
Hyaluronan synthase 2 (HAS2) overexpression diminishes the
procatabolic activity of chondrocytes by a mechanism
independent of extracellular hyaluronan
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Osteoarthritis (OA) is a progressive degenerative disease of
the joints caused in part by a change in the phenotype of resident
chondrocytes within affected joints. This altered phenotype,
often termed proinflammatory or procatabolic, features en-
hanced production of endoproteinases and matrix metallo-pro-
teinases (MMPs) as well as secretion of endogenous inflamma-
tory mediators. Degradation and reduced retention of the
proteoglycan aggrecan is an early event in OA. Enhanced turn-
over of hyaluronan (HA) is closely associated with changes in
aggrecan. Here, to determine whether experimentally increased
HA production promotes aggrecan retention and generates a
positive feedback response, we overexpressed HA synthase-2
(HAS2) in chondrocytes via an inducible adenovirus construct
(HA synthase-2 viral overexpression; HAS2-OE). HAS2-OE
incrementally increased high-molecular-mass HA >100-fold
within the cell-associated and growth medium pools. More
importantly, our results indicated that the HAS2-OE expression
system inhibits MMP3, MMP13, and other markers of the pro-
catabolic phenotype (such as TNF-stimulated gene 6 protein
(TSG6)) and also enhances aggrecan retention. These markers
were inhibited in OA-associated chondrocytes and in chondro-
cytes activated by interleukin-1� (IL1�), but also chondrocytes
activated by lipopolysaccharide (LPS), tumor necrosis factor �
(TNF�), or HA oligosaccharides. However, the enhanced extra-
cellular HA resulting from HAS2-OE did not reduce the pro-
catabolic phenotype of neighboring nontransduced chondro-
cytes as we had expected. Rather, HA-mediated inhibition of the
phenotype occurred only in transduced cells. In addition, high
HA biosynthesis rates, especially in transduced procatabolic
chondrocytes,resultedinmarkedchangesinchondrocytedepen-
dence on glycolysis versus oxidative phosphorylation for their
metabolic energy needs.

The loss of aggrecan from cartilage is an early event in osteo-
arthritis (OA)2 (1–3). Aggrecan monomers are retained extra-
cellularly by the interaction of their G1 protein domains with
long filaments of hyaluronan (HA). Whereas HA serves to
retain aggrecan, the presence of aggrecan (bound to HA),
blocks CD44-mediated endocytosis and clearance of HA (4). In
reverse, when aggrecan is cleaved, HA endocytosis is enhanced.
In this way, aggrecan and HA turnover is tightly coordinated,
with both macromolecules being lost from cartilage during OA
(5, 6) or IL1 treatment (7–14). HA in cartilage is synthesized
primarily by the hyaluronan synthase-2 (HAS2) isoform (15).
Conditional knockout of Has2 in mice gives rise to limbs that
are severely shortened, and the mutant phenotype includes
reduced retention of aggrecan within the growth plate extra-
cellular matrix (16). Aggrecan is also not retained by rat chon-
drosarcoma chondrocytes following CRISPR/Cas9-mediated
silencing of Has2 (17). HAS2-OE applied to these Has2�/� cells
rescues aggrecan retention necessary for pericellular coat
formation.

We have long posited that the loss of cell-associated HA and
aggrecan (as occurs in OA) contributes to the development of a
procatabolic phenotype in chondrocytes. This is based on our
observations that experimental release or displacement of HA
(and bound aggrecan) from the chondrocyte cell surface via HA
oligosaccharide or hyaluronidase treatment results in the acti-
vation of the cells (18, 19). This includes activation of several
matrix metalloproteinases, such as MMP3, MMP13 (18 –21),
endoproteinases ADAMTS4 and ADAMTS5 (21, 22), and
other mediators such as TSG6 (21, 23), nitric oxide, and nitric
oxide synthase (24). Thus, the removal of an HA/aggrecan peri-
cellular matrix enhances the same markers as those seen in
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early OA. The next question raised is whether forced repair of
the chondrocyte pericellular matrix chondrocytes reverses or
diminishes the procatabolic phenotype. Such a rescue of matrix
has long been the goal of many investigators supporting the
application of exogenous high-molecular-mass HA both in
vitro and in patients, a process termed viscosupplementation
(25, 26).

In this study, we explored an alternative approach to replen-
ish HA at the surface of chondrocytes and within the extracel-
lular medium environment that is shared with other chondro-
cytes. We have subcloned two different HAS2-coding
sequences, one human HAS2 and one murine mycHAS2, into
adenovirus plasmids. One of these viral plasmids incorporates a
GFP (ZsGreen) for visualization purposes; the other incorpo-
rates a Tet-On doxycycline-inducible promoter to selectively
drive HAS2 protein transcription. We have optimized the
transduction conditions to the point where we consistently
obtain �50% transduction efficiency in both normal bovine
and human OA chondrocytes (17, 21). Given that the chondro-
cytes have a very low cell proliferation rate, we have observed
continuous viral transduction extending from weeks to
months. With these tools, we sought to determine the effects of
enhancing HA production by the chondrocytes at the local
level, with variable HA synthesis allowed to occur in parallel
with experimental challenge by cytokines or other pro-inflam-
matory mediators. Such data will address whether chondro-
cytes can sense that HA repair has occurred and signal chon-
drocytes to return to quiescent homeostasis.

Results

HAS2-OE results in a diminution of MMP13 and TSG6 mRNA
expression in chondrocytes

Chondrocytes in vitro respond to treatment with IL1� by
altering their phenotype and expressing markers associated
with OA, two of which include MMP13 and TSG-6. Fig. 1A
depicts three examples of human OA chondrocyte cultures
transduced with Ad-Tet-murine-mycHAS2 and subsequently
treated with 1 ng/ml IL1�. All three exhibited an up-regulation
of MMP13 mRNA (dark bars), the magnitude of which varies
from patient to patient. Nonetheless, when co-treated with
doxycycline (Dox) to turn on HAS2 transgene expression,
MMP13 stimulation was reduced nearly by half. Normalization
of the IL1�-stimulated values to 100%, to allow for better
quantification of experiments conducted over many months,
showed that Dox addition resulted in a 59 and 55% decrease in
MMP13 and TSG6 mRNA, respectively (Fig. 1A, right panels).
Similar results were obtained when OA chondrocyte cultures
were transduced with Ad-ZsGreen-human-HAS2 (Fig. 1B). For
these experiments, Ad-ZsGreen-LacZ was used as the negative
control to rule out potential alternative effects of strong viral
expression of a transgene protein on MMP13; no effect on
MMP13 was observed. Also, in the experiments shown in Fig.
1B, cells were exposed to IL1� at 10 ng/ml. Nonetheless,
HAS2-OE still resulted in a 54% reduction in MMP13 mRNA.
Thus, whether the transgene was human or murine, driven by a
Tet or strong CMV promoter, consistent knockdown of these
catabolic markers was observed.

In Fig. 1C, bovine chondrocytes were exposed to varying
infectious units (IFU) of Ad-ZsGreen-human-HAS2, exposure
that resulted in the progressive up-regulation of both ZsGreen
and human HAS2 transgene mRNAs as well as a �55% knock-
down of IL1�-stimulated bovine MMP13 mRNA, at doses
above 12.5 IFU/cell. In the far-right panel of Fig. 1C is a repre-
sentative agarose gel electrophoresis run, used to visualize the
size of HA being synthesized (compared with samples of puri-
fied high-, middle-, and low-molecular-mass HA, shown as
markers in the first three lanes). Chondrocytes transduced with
either varying IFU of Ad-ZsGreen-human-HAS2 or Dox-acti-
vated Tet-murine-mycHAS2 resulted in the enhanced synthe-
sis of high-molecular-mass HA—namely HA that does not
enter the agarose gel, present in both the cell and medium
fractions.

