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Abstract

Objective: Previous studies indicated a difference in crosstalk between canonical WNT pathway and nuclear factor-kB
(NF«B) signaling in human and animal chondrocytes. To assess whether the differences found were dependent on cell
types used, we tested the effect of WNT modulation on NFkB signaling in human primary articular chondrocytes in
comparison with the immortalized human costal chondrocyte cell line C20/A4. Design: We used gene expression analysis
to study the effect of WNT modulation on IL1B-induced matrix metalloproteinase (MMP) expression as well as on WNT
and NFkB target gene expression. In addition, we tested the involvement of RelA and TCF4 on activation of the WNT and
NFkB pathway by TCF/LEF and NFkB reporter experiments, respectively. Results: We found an inhibitory effect of both
induction and inhibition of WNT signaling on ILIB-induced MMP mRNA expression in primary chondrocytes, whereas
WNT modulation did not affect MMP expression in C20/A4 cells. Furthermore, TCF/LEF and NF«B reporter activation
and WNT and NF«kB target gene expression were regulated differentially by TCF4 and RelA in a cell type—dependent
manner. Additionally, we found significantly higher mRNA and protein expression of TCF4 and RelA in C20/A4 cells in
comparison with primary chondrocytes. Conclusions: We conclude that WNT modulation of NF«B is, at least in part, cell
type dependent and that the observed differences are likely because of impaired sensitivity of the NFkB pathway in C20/
A4 cells to modulations in WNT signaling. This might be caused by higher basal levels of TCF4 and RelA in C20/A4 cells
compared to primary chondrocytes.
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Introduction tumor necrosis factor (TNF)-a. In addition, inflammatory
activation of the NFkB pathway can induce hypertrophic
differentiation, which is involved in cartilage degenerative
disease.’

Recently, WNT/B-catenin signaling was found in IL1pB-
induced cartilage degradation.”” In absence of a WNT
ligand, B-catenin is phosphorylated by a degradation com-
plex and subsequently degraded by the proteasome. On

The balance between the breakdown and synthesis of extra-
cellular matrix is crucial for the integrity of the structure
and function of articular cartilage. This homeostasis is
maintained by catabolic and anabolic processes that are
regulated by chondrocytes and other cells in articular joints.
Interleukin (IL)-1B was found to be involved in disturbed
homeostasis, mainly due to increased expression and activ-
ity of matrix metalloproteinases (MMPs), leading to carti-
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binding of a WNT ligand to the receptor Frizzled (FZD) and
its co-receptors low-density lipoprotein receptor—related
protein (LRP) 5/6, the degradation complex is disassem-
bled, resulting in accumulation of B-catenin in the cyto-
plasm. Subsequently, B-catenin can translocate to the
nucleus to bind T-cell specific factor (TCF)-4 and
lymphoid-enhancer factor (LEF)-1, thereby regulating gene
expression.'’ Our group has recently shown that in human
chondrocytes, canonical WNT signaling is a potent inhibi-
tor of pro-inflammatory mediator-induced MMP expression
by counteracting pro-catabolic NFkB. The inhibitory action
of WNT signaling was found to be due to direct interaction
of B-catenin with the NFkB pathway,® found in various can-
cer cells.""'> More specifically, it was shown that B-catenin
interacted with RELA."" These observations indicated that
B-catenin has an anti-catabolic effect by inhibiting MMP
expression in human cartilage, whereas a pro-catabolic role
of B-catenin in animal cartilage was reported.”"> However,
B-catenin interacted with the NFxB pathway and inhibited
NF«B-mediated signaling in mouse cells, suggesting that
B-catenin—RELA interaction is not responsible for the
species-specific effect of WNT signaling on MMP expres-
sion.® In contrast to human chondrocytes, induction of
MMP expression by ILIB in animal chondrocytes was
dependent on B-catenin.® In addition, our group has shown
that overexpression of TCF4 in human chondrocytes,
expressed higher in human osteoarthritic cartilage, induced
the expression and activity of MMPs in human chondro-
cytes."* Furthermore, induction of MMP expression by
TCF4 appeared to be due to the potentiating effect of TCF4
on NF«B signaling likely by direct interaction with RELA."

