-

Extracellular sulfatases support cartilage homeostasis
by regulating BMP and FGF signaling pathways

Shuhei Otsuki®, Sarah R. Hanson®, Shigeru Miyaki®, Shawn P. Grogan?, Mitsuo Kinoshita®, Hiroshi Asahara?,

Chi-Huey Wong®, and Martin K. Lotz*’

2Department of Molecular and Experimental Medicine and ®Department of Chemistry, The Scripps Research Institute, La Jolla, CA 92037; and “Department of

Orthopedic Surgery, Osaka Medical College, Osaka 569-8686, Japan

Edited* by Dennis A. Carson, University of California, La Jolla, CA, and approved April 13, 2010 (received for review December 1, 2009)

The balance between anabolic and catabolic signaling pathways is
critical in maintaining cartilage homeostasis and its disturbance
contributes to joint diseases such as osteoarthritis (OA). A unique
mechanism that modulates the activity of cell signaling pathways
is controlled by extracellular heparan endosulfatases Sulf-1 and
Sulf-2 (Sulfs) that are overexpressed in OA cartilage. This study
addressed the role of Sulfs in cartilage homeostasis and in re-
gulating bone morphogenetic protein (BMP)/Smad and fibroblast
growth factor (FGF)/Erk signaling in articular cartilage. Spontane-
ous cartilage degeneration and surgically induced OA were signif-
icantly more severe in Sulf-1"~ and Sulf-2~"~ mice compared with
wild-type mice. MMP-13, ADAMTS-5, and the BMP antagonist nog-
gin were elevated whereas col2a1 and aggrecan were reduced in
cartilage and chondrocytes from Sulf”~ mice. Articular cartilage
and cultured chondrocytes from Sulf”~ mice showed reduced
Smad1 protein expression and Smad1/5 phosphorylation, whereas
Erk1/2 phosphorylation was increased. In human chondrocytes,
Sulfs siRNA reduced Smad phosphorylation but enhanced FGF-2-
induced Erk1/2 signaling. These findings suggest that Sulfs simul-
taneously enhance BMP but inhibit FGF signaling in chondrocytes
and maintain cartilage homeostasis. Approaches to correct abnor-
mal Sulf expression have the potential to protect against cartilage
degradation and promote cartilage repair in OA.

osteoarthritis | heparan sulfate | Smad | Erk

Cartilage homeostasis is controlled by extracellular factors
such as mechanical loading, cytokines, and growth factors
that are translated by intracellular signaling pathways to changes
in cell survival, activation, and differentiation. Abnormal acti-
vation of these signaling pathways during development results in
skeletal dysplasias and, in mature joints, leads to osteoarthritis
(OA) (1).

Bone morphogenetic proteins (BMPs) regulate various stages
of cartilage and bone development (2-4), promote chondro-
genesis from mesenchymal stem cells, and stimulate cartilage
repair (5-7). BMPs bind and signal through serine/threonine ki-
nase receptors (8-10). BMP-7 binding to the BMP receptor type
IB leads to receptor dimerization so that the type I receptor
phosphorylates Smad1/5/8 and stimulates expression of genes
that promote cartilage repair (7, 11) and may protect against OA
(6, 12). The BMP antagonist noggin is a secreted protein that
interacts with heparan sulfate proteoglycans (HSPGs) at the cell
membrane where it binds and prevents BMP-2, -4, -6, and -7 from
activating their receptors (13).

In contrast, fibroblast growth factor-2 (FGF-2) stimulates
catabolic responses in chondrocytes by activating Erk1/2 (14).
Models have been proposed to describe the interaction of
HSPGs with FGFs and their receptors, yet the precise molecular
details remain to be determined (15). It has been established that
FGF signaling requires HSPGs to form stable ligand/receptor
complexes, apparently by protecting the FGF ligand from pro-
teolytic degradation and by enhancing and stabilizing cell surface
ligand/receptor interactions (16).
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Extracellular heparan sulfate 6-O endosulfatases Sulf-1 and
Sulf-2 (Sulfs) localize to the cell membrane and the extracellular
matrix and regulate several major cell signaling pathways (17, 18).
Sulfs release the BMP antagonist noggin (19) and interfere with
FGF-HS-FGF receptor-1 ternary complex formation (20). Al-
though BMP and FGF were known to antagonize one another
during chondrogenesis (21, 22), their roles in cartilage homeo-
stasis and corresponding signaling mechanisms were unknown. We
recently reported increased expression of Sulfs in human OA
cartilage (23). The present study demonstrates that Sulf-deficient
mice develop more severe OA pathology and Sulfs regulate the
balance between BMP and FGF signaling to maintain cartilage
homeostasis.