The effect of HAS2-OE on IL1�-stimulated chondrocytes
was also studied at the protein level. Fig. 2, A–C depicts West-
ern blot analyses of MMP13 protein expression of three repre-
sentative cultures of Ad-Tet-mycHAS2–transduced human
OA chondrocytes exposed to 1 ng/ml IL1�. Untreated control
lanes (lanes 1) illustrate how MMP13 protein levels varied in
these cultures of chondrocytes derived from different patients.
Nonetheless, all exhibited a substantial increase in the �54-
kDa MMP13 protein with IL1� treatment (lanes 2) in both the
cell-associated and medium fractions. Co-treatment with 100
ng/ml Dox and IL1� resulted in a knockdown of MMP13 pro-
tein accumulation. Digitizing several Western blotting experi-
ments (Fig. 2D) demonstrated the range of knockdown due to
HAS2-OE with mean values that closely mimic the percent
knockdown of MMP13 seen at the mRNA level shown in Fig. 1.

As another control, bovine chondrocytes were transduced
with Ad-Tet-human-CD44, as an irrelevant transgene driven
by same Tet-Dox adenoviral system. Fig. 2E illustrates robust
protein expression of human CD44 in transduced bovine chon-
drocytes. Under these conditions, other cultures were exam-
ined for changes in IL1�-induced expression of MMP13 or
MMP3 mRNA. As shown in Fig. 2, F and G, the addition of Dox
(CD44-OE) exerted no inhibitory effect on these two procata-
bolic markers in chondrocytes activated by IL1�.

Effect of Dox concentration and varying HAS2-OE

To determine the dose dependence effects of HAS2-OE (dis-
tinct from varying the IFU/cell as shown in Fig. 1C), chondro-
cytes were transduced with Ad-Tet-mycHAS2 and subse-
quently treated with various concentrations of Dox. Human
chondrocytes, all transduced as a common pool with the same
10 IFU/cell of virus, were plated as monolayers and then
exposed to varying Dox concentrations. In Fig. 3A, murine
HAS2 mRNA (in human chondrocytes) increased progressively
with Dox dose, resulting in the progressive increase in high-
molecular-mass HA (Fig. 3D) and increased accumulation of
HA in the cell layer (Fig. 3F, gray bars) and medium (Fig. 3F, red
bars) as measured by HA ELISA. As the HA levels increased,
these same cells showed a coordinate inhibition of MMP13
mRNA (Fig. 3B) and TSG6 mRNA (Fig. 3G), both with a sub-
stantial knockdown even observed at low Dox doses. These
results were mirrored by changes to MMP13 at the protein level
(Fig. 3C). Numbers shown above the MMP13 bands depict the
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pixel intensity of the MMP13 band, setting the intensity of the
IL1�-positive control to 1.0 (and all values normalized to inten-
sities of respective �-actin bands). An �50% knockdown of
MMP13 protein was observed at all Dox doses tested.

In another experiment (Fig. 3E), MMP13 protein was inhib-
ited at 20, 200, and 1000 ng/ml Dox. This experiment also
illustrates the progressive Dox-induced accumulation of the
mycHAS2 protein, a monomer at �64 kDa (arrow) that forms a
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series of dimers, tetramers, and multimers necessary for HA
biosynthesis (27) (Fig. 3E, bottom blot). Another experiment
shown in Fig. 3H again demonstrated inhibition of MMP13
protein in transduced human chondrocytes exposed to 100 or
1000 ng/ml Dox (right four lanes). However, the addition of 0,
100, or 1000 ng/ml Dox to chondrocytes that were not trans-
duced with Ad-Tet-mycHAS2 exhibited no change in the level
of IL1�-stimulated MMP13 protein (Fig. 3H, left four lanes).
This demonstrates that Dox alone has no inhibitory, stimula-
tory, or otherwise detrimental effect on chondrocyte MMP13
protein accumulation (or MMP13 mRNA expression; data not
shown). Another example of this same experimental approach
on human OA chondrocytes is shown in Fig. 3K. Again,
whereas substantial inhibition of MMP13 protein was observed
by Dox addition to transduced chondrocytes, no change in
MMP13 was observed following Dox addition to nontrans-
duced chondrocytes.

Ad-Tet-mycHAS2 transduction in bovine chondrocytes
mimicked results obtained in human OA chondrocytes.
MycHAS2 mRNA was elevated with increase in the concentra-
tion of Dox (Fig. 3I). This increase in mycHAS2 resulted in a
knockdown of IL1�-stimulated MMP13 mRNA but was only
significant at higher Dox concentrations (Fig. 3J).

Biological effects of HAS2-OE on chondrocytes and
proteoglycan retention

To determine the effects of IL1� and HAS2-OE at a func-
tional level, high-density cultures of bovine chondrocytes were
transduced with Ad-Tet-murine-mycHAS2 or Ad-ZsGreen-
murine-HAS2 and then treated for 1 week with IL1� and vary-
ing concentrations of Dox. The cultures were then fixed and
stained with dimethylmethylene blue (DMMB), a dye that pro-
vides pink staining of accumulated sulfated glycosaminoglycan
(sGAG; indicative of proteoglycan) in monolayers (as well as a
bluish counterstaining of nuclei). It should be also noted that
HA alone does not stain with DMMB; however, Streptomyces
hyaluronidase treatment results in the release of retained sGAG
(4, 28). Control, untreated chondrocytes shown in Fig. 4A
appeared as rounded chondrocytes with many (but not all) sur-
rounded with intense pink dye staining. In some areas, the
DMMB staining can be seen extending away and between cells.
Following treatment with 1 ng/ml IL1� for 1 week (Fig. 4B), the
pink staining surrounding the chondrocytes was now absent
from most cells, revealing only the counterstaining of the
nuclei. Transduced chondrocytes treated with 50 or 100 ng/ml
Dox alone (Fig. 4, C and E, respectively) exhibited staining and
cell shape patterns similar to control chondrocytes. However,
the addition of 50 ng/ml Dox alone to IL1�-treated chondro-

cytes (with no transduction) did not result in sGAG accumula-
tion (Fig. 4B, inset).

Interestingly, co-treatment with 50 or 100 ng/ml Dox
together with IL1� (Fig. 4, D and F, respectively) revealed sub-
stantially improved sGAG retention as compared with IL1�
treatment alone (Fig. 4B). This suggests that HAS2-OE pro-
vides a degree of functional protection of chondrocytes during
periods of procatabolic activation. Other control experiments
included transduced cells with no Dox added (Fig. 4G).

Fig. 4, H–J depicts bovine chondrocytes transduced with Ad-
ZsGreen-murine-mycHAS2. Again, transduced cells alone
exhibited DMMB staining (Fig. 4H) similar to control chondro-
cytes as well as improved retention in transduced chondrocytes
treated with IL1� (Fig. 4I). Interestingly, an overlay of green
fluorescence onto Fig. 4I shown in Fig. 3J illustrates that many
but not all ZsGreen-positive cells displayed pink sGAG stain-
ing. In sum, sGAG accumulation and retention in chondrocytes
overexpressing HAS2 appears as robust as in control chondro-
cytes. Moreover, the effects of HAS2-OE appear to protect
chondrocytes from negative features associated with IL1�
treatment.