The dissimilarity in the interaction between the WNT
pathway and NF«kB signaling was attributed to a species-
specific effect.® To verify whether this effect was rather
caused by differences in the cellular environment, we
assessed the effects of induction and inhibition of WNT/B-
catenin signaling on NFkB and related MMP expression in
human primary articular chondrocytes (hCh) and the
immortalized human costal chondrocyte cell line C20/A4.
We found active crosstalk between the WNT pathway and
NF«B signaling in hCh, which was partial or absent in C20/
A4, indicating a cell-specific interaction between WNT and
NFkB.

Methods

Cell Isolation and Culture

Human primary articular chondrocytes were isolated from
healthy looking cartilage of the femoral condyles of patients
undergoing total knee replacement surgery. Isolated carti-
lage was digested with collagenase type II at 37°C over-
night and cells were isolated using a 100-pm cell strainer.
Isolated hCh were cultured as previously described" and

used at passage 2. Immortalized human juvenile costal
chondrocytes, C20/A4 cells,'® were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin. The use of human biopsies was approved by the
local ethical committee and all patients gave their consent
for the use of their tissues.

Viral Transduction Assays

Human primary articular chondrocytes and C20/A4 were
seeded at 7500 cells/cm® in 96-well plates (Nunc
International) and cultured for 24 hours, prior to transfec-
tion with lentiviral TCF/LEF reporter and pRL-CMV con-
trol (both Promega, Madison, WI). Cells were treated with
200 ng/mL recombinant human WNT3A (high purity,
R&D Systems, Minneapolis, MN), 1.0 uM GSK3p inhibi-
tor BIO (Sigma Aldrich, St. Louis, MO) or 1.0 uM PKF115-
584 (Novartis, Basel, Switzerland), a small molecule
blocking binding of P-catenin to transcription factor
TCF4." All treatments were performed with or without
addition of 10 ng/mL IL1B (R&D Systems, Minneapolis,
MN). After 48 hours of stimulation, luminescence was
measured using the Dual-Glo luciferase assay kit (Promega,
Madison, WI).

Gene Expression Analysis

Human primary articular chondrocytes and C20/A4 were
seeded at 25,000 cells/cm® in 24-well plates (Nunc
International, Rochester, NY) and cultured for 24 hours
before addition of 200 ng/mL recombinant human
WNT3A (high purity, R&D Systems), 1.0 uM GSK3
inhibitor BIO or 1.0 uM PKF115-584 with or without
addition of 10 ng/mL IL1B (R&D Systems). Forty-eight
hours later, cells were harvested and analyzed as previ-
ously described."® Gene expression was normalized using
B2M and expressed as fold induction compared with
controls.

Western Blot

For Western blot analysis, cells were lysed using RIPA buf-
fer (Cell Signaling Technology, Danvers, MA), supple-
mented with Halt protease and phosphatase inhibitor
cocktail (Thermo Scientific, Waltham, MA). Antibodies
used for Western blot were mouse anti-human B-catenin
(1:1000, BD Biosciences, Franklin Lakes, NJ), rabbit anti-
human NFxB p65 (RELA, 1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti-human TCF4
(1:1000, Cell Signaling), and rabbit anti-mouse and goat
anti-rabbit secondary antibodies (1:1000, Invitrogen,
Carlsbad, CA). SuperSignal West Femto Substrate (Thermo
Scientific) was used for visualization of the bands.
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Figure 1. Distinct effects of WNT modulation in human primary articular chondrocytes (hCh) and C20/A4. (A) ILIB (10 ng/mL)
induced expression of MMP| was inhibited by co-treatment with WNT3A (200 ng/mL) and BIO (1.0 pM) as well as with PKF115-
584 (1.0 uM) in hCh, whereas in C20/A4, MMP| expression was not affected by any of the compounds. (B) ILIB-induced MMP3
expression was only inhibited by BIO in hCh and by PKF|15-584 in C20/A4. (C) The mRNA expression of MMP|3 was inhibited

by WNT3A and PKFI15-584 in hCh, whereas in C20/A4, both BIO and PKF| 15-584 blocked ILIB-induced MMP|3 expression.
Expression levels were determined by qPCR after normalization for a house hold gene. Graphs are representative for 3 independent
experiments and expressed as fold induction compared with controls + 95% confidence interval.