Results

Spontaneous and Surgical OA in Sulf~'~ Mice. Similar to our pre-
vious observations on OA-affected human articular cartilage (23)
Sulf-1 and Sulf-2 are overexpressed in mouse joints that are
subjected to experimental OA (Fig. S1). In 2-month-old mice
Sulfs were increased 4 weeks and more strongly 8 weeks after
OA surgery. In 6-month-old mice Sulfs were already increased 2
weeks after surgery and this earlier up-regulation was related to
an earlier development of cartilage degeneration in the older
mice (Fig. S2). To determine the role of Sulfs in cartilage ho-
meostasis we analyzed Sulf”~ mice. Knee joint sections from
wild-type (WT) and Sulf '~ mice were stained with safranin O.
At 1.5 and 3 months of age, all strains had an intact articular
cartilage surface and homogeneous glycosaminoglycan (GAG)
staining (Fig. 14). At 6 months, Sulf-17/~ and Sulf-27~ mice
showed lower cell density and GAG loss in the tibial and fem-
oral articular cartilage and in the menisci (Fig. 14). Both
Mankin and summed scores that reflect pathological changes in
histology were significantly increased in Sulf '~ mice compared
with WT, indicating spontaneous cartilage degeneration in Sulf ~/~
mice (Fig. 1B). The three strains of mice were then subjected to
surgically induced OA and the severity of cartilage degeneration
was analyzed 4 weeks after surgery. Following OA surgery, knee
joints from all mouse strains showed degenerative changes in me-
nisci, predominantly at the anterior sides (Fig. 24). WT knee joints
showed only mild cartilage degeneration as previously reported
(24). Loss of safranin O staining and roughening of the articular
surface were accelerated in Sulf 7'~ knee joints, indicating more
severe cartilage degeneration (Fig. 24). Both modified Mankin
scores and summed OA scores were not significantly different in
the sham surgery groups, whereas OA scores in the mice subjected
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Fig. 1. Spontaneous cartilage degeneration in Sulf~'~ mice. (A) Knee joints
were harvested from WT and Sulf~ mice at 1.5, 3, and 6 months of age to
determine spontaneous development of changes in joint tissues. Sections
were stained with safranin O and cartilage degeneration was quantified by
using a modified Mankin score and a summed score (n = 6-8 animals per
time point). (B) At 6 months, Sulf~~ mouse knee joints showed significantly
more severe cartilage degeneration than WT. T P < 0.01. (Scale bars: low
magnification, 200 pm; high magnification, 50 pm.)

to surgery were significantly increased in Sulf”~ compared with
WT mice (Fig. 2B). These results indicate that deficiency in either
Sulf-1 or Sulf-2 leads to more severe spontaneous and surgically
induced OA joint pathology.
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Fig. 2. Surgically induced OA is more severe in Sulf~ mice. (A) Surgical OA
was induced in WT and Sulf~ mice at the age of 8 weeks (n = 8-10 mice per
group) by resecting the medial meniscotibial ligament and harvesting the
knee joints 4 weeks after surgery for safranin O staining. Arrow indicates
roughening of the articular surface. (B) Sulf”’~ mice showed significantly
increased Mankin and summed scores compared with WT after surgery. T,
P < 0.01. (Scale bars: low magnification, 200 pm; high magnification, 50 pm.)
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Reduced Cellularity and Abnormal ECM, MMP-13, ADAMTS-5, and
noggin Expression Patterns in Sulf”~ Mice. In knee joints from
Sulf~'~ mice, the number of chondrocytes in articular cartilage
was reduced from the age of 4 weeks (Fig. S3). The expression of
MMP-13 was increased, especially in Sulf-1~'~ compared with
WT (Fig. 3 A and B). To determine changes in gene expression
patterns in Sulf '~ chondrocytes, col2al, aggrecan, noggin, and
mmp-13 mRNAs were measured by Tagman PCR. Sulf”~
chondrocytes showed reduced basal mRNA levels of col2al and
aggrecan and increased levels of mmp-13 and noggin compared
with WT (Fig. 3C, black bars). Although BMP-7 stimulation in-
creased col2al, aggrecan, and noggin expression in Sulf”~ cells
compared with the WT control, these levels were still lower than
in WT chondrocytes stimulated with BMP-7 (Fig. 3C, white bars).
This result supports a role of Sulfs in mediating BMP responses.
FGF-2 increased mmp-13 in both WT and Sulfs™~ cells, and
especially Sulf-1~'~ had the highest basal mmp-13 (Fig. 3C, gray
bars). Thus, Sulf deficiency is associated with increased mmp-13
and noggin expression whereas col2al and aggrecan are reduced
(Fig. 3C, black bars). Furthermore ADAMTS-5, a major aggrecan-
degrading enzyme in cartilage, was overexpressed in Sulfs™~
compared with WT chondrocytes (Fig. 3 D and E).