Mechanism responsible for HAS2-OE effects: Comparison with
4MU

To determine whether HA biosynthesis was necessary for the
HAS2-OE effects observed in chondrocytes, a typical next step
would be to introduce the chemical HA inhibitor, 4MU. How-
ever, we have previously determined that 4MU alone, by a still
unknown mechanism, blocks the expression of procatabolic
markers in chondrocytes, including MMP13 and TSG6 (21).
Nonetheless, control and HAS2-OE–transduced chondrocytes
were exposed to IL1� in the absence or presence of 4MU (Fig.
5). Western blot analysis of human chondrocyte cultures
demonstrated again that HAS2-OE affected an inhibition of
MMP13 protein in both the cell layer and medium fractions
(Fig. 5, A–C). Treatment with 4-MU alone also blocked the
accumulation of MMP13 protein in these two fractions. Co-in-
cubation with 4-MU and Dox generated a combined effect,
clearly evident in Fig. 5, A and B. Interestingly, background
MMP13 levels were high in the sample of human OA cultures
shown in Fig. 5C (control (Ctr)). HAS2-OE and 4-MU both
reduced MMP13 protein accumulation by these cells even in
the absence of IL1� stimulation. Similar results were obtained
when human chondrocytes (Fig. 5D) and bovine chondrocytes
(Fig. 5E) were examined for changes in MMP13 mRNA. At the
mRNA level, although both treatment conditions were inhibi-
tory, 4-MU appeared more effective than HAS2-OE at reducing
MMP13 mRNA, opposite to observations at the protein level in

Figure 1. A, three examples of independent human OA chondrocyte cultures transduced with Ad-Tet-murine-mycHAS2 and subsequently treated with 1
ng/ml IL1� and Dox as labeled, analyzed for changes in MMP13 mRNA. The right-hand bar graphs depict the mean � 95% confidence interval (error bars) of
independent experiments showing the -fold change in MMP13 (n � 6) and TSG6 (n � 5) mRNA due to HAS2-OE (percent inhibition) relative to values with IL1�
treatment (without Dox) set to 100% (dotted line). The actual mean value is shown beside the bar. B, a representative example of human OA chondrocytes
transduced with Ad-ZsGreen-human-HAS2 (bars 2 and 4) or Ad-ZsGreen-LacZ (bars 1 and 3) and subsequently treated with 10 ng/ml IL1� (bars 3 and 4). The
adjacent bar graph depicts the mean � 95% confidence interval of independent experiments showing the -fold change in MMP13 mRNA (n � 10) due to
HAS2-OE (percent inhibition) relative to values with IL1� treatment set to 100% (dotted line). C, a representative example of bovine articular chondrocytes
transduced with varying concentrations (IFU/cell) of Ad-ZsGreen-human-HAS2, followed by treatment with 10 ng/ml IL1� and then analyzed for changes in
ZsGreen, human HAS2, and bovine MMP13 mRNA. In the adjacent panel, aliquots of proteinase K–treated media and cell lysates from human chondrocytes
transduced with Ad-ZsGreen-human-HAS2 (ZsGreen) or Ad-Tet-murine-mycHAS2 (Tet) were analyzed on a 1.0% agarose electrophoresis sizing gel stained with
DMMB. Lane markers denote a 1.0 mg/ml aliquot of HA of 1200 –1800 kDa (H); HA of 180 –350 kDa (M), and HA of �5 kDa (L).
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Fig. 5, A–C. Nonetheless, co-treatment with 4MU and Dox
resulted in enhanced knockdown. The mechanism of 4-MU–
inhibitory activity includes reducing availability of cytoplasmic
UDP-GlcUA necessary for HA biosynthesis and blocking tran-

scription of HAS2 itself (29 –31). This is illustrated here by a
4MU-mediated reduction of HA present in the medium of
chondrocytes as detected by HA ELISA (Fig. 5D) and a marked
reduction in mycHAS2 mRNA (Fig. 5E) as well as mycHAS2
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protein (Fig. 5C, lanes 4 and 8). Nonetheless, there is likely still
sufficient mycHAS2 and HA synthesized to exert an HAS2-OE
effect in the presence of 4MU. This suggests that the effects of
HAS2-OE and 4MU are similar, as both knock down MMP13
mRNA and MMP13 protein.

HAS2-OE inhibition in co-cultures and conditioned medium

Our original hypothesis was that enhanced accumulation of
extracellular HA (by HAS2-OE) would bind to receptors on
chondrocytes, such as CD44, and the occupied receptors would
signal a return to quiescence or steady state. To determine
whether increased extracellular HA was indeed necessary for
HAS2-OE inhibition of MMPs, we designed experiments to test
these conditions on nontransduced cells. In one approach,
Ad-HAS2–transduced human chondrocytes were co-cultured
with nontransduced bovine chondrocytes at a 1:1 ratio, as
depicted in Fig. 6A (phase-contrast overlay image using Ad-
ZsGreen-mycHAS2). For biochemical analysis, co-cultures
were treated for 24 h without or with Dox and IL1�. As shown
in Fig. 6B, using specific primer pairs for human MMP13, a
knockdown of human MMP13 mRNA in the presence of IL1�
and Dox was observed. However, no knockdown of bovine
MMP13 mRNA was observed in the co-cultures (Fig. 6C).

Another approach was to test the conditioned medium of
transduced cells. Chondrocytes exhibited a transfection effi-
ciency of �50%, and in many cases, transfected and nontrans-
fected cells share a pericellular matrix or coat, as illustrated in
Fig. 6D. When Ad-Tet-mycHAS2–transduced bovine chon-
drocytes were co-treated with IL1� and Dox, there was a highly
significant decrease in expression of bovine MMP13 mRNA
(Fig. 6E) as well as MMP3 mRNA (Fig. 6H), another procata-
bolic marker of activated chondrocytes. This inhibition corre-
lated with a dose-dependent increase in newly synthesized HA
released into the media (Fig. 6G).

Next, the conditioned medium from each of these cultures
(representatives shown in Fig. 6G) was removed, added directly
to fresh naive chondrocytes, and incubated on these new cells
for an additional 24 h. The addition of conditioned medium
from IL1�-treated cells (e.g. from a culture depicted in Fig. 6G,
bar 2) resulted in a stimulation of both MMP13 (Fig. 6F, bar 2)
and MMP3 (Fig. 6I, bar 2) mRNA. This suggests that there were
sufficient levels of active IL1� still present in the conditioned
medium to activate new target cultures of chondrocytes. How-
ever, the addition of conditioned medium from IL1� plus 50 or
100 ng/ml Dox-treated cultures to fresh cells did not inhibit the
IL1� stimulation of MMP13 or MMP3 mRNA (Fig. 6, F and I,
bars 3 and 4). The fact that this 24-h conditioned medium con-
tained substantial levels of extracellular HA (Fig. 6G, bars 3 and
4) indicated that the inhibitory activity is not contained in the

conditioned medium rich in soluble extracellular HA. This sug-
gests that the HAS2-OE inhibitory effects only occurred in
transduced cells and transduced cells that are actively synthe-
sizing HA.

Bovine cDNA from experiments shown in Fig. 6, E–I as well
as cDNA from human chondrocyte experiments shown in Fig.
3B were also assayed for the effects of HAS2-OE on type II
collagen and aggrecan expression. Treatment with 1 ng/ml
IL1� significantly reduced the expression of human COL2A1
(Fig. 6J) and bovine COL2A1 (Fig. 6K) as well as bovine aggre-
can mRNA (Fig. 6L, ACAN). However, unlike the effects
observed on MMPs, HAS2-OE did not exhibit a capacity to
rescue this inhibition of collagen or aggrecan mRNA (at least
not at the 24-h time point). No statistically significant changes
in expression of COL2A1 or ACAN were observed.

HAS2-OE inhibition of catabolic markers induced by other
pro-inflammatory agents

To determine whether HAS2-OE–mediated inhibition of
MMPs was specific to IL1� activation, bovine or human chon-
drocytes were activated by other known pro-inflammatory/
damage-associated molecular pattern (DAMP) agents, namely
TNF�, LPS, or HA oligosaccharides (HAo). Treatment of
Ad-Tet-mycHAS2–transduced human chondrocytes with 100
ng/ml Dox resulted in enhanced synthesis of high-molecular-
mass HA (Fig. 7A) as well as mycHAS2 protein (Fig. 7C) under
both control (Ctr) and agent-treated conditions. Fig. 7B depicts
a representative Western blot analysis of lysates from these
same treated cultures probed for MMP13. Similar to IL1�
treatment, TNF�, LPS, or HA oligosaccharides all affected an
increase in MMP13 protein production. As well, co-treatment
with Dox reduced accumulation of MMP13 protein in both the
cell layer and medium fractions of agent-activated chondro-
cytes as well as MMP13 present in untreated control cultures.
In a similar fashion, co-incubation of transduced human chon-
drocytes with either Dox plus LPS (Fig. 7D) or Dox plus HA
oligosaccharides (Fig. 7E) resulted in the inhibition of DAMP-
stimulated MMP13 mRNA expression.