Statistical Analysis

Results were expressed as mean values + 95% confidence
intervals (CIs) and statistical significance was tested using
analysis of variance for multiple conditions or Student’s ¢
test for comparing 2 conditions (PASW Statistics 18).

Results

The Effect of WNT Signaling on mRNA
Expression of MMPs Is Cell Type Dependent

Since basal MMP expression is relatively low in chondrocytes,
cells were treated with IL1p to induce gene expression. This
enabled us to study the effect of induction and inhibition of
canonical WNT signaling on MMP expression. In basal condi-
tions in hCh, neither WNT3A and BIO nor PKF115-584
affected MMP expression. IL1P potently induced MMPI,
MMP3, and MMP13 expression. Interestingly, both activation
of canonical WNT signaling by treatment with WNT3A and

BIO, as well as inhibition of canonical WNT signaling by
PKF115-584, inhibited IL1B-induced MMPI expression. In
C20/A4, MMP1 expression was not significantly affected by
activation or inhibition of WNT signaling, neither in basal con-
ditions nor after IL1p induction (Fig. 1A). The mRNA expres-
sion of MMP3 in hCh was significantly inhibited by BIO,
whereas the expression was not significantly changed by
WNT3A and PKF115-584. In contrast, in C20/A4, IL1B-
induced MMP3 expression was slightly enhanced by co-treat-
ment with WNT3A and BIO, whereas PKF115-584 inhibited
MMP3 expression (Fig. 1B). In hCh, WNT3A and PKF115-
584 repressed IL1B-induced MMP1 3 expression, whereas BIO
did not significantly affect MMP13 expression. The expression
of MMP13 was inhibited by WNT3A, BIO, and PKF115-584,
although not significantly changed by WNT3A in C20/A4
(Fig. 1C). The effect of inhibition of WNT/B-catenin signaling
by PKF115-584 is similar in hCh and C20/A4. However, the
inhibitory effect of WNT3A and BIO on MMP3 expression in
hCh is opposite to the stimulating effect in C20/A4. The dis-
similarity of WNT3A, which acts at the receptor level, was not
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Figure 2. Overexpression of TCF4 enhances ILIJ induction of NFkB reporter activity in human primary articular chondrocytes
(hCh), but blocks ILIB-induced NF«B activity in C20/A4. (A) TCF/LEF reporter activity in hCh is upregulated by both WNT3A and
BIO, which is slightly enhanced by knockdown of RELA. ILIf inhibits the induction of TCF/LEF reporter by BIO. In C20/A4, TCF/LEF
reporter activity is induced by WNT3A and BIO and slightly inhibited by knockdown of RELA. (B) NFkB reporter activity is induced
by ILIB in hCh and enhanced by WNT3A and BIO. Overexpression of TCF4 induces NF«B reporter activity in hCh. In addition, in
C20/A4 NFkB reporter activity is induced by ILIB, which is inhibited by overexpression of TCF4. (C) Western blot analysis confirms
partial downregulation of RELA protein expression by shRELA and upregulation of TCF4 by AdTCF4. Data is representative for 3
independent experiments and expressed as fold induction compared with control £ 95% confidence interval.

as pronounced as the opposing effect of BIO, which acts more
downstream in the WNT/B-catenin pathway.

These findings indicate a cell type dependent effect of
modulation of the WNT signaling pathway on cytokine-
induced MMP mRNA expression, which might be regulated
by B-catenin or at the transcriptional level. Therefore, we
tested the involvement of downstream WNT effectors
B-catenin and TCF4 and the NFxB mediator RELA on TCF/
LEF and NF«B-promoter reporter constructs.

TCF4 Enhances ILIB-Induced NFxB Reporter
Activity in hCh but Not in C20/A4

To test the involvement of the NFkB signaling mediator
RELA in the WNT pathway, cells were co-transduced with

a TCF/LEF reporter construct and a short hairpin (sh) RNA
construct for RELA. In hCh, WNT3A and BIO induced
TCF/LEF reporter activity, whereas the TCF/B-catenin
inhibitor PKF115-584 did not affect the TCF/LEF reporter.
The upregulation of the TCF/LEF reporter by WNT3A and
BIO was slightly enhanced by the knockdown of RELA,
while co-treatment with IL1 inhibited reporter activation
by BIO. In C20/A4, WNT3A and BIO activated the TCF/
LEF reporter, whereas reporter activity was not affected by
addition of IL1B. Knockdown of RELA inhibited BIO-
induced upregulation of TCF/LEF reporter activity
(Fig. 2A). This suggests that TCF/LEF reporter activation
by BIO is at least partly dependent on RELA.

