6 (A) and 9G3 (B).

DISCUSSION

Collectively, these results demonstrate that
PRG4 secretion by chondrocytes in vitro is
regulated by hydrodynamic shear.
Hydrodynamic shear through stirred bioreactor
culture, up-regulates PRG4 secretion and the
relative ratio of PRG4 dimer/monomer as
assessed by HPLC-SEC. Although no detectable
effect on immunoreactive size distribution was
observed, SDS-PAGE western blotting is a
qualitative technique. These results do not
contradict the quantitative HPLC-SEC findings,
but instead, demonstrate that immunoreactivity
to functionally indicative mAb 4D6 and 9G3 is
maintained'!'*2, Additional study is required to
fully characterize the effect of chemo-
mechanical regulation on PRG4 expression in
relation to PRG4's disulfide-bonded multimeric

form, mucin domain (glycosylations and
resulting cartilage boundary lubricating
function. In conclusion, these results

demonstrate that secreted PRG4 quality and
quantity is subject to chemo-mechanical
regulation, and suggest that PRG4 secretion in
vivo could be mechanically regulated by
hydrodynamic shear imparted by SF through
joint movements.
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