These results were replicated in cultures of bovine chondro-
cytes (Fig. 7, F–J). Similar levels of mycHAS2 mRNA following
Dox treatment were observed in each of these cultures (Fig. 7, F,
H, and J, left panels), indicating the likelihood that substantial
extracellular HA was being produced. LPS treatment provided
a strong stimulation of MMP13 (Fig. 7F, middle) as well as
MMP3 (Fig. 7G) mRNA. Stimulation of both MMP13 and
MMP3 were significantly blocked by co-treatment with 50 or
100 ng/ml Dox. Similar stimulation of bovine chondrocyte
MMP13 or MMP3 was obtained by treatment with HA oligosac-
charides (Fig. 7, H and I, middle panels) or TNF� (Fig. 7J, right).

Figure 2. A–C, Western blot analyses of cell lysate and medium aliquots from three representative experiments with human OA chondrocytes. Chondrocytes
were transduced with Ad-Tet-mycHAS2 and subsequently treated without (lane 1) or with (lanes 2 and 3) 1.0 ng/ml IL1� in the absence (lanes 1 and 2) or
presence (lane 3) of 100 ng/ml Dox. Blots were probed for detection of MMP13 protein (�54 kDa), and the cell lysate blots were reprobed for �-actin. The bar
graph in D depicts the mean � 95% confidence interval (error bars) of 10 independent experiments showing the changes in cell-associated and medium
accumulation of MMP13 protein due to HAS2-OE (percent inhibition) relative to values with IL1� treatment (without Dox) set to 100% (dotted line). Mean values
are shown beside each bar. E, Western blot analyses for CD44 from two representative experiments on bovine chondrocytes transduced with Ad-Tet-human-
CD44 and treated with 100 ng/ml Dox (lanes 3 and 4), without IL1� (lanes 1 and 3), or with 1.0 ng/ml IL1� (lanes 2 and 4). Shown is RT-PCR analysis for MMP13
(F) and MMP3 (G) from no Dox (bars 1 and 2) or CD44-OE chondrocytes (bars 3 and 4) treated without (bars 1 and 3) or with 1.0 ng/ml IL1� (bars 2 and 4). Shown
is a representative experiment (n � 3) of three independent experiments with similar results. No change in MMP13 or MMP3 mRNA was observed with
CD44-OE.
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In each case, the expression of both of these activation markers
was blocked by Dox-mediated activation of HAS2-OE.

As such, it was of interest to test the effects of the 24-h con-
ditioned medium of the Ad-Tet-mycHAS2–transduced cul-

tures treated without or with LPS and HAo with or without
Dox, on naive chondrocytes. As shown in the right-hand panels
(Fig. 7, F–I), sufficient levels of active LPS and HA oligosaccha-
rides were present to stimulate the new expression of MMP13
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or MMP3 mRNA in cultures of fresh, nontransduced target
chondrocytes. However, the conditioned medium transferred
from Dox co-treated (transduced) cultures exhibited no trans-

ferrable capacity to inhibit the stimulation of MMP13 (Fig. 7, F
and H) or MMP3 (Fig. 7, G and I) mRNA in the fresh cultures.
Again, although substantial levels of newly synthesized HA are

Figure 3. Human chondrocytes were transduced with 100 IFU/cell Ad-Tet-mycHAS2; untreated control is labeled C. Following transduction, the chondrocytes
were treated with 1 ng/ml IL1� (bars 2– 6 or labeled with a plus sign), exposed to varying Dox concentrations (as labeled, ng/ml) and analyzed for changes in mycHAS2
(A), MMP13 (B), and TSG6 mRNA (G). Chondrocyte lysates were analyzed by Western blot analysis of MMP13 protein (C; blots reprobed for �-actin). Media from these
cultures were analyzed on an agarose electrophoresis sizing gel (D) and by HA ELISA (F; red, medium; gray, cell-associated HA in units of ng/ml � 103). Western blot
analyses were performed on three additional human OA chondrocyte cultures (E, H, and K) exposed to Dox (as labeled, ng/ml). Blots were probed for MMP13 protein,
�-actin, or mycHAS2 as labeled. Numbers shown above MMP13 bands indicate band intensity (normalized to �-actin) relative to the IL1�-induced MMP13 band set to
1.0. H and K, two experiments in which nontransduced (no virus as labeled) and Ad-Tet-mycHAS2–transduced human OA chondrocytes were exposed to Dox (as
labeled, ng/ml). I and J, the effect of Dox concentrations on transduced bovine chondrocytes without (C) or with 1 ng/ml IL1� (�) on expression for mycHAS2 (I) or
MMP13 (J) mRNA; results from independent bovine cultures n � 3 for each condition (n � 12 for 100 ng/ml Dox comparison). I, -fold change relative to control set to
1.0; J, -fold change relative to values with IL1� treatment (without Dox) set to 100. An unpaired t test was used for statistical analysis: **, p � 0.01. Error bars, S.D.

Figure 4. To determine the effects of IL1� and HAS2-OE at a functional level, control bovine chondrocytes (A and B), chondrocytes transduced with
Ad-Tet-murine-mycHAS2 (C–G), or Ad-ZsGreen-human-HAS2 (H–J) were then treated without or with IL1� (1 ng/ml) and varying concentrations of
Dox (as labeled) for 1 week. B (inset), nontransduced chondrocytes co-treated with IL1� and 50 ng/ml Dox. The cultures were then fixed and stained with
DMMB, a dye that provides pink staining of accumulated proteoglycan (as well as a bluish counterstaining of nuclei). Images shown are representative fields
of four independent experiments. J, overlay image of green fluorescence (due to Ad-ZsGreen-mycHAS2 transduction) and bright field. For this image, the green
fluorescence intensity has been digitally enhanced to better illustrate successfully transduced cells. Bars in each image, 50 �M.
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present in the 50 and 100 ng/ml Dox conditioned medium (Fig.
6G), this HA-enriched medium does not offer inhibitory
activity.

The effect of HAS2-OE on chondrocyte energy metabolism

To determine whether the inhibitory effects of HAS2-OE on
MMPs were due to changes in intracellular metabolism, bovine

Figure 5. To determine the independent and combined effects of HAS2-OE and 4MU, chondrocytes were transduced with Ad-Tet-mycHAS2 and
subsequently incubated with or without IL1� (1 ng/ml) and co-treated in the absence (control (C)) or presence of 100 ng/ml Dox (labeled HAS2
and both), and/or 0.5 mM 4MU (labeled 4MU and both). The effects of these treatments on MMP13 protein are shown in A–C, representing Western
blot analysis of three independent preparations of human OA chondrocytes. A and B, MMP13 present in cell lysates and medium (as labeled); C includes
visualization of the mycHAS2 protein and a representative blot of �-actin (�-actin for studies in A and B not shown). Numbers shown above MMP13 bands
indicate the relative band intensity (normalized to �-actin) as compared with the intensity of the IL1�-induced MMP13 band set to 1.0. D, a represen-
tative example of human OA chondrocytes analyzed for MMP13 mRNA as well as HA content present in the medium (units � ng/ml � 102). Chondro-
cytes were treated with IL1� (bars 2–5) and co-treated with DOC (0 or 100 as labeled) and 4MU (depicted as � or �). MMP13 data depict the relative -fold
change in mRNA relative to control (C) set to 1.0. E, changes in relative expression of MMP13 and mycHAS2 mRNA in bovine chondrocytes. Chondrocytes
were treated with IL1� (bars 2– 6) and co-treated with DOC (0 or 100 as labeled) and 4MU (depicted as � or �). MMP13 data depict the relative -fold
change in mRNA relative to control (C) set to 1.0. E summarizes results from three independent bovine cultures for each condition. An unpaired t test was
used for statistical analysis: *, p � 0.05; **, p � 0.01. Error bars, S.D.
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chondrocytes were transduced with Ad-Tet-mycHAS2; plated
into 24-well or 96-well Seahorse XF Cell Culture Microplates as
confluent monolayers; and incubated with 0, 50, or 100 ng/ml
Dox without or with 1.0 ng/ml IL1�, as labeled, for 24 h. The
cells were then tested live, in real time, for rate changes in
medium accumulation of �H protons (indicative of lactic acid
accumulation) and simultaneously for O2 consumption (indic-
ative of mitochondrial respiration). After establishing values for
baseline metabolism, the cells are put under stress by injection
of select metabolic mediators to parse out sub-pathways asso-
ciated with the glycolysis or TCA pathways. Fig. 8A shows a
representative cell energy phenotype test wherein averaged val-
ues for extracellular acidification rate (ECAR, mpH/min) are
plotted versus oxygen consumption rate (OCR, pmol/min). The
primary observation is that IL1�-treated chondrocytes (red
squares) were more glycolytic as compared with control chon-
drocytes (blue squares). HAS2-OE chondrocytes had reduced
glycolytic activity (purple squares), but of more importance,
co-treatment with Dox and IL1� (green squares) resulted in
reducing the ECAR metabolism of IL1�-activated chondro-
cytes back toward that of control cells. In other words,
HAS2-OE did drive chondrocytes toward a more “quiescent”
phenotype. These changes in ECAR were quantified in Fig. 8B.
IL1� treatment resulted in a prominent increase in ECAR val-
ues (black bar) indicative of enhanced cellular usage of glycol-
ysis. HAS2-OE significantly reversed IL1�-induced increase in
glycolysis back to levels similar to control chondrocytes.