Smad and Erk Expression and Activation in Sulf~~ Mice. To analyze
the role of Sulfs in BMP-7 and FGF-2 signaling, knee joint
sections from WT, Sulf-I~~, and Sulf-2~~ mice were stained
with antibodies for total Smadl and Erk1/2 protein expression
and with antibodies specific for phosphorylated forms of Smad1/
5 and Erk1/2. Articular cartilage structure, cell density, and or-
ganization did not appear different in the Sulf”'~ mice compared
with WT at the age of 2 weeks (Fig. 44). Cells positive for
Smad1/5 phosphorylation were present in all layers of cartilage
in WT mice, whereas their numbers were significantly lower in
the Sulf”~ mice, especially in the Sulf-17/~ (Fig. 4B). Smadl
protein expression was also detected throughout all zones of
articular cartilage in WT mice, but was profoundly reduced in
Sulf-17'~ mice (Fig. 4C). In contrast, Erk1/2 phosphorylation in
Sulf~~ mice was markedly increased compared with that in WT
(Fig. 4D). Erkl1/2 protein expression was similar in all three
strains of mice (Fig. 4E). Chondrocytes were isolated from hip
and knee articular cartilage of WT, Sulf-1~/~, and Sulf-2~'~ mice.
Western blotting showed reduced basal levels of Smadl protein
expression and phosphorylation in Sulf-1~'~ compared with WT.
In contrast, basal Erk1/2 phosphorylation in chondrocytes from
Sulf~'~ mice was significantly higher than in WT (Fig. 5 A4 and B).
These observations indicate increased Erk1/2 activation and re-
duced Smad1/5 activation in Sulf~'~ mice.

Sulfs Simultaneously Regulate BMP-7 and FGF-2 Cell Signaling
Pathways. To further analyze the function of Sulfs in BMP-7
and FGF-2 signaling pathways, human chondrocytes were trea-
ted with Sulf siRNA and this treatment reduced protein and
mRNA expression of Sulf-1 by 70% and Sulf-2 by 50% (Fig. 6 4
and B). Human chondrocytes were then stimulated with BMP-7
or FGF-2 and cell lysates were prepared after 0-120 min to
examine Smadl/5 and Erkl1/2 phosphorylation by Western
blotting. As expected, in control cells Smadl/5 and Erkl1/2
phosphorylation increased in a time-dependent manner until 60
min after stimulation with BMP-7 or FGF-2, respectively (Fig.
6C). Basal (no BMP-7 or FGF-2) Smad1/5 phosphorylation was
reduced by 30%, whereas Erkl/2 phosphorylation was in-
creased 1.5- to 2-fold in Sulf-1 and Sulf-2 siRNA-treated hu-
man chondrocytes. BMP-7-induced Smad phosphorylation was
inhibited by 40-60% in Sulf-1 and Sulf-2 siRNA-treated cells.
In contrast, Sulf-1 and Sulf-2 siRNA greatly enhanced FGF-2-
induced Erk1/2 phosphorylation by >100-fold compared with
control siRNA (Fig. 6 D and E). Thus, Sulfs promote BMP-
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Fig. 3. Abnormal ECM, MMP-13, ADAMTS-5, and noggin expression patterns in Sul/f~"~ mice. (A) Knee joint sections from mice at the age of 4 weeks were
stained with safranin O and for MMP-13 (n = 6). (Scale bars: low magnification for safranin O, 200 pm; high magnification for MMP-13, 50 um.) (B) Articular
cartilage from Sulf~~ mice contained more MMP-13-positive cells especially in Sulf-17'~ compared with WT mice. T, P < 0.01. (C) mRNA expression in articular

chondrocytes from WT and Sulf~'~

mice. col2a1, mmp-13, and noggin expression was analyzed by Tagman PCR in chondrocytes from WT, Sulf-17"~, and Sulf-

27"~ mice (n = 6-8). (D) MRNA expression of adamts-5 was examined in chondrocytes from WT, Sulf-17"=, and Sulf-2~"- mice (n = 6). Results are shown as mRNA
levels of the indicated genes relative to gapdh (*, P < 0.05; ¥, P < 0.01). (E) ADAMTS-5 expression was examined in 3-month-old WT, Sulf-17-, and Sulf-27-

mice by immunohistochemistry. (Scale bars: 50 um.)

induced Smad activation while inhibiting FGF-induced Erk
activation in normal human chondrocytes.