To study the involvement of TCF4 in the activation of the
NF«B pathway, TCF4 was adenovirally overexpressed in cells
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Figure 3. (A) In hCh, AXIN2 expression was upregulated by both WNT3A and BIO, whereas PKF 1 15-584 did not affect AXIN2
expression. Addition of ILIf slightly inhibited upregulation of AXIN2 expression by WNT3A and BIO. In C20/A4, AXIN2 expression
was induced by WNT3A and BIO, which was not significantly affected by ILIf. PKFI15-584 did not affect AXIN2 expression. (B)
SERPINA expression was induced by ILI in both hCh and C20/A4. Upregulation was inhibited by BIO and PKF| 15-584 in hCh, but
differences were not significant. However, in C20/A4, ILIp induced SERPINA| expression was slightly enhanced by BIO, whereas
WNT3A (not significant) and PKFI 15-584 inhibited IL1f3-induced SERPINA| expression. Expression levels were determined by
quantitative polymerase chain reaction (QPCR) after normalization for a house hold gene. Data are representative for 3 independent
experiments and expressed as fold induction compared with control £ 95% confidence interval.

that were transduced with the NFkB promoter reporter con-
struct. NFkB reporter activity was significantly induced by IL1J3
by 2.6 fold (P = 0.03), which was enhanced by both WNT3A
and BIO in hCh. Additionally, overexpression of TCF4 strongly
induced NF«B reporter activity, which was further enhanced by
co-treatment with BIO. In C20/A4, the NFxB reporter was
strongly induced by IL1 by 7.9 fold (P = 0.01), without signifi-
cant effects of WNT3A, BIO, or PKF115-584. Interestingly,
IL1B-induced NF«B reporter activity was inhibited by overex-
pression of TCF4 (Fig. 2B). This suggests that TCF4 is induc-
tive for NFkB reporter activity in hCh, but inhibitory in C20/A4.

The knockdown of RELA by shRELA and the overex-
pression of TCF4 by AdTCF4 were confirmed by Western
blot analysis (Fig. 2C).

Target Gene Expression Is Affected by WNT
Modulation in a Cell Type—Specific Manner

To verify whether the WNT signaling pathway is equally
active in hCh and C20/A4, we assessed the effects on AXIN2

mRNA expression. In both hCh and in C20/A4, AXIN2
mRNA expression was induced by WNT3A and BIO, how-
ever, BIO was more potent in C20/A4 than in hCh. As
expected, PKF115-584 did not affect AXIN2 expression.
Co-treatment with IL1f did not significantly affect AXIN2
expression in hCh and C20/A4, but was significantly
reduced in BIO treated C20/A4 cells (Fig. 3A).

We next examined the effect on the established NFkB
target gene SERPINAI. The upregulation of SERPINAI by
IL1B was much stronger in C20/A4, when compared to
hCh. IL1P induced SERPINAI expression was not signifi-
cantly changed by BIO and PKF115-584 in hCh. In C20/
A4, WNT3A and PKF115-584 inhibited SERPINA 1 expres-
sion, whereas BIO upregulated IL1p induced SERPINAI
mRNA expression (Fig. 3B).

The effect of IL1p stimulation as well as the influence of
WNT modulation was much stronger in C20/A4 compared
with hCh. Since RELA and its interaction with TCF4 seem
to be involved in IL1B-induced activity, we next assessed
the expression levels of these mediators.
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Figure 4. (A) Human primary articular chondrocytes (hCh) expressed significantly lower mRNA and protein levels of TCF4
compared with C20/A4 under basal conditions. (B) Slightly higher protein expression of B-catenin was found in C20/A4, compared
with hCh. (C) No significant difference was found in mMRNA expression of RELA between hCh and C20/A4, whereas protein
expression was significantly higher in C20/A4. (D) FRZD2, FRZD4, FRZD5, FRZDé and FRZD7 were significantly higher expressed in
C20/A4 when compared to hCh. No differential expression was found between hCh from healthy looking regions (HL) and arthritic
regions (OA) from the same joint. Gene expression levels were determined by qPCR after normalization for a house hold gene. Data
are expressed as the mean of 3 independent experiments + 95% confidence interval.