Less change in OCR was noted in the phenotype test as com-
pared with ECAR (Fig. 8A). Nonetheless, a second assay (mito-
chondrial stress test) was used to examine the effects on mito-
chondrial respiration more closely. In Fig. 8C, mitochondrial
respiration (measured by OCR) revealed that IL1�-treated
chondrocytes (black bars) displayed a substantial reduction in
mitochondrial respiration as compared with control cells (gray
bars labeled C). Responses of these cells to stressed conditions
(namely oligomycin followed by carbonyl cyanide 4-(trifluoro-
methoxy) phenylhydrazone (FCCP) injections) can be used to
show changes in mitochondrial contribution to ATP produc-
tion. Again, IL1�-treated chondrocytes show a substantial def-
icit in ATP production by mitochondria, as compared with con-
trols (black bars). However, co-treatment of chondrocytes with
IL1� and Dox (labeled HAS2�IL1) rescued both overall mito-
chondrial respiration and mitochondrial contribution to ATP
production. Mitochondrial spare capacity displayed a similar
profile, and mitochondrial proton leak was minimal but slightly
elevated in IL1� conditions (data not shown). These data sug-
gest that a metabolic shift had occurred following IL1� treat-
ment, a shift that was rescued by HAS2-OE.

Discussion

We demonstrated previously that chondrocytes and carti-
lage explants, treated with the inflammatory cytokine IL1�,
exhibit a substantial loss of HA and proteoglycan (8, 21). This
occurs even though IL1� enhances the synthesis of endogenous
chondrocyte HAS2 (8). We subsequently determined that HA
and bound aggrecan G1 domains were rapidly internalized by
CD44 after IL1� activation, in close coordination with the
ADAMTS/MMP-mediated cleavage and release of degraded
aggrecan monomers (4, 32, 33). Our hypothesis was that this
matrix loss would result in a negative feedback loop wherein
deficiencies in the cell-associated HA/proteoglycan pericellular
matrix would further promote the procatabolic phenotype of
activated chondrocytes. For example, we observed enhanced
MMP3, MMP13, and ADAMTS4 activation in chondrocytes
after the HA/proteoglycan-rich pericellular matrix was experi-
mentally removed by treatment with HA oligosaccharides (18,
20, 22) or hyaluronidase (21). We proposed that if extracellular
HA could be restored, more proteoglycan would be retained,
chondrocytes would sense these changes (possibly through
CD44 signaling), and the cells would return to a more quies-
cent, steady-state phenotype. In the current study, we exam-
ined the effects of HAS2-OE as an approach to test these
hypotheses. HAS2-OE did allow chondrocytes to locally syn-
thesize high levels of high-molecular-mass HA (Fig. 1C) well
beyond what these cells could produce with their endogenous
HAS2. For example, in the HA ELISA shown in Fig. 3F, total HA
content changed from 110 ng/ml in basal chondrocytes to
16,600 ng/ml with HAS2-OE. This included a more than 100-
fold increase in cell-associated HA. However, it should be noted
that this level of HA (16.6 �g/ml) is far less than levels used in
studies testing the addition of exogenous HA to cells (50 –1000
�g/ml) (25, 34 –36).

Under these conditions, we demonstrated that HAS2-OE
exerted a profound effect on chondrocytes. Induced procata-
bolic markers, such as MMP13, MMP3, and TSG6, were dimin-
ished, and sGAG, indicative of proteoglycan, was retained even
in the continued presence of IL1�.

Nonetheless, it has been suggested in recent years that IL1�
does not appropriately reflect the phenotype of OA (37). Other
stressors contribute to the altered OA phenotype in chondro-
cytes, including chronic exposure to excessive loading, aging,
and obesity (38, 39). More recent reports have proposed the
role of activation of the innate immune responses of chondro-
cytes in the pathogenesis and early inflammation associated
with OA (38, 40, 41). Toll-like receptors (TLRs) constitute one
receptor family that gives rise to these innate immunity

Figure 6. Ad-Tet-mycHAS2–transduced human chondrocytes were co-cultured with nontransduced bovine chondrocytes. A, example of a coculture,
except Ad-ZsGreen-mycHAS2 was used. The co-cultures (B and C) were treated for 24 h with 0 or 100 ng/ml Dox (as labeled) and without (�) or with (�) 1 ng/ml
IL1�. B and C, qRT-PCR using human-specific (B) or bovine-specific (C) primers for MMP13. Data represent duplicate experiments and depict relative -fold
change with control lysates set to 1.0. In a second series of experiments (E–L), bovine chondrocytes were transduced with Ad-Tet-mycHAS2, wherein 	50%
were successfully transduced (D; coat image using Ad-ZsGreen-mycHAS2 for illustration). Transduced chondrocyte cultures were incubated with 0, 50, or 100
ng/ml Dox (as labeled) and without (�) or with (�) 1 ng/ml IL1�. After 24 h of treatment, the conditioned medium from each of these cultures was added to
fresh, nontransduced bovine chondrocytes (F and I) and allowed to incubate for an additional 24 h. The conditioned medium was also analyzed for HA content
via an HA ELISA (G; units of ng of HA/ml). Analysis by qRT-PCR used bovine-specific primers for MMP13 (E and F), MMP3 (H and I), COL2A1 (K), and ACAN (L). The
-fold changes in bovine mRNA are relative to values with IL1� treatment (without Dox) set to 100. E–I, results from six independent bovine cultures for each
condition. An unpaired t test was used for statistical analysis; ***, p � 0.001. J, -fold change expression of human COL2A1 mRNA using lysates of the human OA
chondrocyte experiment shown in Fig. 3B. Error bars, S.D.
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responses. These receptors can be activated by agents such as
LPS as well as by ligands derived from the products of cartilage
breakdown known collectively as DAMPs. HA oligosaccharides
are an example of an extracellular matrix breakdown product
that is viewed by some as a DAMP (40, 42, 43). Activation of an
innate immunity response results in the enhanced production
of MMPs as well as endogenous IL1�, IL6, and TNF�. Given the
activation of MMPs, these output events conspire to generate
another wave of DAMPs and establishment of a self-amplifying
loop that leads to progressive cartilage degeneration. Many
damaged fragments of cartilage matrix are thought to have the
capacity to serve as DAMPs. The relative contribution of
DAMP-mediated activation of chondrocytes in OA patients
remains unknown. Nonetheless, the addition of exogenous HA
was found to reduce NF-�B activation and diminish TNF�,
IL1�, MMP13, and iNOS expression in LPS-stimulated chon-
drocytes (44). HA binding to CD44 decreased the release of IL6
and TNF� by macrophages following LPS exposure (45) and
decreased TLR4 signaling induced by LPS treatment of fibro-
blasts (46). Based on these reports, we tested the effects of
HAS2-OE on chondrocytes activated by three representatives
of this pathway—namely TNF�, LPS, and HA oligosaccharides.
All three agents affected a robust activation of MMP3 and
MMP13, both in human and bovine chondrocytes. Nonethe-
less, the combination of HAS2-OE treatment with any of these
agents resulted in a significant knockdown of the procatabolic
markers (Fig. 7). Even the elevated MMP13 level of expression
in human OA chondrocytes at baseline (without any cytokine
or DAMP enhancement) was reduced by HAS2-OE. This sug-
gests that the mechanism for the HAS2-OE inhibitory effect
is likely downstream of procatabolic initiating events that
impinge on chondrocytes, including proinflammatory cyto-
kines, DAMPs, excessive loading, etc.