Primary Chondrocytes Express Lower Levels of
TCF4 and RelA Compared To C20/A4

We did not find significant differences in mRNA expression
of TCF4, B-catenin, or RELA between hCh and C20/A4.
Even though the mRNA expression of TCF4 seemed lower
in C20/A4, protein levels were higher than in hCh (Fig.
4A). Both mRNA and protein expression of f-catenin were
higher in C20/A4 when compared to hCh (Fig. 4B). As for
RELA, mRNA expression was reduced in C20/A4 cells in
comparison with hCh, whereas protein levels were higher in
C20/A4 compared to hCh (Fig. 4C).

Finally, we studied the expression of several Frizzled
receptors, in hCh from healthy looking and arthritic regions
of the joint and C20/A4. We found significantly higher
expression of FRZ2, FRZ4, FRZS5, FRZ6, and FRZ7 in C20/

A4 when compared to hCh (Fig. 4D). No differential
expression of Frizzled receptors was found between hCh
from healthy looking regions and arthritic regions from the
same joint.

Discussion

Previously, our group reported the inhibitory effect of
B-catenin on MMP expression in human chondrocytes by
counteracting NFxB signaling.® This was in contrast to the
observation that WNT/B-catenin signaling had a pro-
catabolic effect by mediating NFkB-induced MMP expres-
sion in mouse chondrocytes.”'* These results suggested dif-
ferential crosstalk between signaling pathways involved in
regulation of MMP expression in chondrocytes. However,
[-catenin was found to inhibit NF«kB signaling in colon and

Downloaded from car.sagepub.com at Universiteit Twente on June 17, 2015


http://car.sagepub.com/

Landman et al.

187

breast tumors in mice'' and overexpression of B-catenin
blocked NF«B signaling in various colon and liver cancer
cells."” The discrepancy in the effect of p-catenin on NFkB-
induced MMP expression between mouse chondrocytes and
mouse cancer cells, suggests a differential role that is cell
type specific rather than species specific. These findings
indicate that the crosstalk between the WNT/B-catenin
pathway and NF«B signaling might be dependent on intra-
cellular and/or extracellular environment.

In this study, we provide evidence that the crosstalk
between WNT signaling and NFkB might be cell type
dependent in human as well. We found differential effects
of WNT induction by recombinant WNT3A or the GSK3p
inhibitor BIO and WNT inhibition by PKF115-584 on
IL1B-induced MMP expression between hCh and C20/A4.
These results are in line with previous findings on the role
of WNT/B-catenin signaling in IL1B-induced MMP expres-
sion.'®!"” The consistent effect of induction as well as inhibi-
tion of WNT signaling to block IL1B-induced MMP
expression might be due to TCF4-mediated upregulation of
MMP expression through interaction with the NF«xB path-
way by binding RELA/p65."* WNT3A and BIO are both
inducers of the WNT/B-catenin signaling pathway, resulting
in high levels of B-catenin, which translocates to the nucleus
to bind TCF4. As a result, TCF4 is no longer available to
interact with the NFkB pathway. The inhibitory effect of the
WNT/B-catenin inhibitor PKF115-584 might be because of
its established disturbing action on the binding of B-catenin
to TCF4. Similarly, PKF115-584 may also block the bind-
ing of TCF4 to RELA.""? Stimulation of the WNT pathway
by WNT3A and BIO might result in higher cytoplasmic lev-
els of B-catenin, which inhibits NFkB signaling by binding
RELA in chondrocytes and other cell types.*'"'* Moreover,
PKF115-584 can exert the same effect by blocking the bind-
ing of B-catenin to TCF4, resulting in more B-catenin to be
available for binding RELA. In addition, the different
approaches of these activators might induce differential
interaction with NF«B signaling. PKF115-584 might pro-
hibit interaction of B-catenin with NFxB mediators by
blocking the epitopes that are responsible for these
interactions.