The mechanism for this inhibition by HAS2-OE is more dif-
ficult to address. Our original hypothesis included the occupa-
tion of CD44 receptors by extracellular HA to promote home-
ostasis (7, 47). Others have provided data indicating that
extracellular HA directly blocks the access of ligands to TLR4
(34, 44) or blocks required interactions of TLR4 and CD44 (35,
45, 46).

To address the mechanism, we tested whether the enhanced
HA due to HAS2-OE, present within the extracellular matrix or
medium, was sufficient and effective to knock down markers of
adjacent, nontransduced but otherwise cytokine-activated
chondrocytes. At high density, co-cultures of transduced and
nontransduced chondrocytes are in close association with each
other and sometimes even share the same pericellular matrix
(Fig. 6D). Moreover, all cells (transduced and nontransduced)

are exposed to the elevated HA present in the medium fraction.
However, nontransduced bovine chondrocytes in co-culture
with human HAS2-OE chondrocytes did not display a knock-
down of markers. In a second approach, conditioned medium
from transduced bovine cultures, ones that had exhibited
HAS2-OE–mediated knockdown of MMP13 and MMP3, failed
to transfer this inhibitory activity to naive nontransduced chon-
drocytes. A similar observation was made of conditioned
medium from cultures with successful HAS2-OE–mediated
inhibition of LPS or HA oligosaccharide-stimulated MMP13 or
MMP3. One conclusion from these results is that HAS2-OE
activity occurs only in transduced cells and that extracellular
HA (or another unknown soluble factor) is not directly respon-
sible. This may be the reason that the average level of knock-
down of markers by HAS2-OE of �50% is similar to our typical
transduction efficiency.

When testing the comparative effectiveness of 4MU and
HAS2-OE, we noted that 4MU was more effective at knock-
down of MMP13 mRNA (Fig. 5). One explanation is that 4MU
and HAS2-OE function via different mechanisms. Alterna-
tively, 4MU may be more effective because it affects all cells
within the cultures, whereas HAS2-OE is restricted to only the
transduced cells. That 4MU also effectively blocks the procata-
bolic phenotype of chondrocytes and, moreover, enhances
aggrecan retention in intact bovine or human cartilage explants
exposed to IL1� or HA oligosaccharides (21) is difficult to fit
with our original hypothesis. One of the major effects of 4MU is
as a selective chemical inhibitor of HA biosynthesis (21, 31).
However, 4MU also blocks HAS2 mRNA expression (21, 30, 31,
48), and, like HAS2-OE in this study, 4MU also blocks the
expression of MMP13, ADAMTS4, and TSG6 (21). The mech-
anism for the 4MU transcriptional effects is still unknown, but
it is not dependent on HA biosynthesis, alteration of early cell
signaling events, message stability, or GlcNAcylation (21). This
leaves open the difficult question: How can 4MU, an inhibitor
of HA production, and HAS2-OE enhancement of HA produc-
tion both act as anti-catabolic agents? One possibility is that
both apply stress on the availability of intracellular UDP-sugar
pools (49).

Chanmee et al. (50, 51) observed that HAS2-OE in breast
cancer cells resulted in a phenotype change of these cells into
cancer stem cells, a phenotype switch that was based on a met-
abolic reprogramming event. Their observations suggested that
HAS2-OE gave rise to a flux in the hexosamine biosynthetic
pathway and subsequent alterations in energy metabolism, due
to the large quantity of UDP-sugar substrates (namely UDP-
GlcUA and UDP-GlcNAc) necessary for enhanced HA produc-
tion. One intriguing possibility of these results is that HAS2-OE

Figure 7. Bovine or human chondrocytes were activated by other known pro-inflammatory/DAMP agents: TNF�, LPS, or HAo. Ad-Tet-mycHAS2-
transduced human chondrocytes, treated with 100 ng/ml Dox as labeled, exhibited enhanced synthesis of high-molecular-mass HA (A) under control (Ctr) and
agent-treated conditions. B, representative Western blot analysis of lysates from these same treated cultures probed for MMP13 (blots reprobed for �-actin)
and for expression of mycHAS2 protein (C). Next, human chondrocytes were transduced with Ad-Tet-mycHAS2 and then incubated with or without Dox (as
labeled 0 and 100); without (bar 1) or with (bars 2 and 3) 10 ng/ml LPS (D) or 250 �g/ml HAo (E). D and E, relative -fold change in MMP13 mRNA, assayed in
duplicate, with untreated control values set to 1.0. Bovine chondrocytes transduced with Ad-Tet-mycHAS2 (F–J) were incubated with 0, 50, or 100 ng/ml Dox
(as labeled) and without (bar 1) or with (bars 2– 4) co-treatment with LPS (F and G), HAo (H and I), or 10 ng/ml TNF� (J). After cultures were exposed to LPS and
HAo, the 24-h conditioned medium (LPS C.M. or HAo C.M.) was collected and added to fresh bovine monolayer cultures for an additional 24-h incubation, similar
to conditions described in the legend to Fig. 6. Changes in mycHAS2, MMP13, or MMP3 mRNA were quantified. F–J, results from three independent bovine
chondrocyte cultures for each condition (each assayed in duplicate). The -fold changes in mRNA are relative to control values set to 1.0. An unpaired t test was
used for statistical analysis: **, p � 0.01. Error bars, S.D.
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can drive metabolic reprogramming in cells, reprogramming
that can subsequently drive changes in phenotype. Moreover,
such changes in metabolism represent a mechanism that would
only occur in successfully HAS2-transduced cells. Enhanced
HA must still be produced and secreted to drive cellular
responses to UDP-sugar depletion.

Whether HAS2-OE affected a metabolic reprogramming in
chondrocytes was addressed by measuring changes in their use
of glycolysis or mitochondrial respiration to satisfy their meta-
bolic needs. In this current study, IL1�-activated chondrocytes
exhibited enhanced utilization of glycolysis and less reliance on
mitochondrial respiration than control, quiescent chondro-
cytes. A deficit in mitochondrial activity associated with OA
chondrocytes is the central message in a recent review (39).
HAS2-OE exerted a pronounced effect on this OA-like meta-
bolic signature, blocking the dependence on glycolysis (ECAR)
and simultaneously enhancing mitochondrial respiration and
ATP production. This is the opposite result as observed in can-
cer cells by Chanmee et al. (50), wherein HAS2-OE reduced
glycolysis and enhanced mitochondrial function. In another
study, HAS2-OE in epithelial cells, resulting in an epithelial-
mesenchymal transition; this transition included enhancement
of a mesenchymal pericellular matrix but was also associated
with increased production of MMP9 (52). Thus, it is likely that
HAS2-OE exerts differing effects on different cell types. Chon-
drocytes represent a more quiescent, nonproliferating cell type,
residing in a nonvascularized environment with a unique func-
tion to synthesize large quantities of extracellular matrix.

Additional studies will be required to determine whether
HAS2-OE–associated changes in the metabolic signature
(reported in Fig. 8) are directly responsible for inhibition of the
procatabolic phenotype. Nonetheless, a close linkage of these
two events is consistent with observations of this study that
MMP inhibition by HAS2-OE occurs only in successfully trans-
duced cells and is similar to the effects of 4MU.