In hCh, knockdown of RELA induced TCF/LEF reporter
activity by BIO. This is in line with the inhibitory effect of
overexpression of RELA on B-catenin-mediated transcrip-
tion, as described previously.?' In contrast, reporter activity
was inhibited in the absence of RELA in C20/A4.
Additionally, the NFkB reporter in hCh is activated by
overexpression of TCF4, in line with previous findings.® In
contrast, we found a stimulating effect on NFkB reporter
activity by BIO. This effect cannot be explained by the
increased cytoplasmic levels of B-catenin, which might be
available for binding RELA and subsequently blocking
NF«B signaling.'"'> In contrast to our findings in hCh,
overexpression of TCF4 inhibited IL1p-induced NF«xB

reporter activation in C20/A4, indicating differential inter-
ference of RELA and TCF4 with the WNT pathway and
NF«B signaling between cell types.

The inhibition of IL1B-induced SERPINAI mRNA
expression by BIO and PKF115-584 in hCh and by PKF115-
584 in C20/A4, provides further evidence for inhibition of
MMP expression by WNT modulation through blocking of
the NFkB signaling pathway. In C20/A4, PKF115-584
affected SERPINAI expression in accordance with the
inhibitory effect on MMP expression. Stimulation of WNT
signaling by WNT3A and BIO did not consistently affect
NF«B signaling and/or its effect on MMP expression in
C20/A4.

In search for clarification of discrepancies between hCh
and C20/A4, we assessed the mRNA and protein expression
of the major mediators in the WNT and NF«B signaling
pathways. The higher protein expression of TCF4 in C20/
A4 as compared to hCh indicates the insensitivity of C20/
A4 to modulation of TCF4 by compounds or adenoviral
overexpression of TCF4. Higher basal levels of TCF4 might
lower the cells responsiveness to small changes, as shown
in cancer cells in which NF«B signaling is constitutively
active.”? Lower sensitivity of the cells to changes in NFxB
activity might be responsible for the small NFkB response
of the C20/A4 to WNT modulation, as compared with the
response of hCh to WNT modulation. Furthermore, higher
protein expression of RELA in C20/A4 compared with hCh
could cause the more abundant response on IL1B-induced
NF«B reporter activity.

We found higher mRNA expression of FRZ2, FRZ4,
FRZS5, FRZ6, and FRZ7 in C20/A4, compared to hCh. Even
though it is unknown which WNT ligands interact with
these receptors, Frizzled5, Frizzled6 and Frizzled7 were
identified as activators of canonical WNT/B-catenin signal-
ing. ™ The differing receptor expression profiles may
explain differences in biological responses on stimulation
by WNT ligands. Differences in intracellular components
of the WNT and NF«B signaling pathways may further con-
tribute to the observed differences between hCh and the
C20/A4 cell line.

It has been described that chondrocytes cultured in
monolayers do not behave similarly to chondrocytes in their
natural environment.”*” Chondrocytes dedifferentiate
when cultured in monolayers and alter their gene expres-
sion profile.”® Extending these findings to the immortalized
cell line C20/A4 indicates that these cells might have dedif-
ferentiated more than the primary chondrocytes used in this
study. This could explain the differences that were found. In
addition, these cells might resemble primary chondrocytes
more when cultured in micromasses, as was found for the
immortalized chondrocyte cell line C28/12.* Micromass
culture changes the microenvironment of the cells, and
might therefore alter the differences between hCh and C20/
A4 that we found in this study.
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In conclusion, our findings indicate that distinct effects
of WNT modulation on IL1B-induced MMP expression in
hCh and C20/A4 might be caused by impaired sensitivity of
C20/A4 to changes in NFkB signaling resulting from differ-
ences in basal expression of major mediators of the WNT
pathway and NF«B signaling. Since we used primary artic-
ular chondrocytes and immortalized costal chondrocytes,
dissimilarities found, might be due either to location of the
body where these cells were derived from or different cir-
cumstances in which they were maintained. Either way, dif-
ferences in responses are considered cell type specific.
Therefore, precautions have to be taken when extending
results on molecular interaction between WNT and NFkB
signaling from cell lines, to primary chondrocytes. Based
on this study, we conclude that the difference between ani-
mal and human chondrocytes in effects of WNT/B-catenin
signaling on IL1B-induced MMP expression are likely
caused by environmental factors like expression of key
components in either signaling pathway rather than true
species differences.

Acknowledgments and Funding

The authors would like to thank Anne Charlotte van Blokland for
technical assistance on the qPCR analysis of the FRZD receptors.
The author(s) received no financial support for the research,
authorship, and/or publication of this article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Ethical Approval

This study was approved by our institutional review board.

References

1. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis,
an inflammatory disease: potential implication for the
selection of new therapeutic targets. Arthritis Rheum.
2001;44(6):1237-47.

2. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier
JP, Fahmi H. Role of proinflammatory cytokines in the
pathophysiology of osteoarthritis. Nat Rev Rheumatol.
2011;7(1):33-42.

3. Raymond L, Eck S, Hays E, Tomek I, Kantor S, Vincenti
M. RelA is required for IL-1B stimulation of matrix metal-
loproteinase-1 expression in chondrocytes. Osteoarthritis
Cartilage. 2007;15(4):431-41.

4. Mengshol JA, Vincenti MP, Coon CI, Barchowsky A,
Brinckerhoff CE. Interleukin-1 induction of collagenase 3
(matrix metalloproteinase 13) gene expression in chondro-
cytes requires p38, c-Jun N-terminal kinase, and nuclear
factor kB: differential regulation of collagenase 1 and colla-
genase 3. Arthritis Rheum. 2000;43(4):801-11.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Montaseri A, Busch F, Mobasheri A, Buhrmann C, Aldinger

C, Rad JS, et al. IGF-1 and PDGF-bb suppress IL-1p-induced
cartilage degradation through down-regulation of NF-«B sig-
naling: involvement of Src/PI-3K/AKT pathway. PLoS One.
2011;6(12):e28663.

. Marcu KB, Otero M, Olivotto E, Borzi RM, Goldring MB.

NF-«B signaling: multiple angles to target OA. Curr Drug
Targets. 2010;11(5):599-613.

. Yuasa T, Otani T, Koike T, Iwamoto M, Enomoto-Iwamoto

M, Wnt/beta-catenin signaling stimulates matrix catabolic
genes and activity in articular chondrocytes: its possible role
in joint degeneration. Lab Invest. 2008;88(3):264-74.

. Ma B, van Blitterswijk CA, Karperien M. A Wnt/p-catenin

negative feedback loop inhibits IL-1-induced MMP expres-
sion in human articular chondrocytes. Arthritis Rheum,
2012;64(8):2589-600.

. Yasuhara R, Yuasa T, Williams JA, Byers DW, Shah S,

Pacifici M, et al. Wnt/B-catenin and retinoic acid recep-
tor signaling pathways interact to regulate chondrocyte
function and matrix turnover. J Biol Chem. 2010;285(1):
317-27.

Clevers H. Wnt/B-catenin signaling in development and dis-
ease. Cell. 2006;127(3):469-80.

Deng J, Miller SA, Wang HY, Xia W, Wen Y, Zhou BP, et al.
p-Catenin interacts with and inhibits NF-xB in human colon
and breast cancer. Cancer Cell. 2002;2(4):323-34.

Du Q, Zhang X, Cardinal J, Cao X, Guo Z, Shao L, et al.
Wnt/B-catenin signaling regulates cytokine-induced human
inducible nitric oxide synthase expression by inhibiting
nuclear factor-kB activation in cancer cells. Cancer Res.
2009;69(9):3764-71.

ZhuM, Tang D, Wu Q, Hao S, Chen M, Xie C, et al. Activation
of B-catenin signaling in articular chondrocytes leads to osteo-
arthritis-like phenotype in adult B-catenin conditional activa-
tion mice. J Bone Miner Res. 2009;24(1):12-21.

Ma B, Zhong L, van Blitterswijk CA, Post JN, Karperien M.
T cell factor 4 is a pro-catabolic and apoptotic factor in human
articular chondrocytes by potentiating nuclear factor kB sig-
naling. J Biol Chem. 2013;288(24):17552-8.