Experimental procedures

Materials

Ham’s F-12 and DMEM were obtained from Mediatech;
FBS was from Hyclone; and TNF� and IL1� were from R&D
Systems, Inc. 4-MU was from Alfa Aesar (A10337). Pronase
(53702; EMD Millipore Calbiochem), collagenase P
(11249002001; Roche Applied Science), and collagenase D
(11088882001; Roche Applied Science) were used in dissoci-
ation of tissues. Cell lysis buffer was from Cell Signaling
Technologies, and Clear Blue X-ray film was from Genesee
Scientific. All other reagents were from Sigma-Aldrich.

Specific primers for real-time RT-PCR were custom-made
by Integrated DNA Technologies (Coralville, IA). The
iScriptTM cDNA synthesis kit was obtained from Bio-Rad, and
RT2 Real TimeTM SYBR Green reagents were from SA Biosci-
ences. The DuoSet HA ELISA kit for hyaluronan (DY3614-05)
was purchased from R&D Systems, Inc., and used following the
manufacturer’s instructions.

Specific antibodies used for analysis included rabbit poly-
clonal anti-MMP13 (sc-30073, clone H-230, lot F1312; Santa
Cruz Biotechnology, Inc.). However, given that this antibody is

Figure 8. To determine whether the inhibitory effects of HAS2-OE on
MMPs was due to changes in intracellular metabolism, bovine chondro-
cytes were transduced with Ad-Tet-mycHAS2 and then plated into
24-well (A) or 96-well (B and C) Seahorse XF or XFe cell culture micro-
plates. The confluent monolayers were then incubated with 0, 50, or 200
ng/ml Dox, without or with 1 ng/ml IL1� as labeled. The cells were then mated
with a sensor cartridge and analyzed in a Seahorse XF or XFe Flux Analyzer for
real-time changes in proton accumulation and oxygen consumption within
the specialized DMEM culture media. A, representative cell energy phenotype
test wherein values for ECAR (mpH/min) under baseline conditions are plot-
ted versus OCR (pmol/min). B, summary of ECAR data (average � S.D. (error
bars), n � 3) representative of basal glycolysis rates. C, results of a represen-
tative Mito Stress Test of mitochondrial function, wherein bars depict mito-
chondrial respiration as a corrected OCR value (average � S.D., n � 9) as well
as the ATP production rates (pmol/min) that can be calculated from the
results of this test. Each panel of Seahorse data depicts a representative
experiment of 3– 4 independent experiments. An unpaired t test was used for
statistical analysis: **, p � 0.01; ***, p � 0.001.
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no longer commercially available, we verified that identical
results could be obtained using rabbit polyclonal anti-MMP13
(ab39012, lot CR1575 14-27, Abcam) or mouse monoclonal
anti-MMP13 (sc515284, lot C1617, Santa Cruz Biotechnology).
Other antibodies included �-actin (A1978, clone AC-15, lot
065M4837V; Sigma-Aldrich). Anti-CD44 (BU52; 193– 020, lot
254902) was from Ancell. Mouse anti-Myc was obtained from
Cell Signaling Technology (catalog no. 2276, clone 9B11, lot
24). The secondary antibodies horseradish peroxidase–
conjugated donkey anti-rabbit (SA1-200) and horseradish
peroxidase– conjugated donkey anti-mouse (SA1-100) were
from Thermo Fisher Scientific.

HA oligosaccharides were prepared and purified as described
previously (18) and derived from rooster comb HA (Sigma).
The HA oligosaccharides are present as a mixture of HA hexa-,
octa-, and decasaccharides. We recently reviewed information
on the activity and comparative use of these and other HA oli-
gosaccharide preparations (7).

Cell culture

Primary bovine articular chondrocytes were isolated from
the metacarpophalangeal joints of 18 –24-month-old adult
steers as described previously (21, 22). Primary human articular
chondrocytes were isolated from knee cartilage obtained fol-
lowing joint replacement surgery, within 24 h after surgery and
with institutional approval. Human cartilage samples were
from patients (�60% female, 40% male) with an average age of
66.8 � 10.0 years and taken from normal-looking cartilage
present on the remnants of medial and lateral femoral condyles.
Bovine and human chondrocytes were liberated from full-
thickness slices of articular cartilage by sequential Pronase/col-
lagenase P digestion. After harvest and before plating, chondro-
cytes in suspension were incubated with Ad-HAS2 constructs
(10 IFU/cell) for 2 h at 37 °C with occasional gentle mixing, in a
1:1 mixture of DMEM/Ham’s F-12 medium, 50 units/ml peni-
cillin, L-glutamate, and ascorbic acid but without serum. Chon-
drocytes were then plated as high-density monolayers (0.5–
1.0 � 106 cells/cm2) in medium still containing virus and
allowed to attach overnight at 37 °C. Medium was then changed
to fresh medium containing 10% FBS and doxycycline (Dox) if
the Ad-Tet-On virus was being used. After 24 h in culture, the
medium was changed to 1% FBS (with Dox if appropriate) for
12 h and then incubated in serum-free medium for 1 h prior to
the addition of 10 ng/ml TNF�, 1–10 ng/ml IL1�, 250 �g/ml
HA oligosaccharides, or 10 ng/ml LPS, with or without 0.5–2.0
mM 4-MU and with or without varying concentrations of Dox
in fresh serum-free culture medium treatment for varying
times. In experiments with 4-MU, the reagent was dissolved in
DMSO and then added to the culture medium with a final con-
centration of 0.1% DMSO; DMSO only at the same concentra-
tion was used as a control.

Particle exclusion assay

To visualize the pericellular matrix, the medium of
Ad-ZsGreen1-mycHas2–transduced bovine chondrocytes was
replaced with a suspension of formalin-fixed erythrocytes in
PBS plus 0.1% BSA (53). Cells were photographed using a Nikon
TE2000 inverted phase-contrast microscope, and images were

captured digitally in real time using a Retiga 2000R digital
camera (QImaging). The presence of the cell-associated matrix
is seen as the particle-excluded zone surrounding the
chondrocytes.

DMMB staining of monolayers

Ad-Tet-mycHAS2–transduced or Ad-ZsGreen-mycHAS2–
transduced bovine chondrocytes were plated into 12-well
plates at 1 � 106 cells/well. Following overnight attachment,
cells were treated without or with varying concentrations of
Dox and without or with 1.0 ng/ml IL1� for 4 days. Cell
medium was removed, and the cells were washed with PBS
followed by 15-min treatment with 4% paraformaldehyde solu-
tion at room temperature. The cells were washed again with
PBS and then incubated overnight in a solution of DMMB in the
dark with no rocking. The DMMB was prepared as described
previously (4, 28, 54). Cells were examined in plates using a
Nikon TE2000 inverted phase-contrast microscope, and
images were captured digitally in real time using a Retiga 2000R
digital camera (QImaging).

Generation of Adeno-Has2 virus constructs

The human HAS2 ORF (NM_005328) in pCR3.1 (a gift from
Dr. Tim Bowen, Cardiff University School of Medicine, Cardiff,
UK) (55) was PCR-amplified using AccuPrime Pfx DNA Poly-
merase (Life Technologies) and primers designed specifically
for use with the Adeno-X Adenoviral System 3 (Clontech). The
amplified human HAS2 sequence was ligated into the
pAdenoX-CMV-ZsGreen1 linearized vector (Clontech) to
form Ad-ZsGreen-hHAS2. All PCR-amplified regions were
verified by DNA sequencing. In the adeno-ZsGreen-HAS2 vec-
tor, HAS2 and ZsGreen1 sequence are present on the same
plasmid but driven by separate CMV-1E promoters. The
murine Has2 coding sequence (NM_008216), containing an
NH2-terminal 6� Myc tag in pCDNA3, was kindly provided by
Drs. Davide Vigetti and Alberto Passi (27). The murine Has2
coding sequence was PCR-amplified and subcloned into the
pAdenoX-CMV-ZsGreen1 linearized vector to form Ad-Zs-
Green-mycHas2 as described previously (17). The murine Has2
coding sequence was subcloned into the pAdenoX-Tet3G lin-
earized vector (Clontech) as described previously (21) to form
Ad-Tet-mycHas2. Primers and plasmid for LacZ, included in
the Adeno-X Adenoviral System 3 kit (Clontech) were used
according to the manufacturer’s protocol to generate Ad-Zs-
Green-LacZ. In addition, the human CD44-coding sequence
that we have described previously (56 –58) was also subcloned
into the pAdenoX-Tet3G linearized vector (Clontech) to gen-
erate the Ad-Tet-human-CD44. Each of these viral constructs
was amplified and packaged in HEK293 cells (ATCC). Viral
particles were purified using the Adeno-X Purification Kit
(Clontech) and titered using the Adeno-X Rapid Titer Kit
(Clontech) to obtain 3–5 � 109 IFU/ml purified viral stock.

Western blotting

Total protein was extracted using cell lysis buffer–
containing protease and phosphatase inhibitor mixtures.
Equivalent protein concentrations were loaded into 4 –12%
NuPAGE� Novex� Tris acetate gradient minigels (Thermo
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Fisher Scientific). In some experiments, the conditioned cul-
ture medium was also collected and processed for Western
blotting by loading aliquots of equivalent volume to minigels.
Following electrophoresis, proteins within the acrylamide gel
were transferred to a nitrocellulose membrane using a Crite-
rion blotter apparatus (Bio-Rad), and the nitrocellulose mem-
brane was then blocked in TBS containing 0.1% Tween 20 and
5% nonfat dry milk (TBS-T-NFDM) for 1 h. Immunoblots were
incubated overnight with primary antibody in TBS-T-NFDM at
4 °C, rinsed three times in TBS-T, and incubated with second-
ary antibody in TBS-T-NFDM for 1 h at room temperature.
Detection of immunoreactive bands was performed using
chemiluminescence (Novex ECL, Invitrogen). In some cases,
the blots were stripped using Restore Plus Western Stripping
Buffer (Thermo Fisher Scientific) for 30 min at room tempera-
ture and reprobed using another primary antibody. Developed
X-ray films were imaged and digitized using a Bio-Rad GelDoc
with ImageLab software. Pixel intensities for MMP13 bands
were used for quantification after normalization to loading
control bands (�-actin or GAPDH). All other experimental
details not mentioned here are described in the figure legends.

Real-time quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from the bovine and human chon-
drocyte cultures according to the manufacturer’s instructions
for the use of TRIzol� reagent (Thermo Fisher Scientific). Total
RNA was reverse-transcribed to cDNA using the iScript cDNA
synthesis kit (Bio-Rad). Quantitative PCR was performed using
Sso-Advanced SYBR-Green Supermix (Bio-Rad) and amplified
on a StepOnePlus real-time PCR system (Applied Biosystems)
to obtain cycle threshold (Ct) values for target and internal ref-
erence cDNA levels.

The human-specific primer sequences are as follows: ACAN,
forward (5
-TCT GTA ACC CAG GCT CCA AC-3
) and
reverse (5
-CTG GCA AAA TCC CCA CTA AA-3
); COL2A1
(59), forward (5
-GGC AAT AGC AGG TTC ACG TAC A-3
)
and reverse (5
-CGA TAA CAG TCT TGC CCC ACT T-3
);
GAPDH, forward (5
-GAA TTT GGC TAC AGC AAC AGG-
3
) and reverse (5
-AGT GAG GGT CTC TCT CTT CC-3
);
human-specific MMP13, forward (5
-CAG TGG TGG TGA
TGA AGA TGA T-3
) and reverse (5
-CGC GAG ATT TGT
AGG ATG GTA G-3
); HAS2, forward (5
-CTG GAA GAA
CAA CTT CCA CGA A-3
) and reverse (5
-GAC CAA TTG
CGT TAC GTG TTGC-3
); TSG6, forward (5
-GTG GCG
TCT TTA CAG ATC CAA AGC-3
) and reverse (5
-CAA CAT
AAT CAG CCA AGC AAC-3
).

The bovine-specific primer sequences are follows: ACAN,
forward (5
-AAA TAT CAC TGA GGG TGA AGC CCG-3
)
and reverse (5
-ACT TCA GGG ACA AAC GTG AAA GGC-
3
); COL2A1 (60), forward (5
-TGC AGG ACG GGC AGA
GGT AT-3
) and reverse (5
-CAC AGA CAC AGA TCC GGC
AG-3
); GAPDH, forward (5
-ATT CTG GCA AAG TGG ACA
TCG TCG-3
) and reverse (5
-ATG GCC TTT CCA TTG ATG
ACG AGC-3
); MMP3, forward (5
-CTC ACA GAC CTG ACT
CGG TT-3
) and reverse (5
-CAC GCC TGA AGG AAG AGA
TG-3
); bovine-specific MP13, forward (5
-CCT GCT GGA
ATC CTG AAG AAA-3
) and reverse (5
-AGT CTG CCA GTC
ACC TCT AA-3
); 18S rRNA, forward (5
-GTA ACC CGT

TGA ACC CCA TT-3
) and reverse (5
-CCA TCC AAT CGG
TAG TAG CG-3
). The mouse primer sequence for mycHAS2
was as follows: forward (5
-GCA TGA ATT TGT GGA AGA
CTG G-3
) and reverse (5
-GCC GTG TAT TTA GTT GCA
TAG C-3
). Also used were primers for ZsGreen: forward (5
-
AGA AGA TGA CCG ACA ACT GG-3
) and reverse (5
-GTA
CAC GGT GTC GAA CTG G-3
).Real-time RT-PCR efficiency
(E) was calculated as E � 10(�1/slope) (61). The -fold increase in
copy numbers of mRNA was calculated as a relative ratio of
target gene to GAPDH (��Ct), following the mathematical
model introduced by Pfaffl (62) as described previously (21, 28).

Agarose gel electrophoresis

HA and chondroitin sulfate chains remaining after papain
digestion of proteoglycans were separated on 1% agarose gels
prepared in Tris acetate–EDTA buffer and cast into 10 �
15-cm trays of an MP-1015 horizontal electrophoresis appara-
tus (ISI Scientific) as described previously (4). Briefly, samples
(15 �l) were loaded into each well. Electrophoresis was carried
out for 30 min at 150 V. Gels were fixed by rinsing in 70%
ethanol for 30 min and stained overnight with Stains-all or fol-
lowed by destaining in 70% ethanol. Stained bands were imaged
by trans-white light on the GelDoc Imager.

Metabolomic studies using Seahorse flux analyzer

Transduced bovine chondrocytes were plated at 8.0 � 104

cells/well into specially designed 96-well (or at 2.5 � 105 cells/
well into 24-well) Seahorse XF cell culture microplates. The
confluent monolayers were preincubated with 0 and 50 –200
ng/ml Dox in 1% FBS for 12 h and then for 24 h with or without
2 ng/ml IL1� and with or without the same level of Dox. The
medium was changed to serum-free Seahorse XF Base Medium
(without phenol red but 10 mM glucose, 1.0 mM pyruvate, and
2.0 mM glutamine added) or Seahorse XF DMEM, pH 7.4, cells,
depending on the assay. Assay medium also contained fresh
IL1�. The cells were then mated with a sensor cartridge and
analyzed in a Seahorse XF 24 or XFe 96 Flux Analyzer (Agilent
Tech) for real-time detection of changes in proton accumula-
tion and oxygen consumption following the manufacturer’s
guidelines. For the Agilent XF cell energy phenotype test, a
combined injection of oligomycin (2 �M final) and FCCP (0.25
�M final) were applied after the instrument completed measure-
ment of basal values. When performing an Agilent XF Mito
Stress Test, timed sequential injections of oligomycin (2 �M

final) followed by FCCP (0.25 �M final) and, last, a 1:1 mixture
of antimycin A with rotenone (0.50 �M final) were applied after
measurement of basal values. Algorithms provided in Agilent
assay report generator Excel files were used to generate blots
and bar graphs. Mitochondrial ATP production derived from
the Mito Stress test is expressed as OCR (pmol of O2/min) in
their software.

Statistical analysis

All data except as noted were obtained from at least three
independent experiments performed in duplicate or triplicate.
A two-tailed unpaired Student’s t test was used for direct com-
parison of treatment group with control. A p value of �0.05 was
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considered significant (*, p value � 0.05; **, p � 0.01; ***, p �
0.001).
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