Moreira Teixeira LS, Leijten JC, Sobral J, Jin R, van
Apeldoorn AA, Feijen J, et al. High throughput gener-
ated micro-aggregates of chondrocytes stimulate cartilage
formation in vitro and in vivo. Eur Cell Mater. 2012;23:
387-99.

Goldring MB, Birkhead JR, Suen LF, Yamin R, Mizuno S,
Glowacki J, et al. Interleukin-1B-modulated gene expres-
sion in immortalized human chondrocytes. J Clin Invest.
1994;94(6):2307-16.

Lepourcelet M, Chen YN, France DS, Wang H, Crews P,
Petersen F, et al. Small-molecule antagonists of the onco-
genic Tcf/B-catenin protein complex. Cancer Cell. 2004;5(1):
91-102.

Landman EB, Miclea RL, van Blitterswijk CA, Karperien M.
Small molecule inhibitors of WNT/f-catenin signaling block
IL1B/TNFa induced cartilage degradation. Arthritis Res Ther.
2013;15(4):R93.

Ning B, Wang P, Pei X, Kang Y, Song J, Wang D, et al. Dual func-
tion of B-catenin in articular cartilage growth and degeneration

Downloaded from car.sagepub.com at Universiteit Twente on June 17, 2015


http://car.sagepub.com/

Landman et al.

189

20.

21.

22.

23.

24.

at different stages of postnatal cartilage development. Int Orthop.
2012;36(3):655-64.

Wei W, Chua MS, Grepper S, So S. Small molecule antago-
nists of Tcf4/B-catenin complex inhibit the growth of HCC
cells in vitro and in vivo. Int J Cancer. 2010;126(10):2426-36.
Saegusa M, Hashimura M, Kuwata T, Hamano M, Okayasu
[. Crosstalk between NF-kB/p65 and B-catenin/TCF4/p300
signalling pathways through alterations in GSK-3[3 expression
during trans-differentiation of endometrial carcinoma cells.
J Pathol. 2007;213(1):35-45.

Chaturvedi MM, Sung B, Yadav VR, Kannappan R, Aggarwal
BB. NF-«B addiction and its role in cancer: ‘one size does not
fit all’. Oncogene. 2011;30(14):1615-30.

Saitoh T, Hirai M, Katoh M. Molecular cloning and character-
ization of human Frizzled-5 gene on chromosome 2q33.3-q34
region. Int J Oncol. 2001;19(1):105-10.

Lyons JP, Mueller UW, Ji H, Everett C, Fang X, Hsieh JC,
et al. Wnt-4 activates the canonical B-catenin-mediated Wnt
pathway and binds Frizzled-6 CRD: functional implications of
Whnt/B-catenin activity in kidney epithelial cells. Exp Cell Res.
2004;298(2):369-87.

25.

26.

27.

28.

29.

Tanaka S, Akiyoshi T, Mori M, Wands JR, Sugimachi K. A
novel frizzled gene identified in human esophageal carcinoma
mediates APC/B-catenin signals. Proc Natl Acad Sci U S A.
1998;95(17):10164-9.

Lefebvre V, Peeters-Joris C, Vaes G. Modulation by interleu-
kin 1 and tumor necrosis factor o of production of collage-
nase, tissue inhibitor of metalloproteinases and collagen types
in differentiated and dedifferentiated articular chondrocytes.
Biochim Biophys Acta. 1990;1052(3):366-78.

Darling EM, Athanasiou KA. Rapid phenotypic changes in
passaged articular chondrocyte subpopulations. J Orthop Res.
2005;23(2):425-32.

Ma B, Leijten JC, Wu L, Kip M, van Blitterswijk CA, Post
IN, et al. Gene expression profiling of dedifferentiated human
articular chondrocytes in monolayer culture. Osteoarthritis
Cartilage. 2013;21(4):599-603.

Greco KV, Igbal AJ, Rattazzi L, Nalesso G, Moradi-Bidhendi
N, Moore AR, et al. High density micromass cultures of a
human chondrocyte cell line: a reliable assay system to reveal
the modulatory functions of pharmacological agents. Biochem
Pharmacol. 2011;82(12):1919-29.

Downloaded from car.sagepub.com at Universiteit Twente on June 17, 2015


http://car.sagepub.com/