Discussion

A unique extracellular mechanism that controls several signaling
pathways involves the endosulfatases Sulf-1 and Sulf-2, which are
localized at the cell surface and in the ECM (18, 19, 25). The Sulfs
remove the 6-O sulfate from heparan sulfate proteoglycans such
as syndecan, perlecan, agrin, or glypican that are expressed in
articular cartilage (26). Previously we reported overexpression of
Sulfs in human OA cartilage (23). To determine the role of Sulfs
in articular cartilage, the present study used mice with deletions in
Sulf genes. Sulf-1~~ and Sulf-2~'~ mice appeared normal at birth
and had no detectable skeletal malformations. However, by the
age of 6 months, the knee joints of Sulf-17~ and Sulf-27"~ mice
showed early OA-like changes with reduced glycosaminoglycan
content and lower cartilage cellularity. This phenotype of the
Sulf~~ mice suggests that Sulfs exert a protective or homeostatic
function in cartilage and menisci. In the surgical OA model, dis-
ease severity was also significantly increased in the Sulf-17'~ and
Sulf-27'~ mice with degenerative changes not only in articular
cartilage but also in the menisci. Furthermore, when surgical OA
was performed in 6-month-old mice, Sulfs expression was in-
creased at earlier time points compared with that in 2-month-old
mice. This finding is consistent with earlier and more severe OA
in the older mice and suggests that increased Sulfs expression
precedes OA-like joint pathology (Fig. S2).
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To address potential mediators of the enhanced cartilage deg-
radation in Sulf”~ mice, we examined cartilage cellularity and
levels of MMP-13, a major enzyme responsible for degrading type
II collagen (27), and ADAMTS-5, a major aggrecan-degrading
enzyme (28). The number of chondrocytes in Sulf " ~cartilage was
significantly reduced compared with that in WT. Furthermore,
both MMP-13 and ADAMTS-5 were significantly increased in
cartilage from Sulf '~ mice and cultured chondrocytes from Sulf "~
mice. In addition, the levels of the major cartilage ECM proteins
type II collagen and aggrecan were significantly lower in Sulf™~
chondrocytes. These results suggest that Sulfs regulate the overall
balance of cartilage matrix synthesis and degradation.

To investigate signaling mechanisms that are regulated by
Sulfs in cartilage, we focused on FGF-2/Erk and BMP-7/Smad
because these are major pathways in chondrocytes (29) and
targets of Sulfs (19, 20). BMP signaling is antagonized by se-
creted factors such as noggin (30, 31). The binding of noggin to
the cell surface and its BMP antagonist activity are dependent on
HS 6-O sulfate (13), and this interaction is modulated by Sulfs
(19). We show here induction of noggin and reduced Smad
phosphorylation and protein expression in Sulf~'~chondrocytes,
indicating that Sulfs regulate BMP signaling not only via changes
in HS sulfation, but also by controlling noggin expression that
can be increased via the FGF-2/Erk pathway (32). Consequences
of abnormal noggin and BMP-7/Smad signaling are changes in
type II collagen expression as shown here in articular cartilage or
during endochondral bone formation (33).

Otsuki et al.
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Fig. 4. Smad and Erk expression and phosphorylation in murine knee joints.
(A-E) Knee joint sections from 2-week-old mice were stained with safranin O
and immunostained for total and phosphorylated forms of Smad1 and Erk1/2.
For quantification total cell numbers and positive cells were counted in car-
tilage from WT and Sulf”’~ mice (n = 6; T, P < 0.01). Results are expressed as
percentage of positive cells. (Scale bars: 20 pm.)

Analysis of knee cartilage from Sulf "~ mice showed not only
reduced Smad1/5 phosphorylation but also increased Erkl1/2
phosphorylation. Erk can be activated by several extracellular
stimuli in cartilage (34), including FGF-2, which also induces
MMP-13 (32, 35). When Sulf expression was inhibited by siRNA
in human articular chondrocytes, FGF/Erk signaling was in-
creased and BMP/Smad signaling was decreased, and this is
consistent with the findings in the Sulf-deficient mice. Sulfated
syndecan-3 promotes FGF signaling by stabilizing ligand re-
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ceptor interactions (36). It is of interest that lack or inhibition of
syndecan-4 protects against OA and this is also associated with
changes in Erk activation and expression of MMPs and ADAMTS-
5 (37). Furthermore, mice with deletion of the Sulfatase-Modify-
ing Factor 1, which catalyzes a posttranslational formylglycination
that is required for activation of all sulfatases (38), show a phe-
notype that is consistent with a positive effect of sulfatases in
chondrogenesis that is related to limiting FGF signaling (39).

Sulf-1- and Sulf-2-deficient mice showed a similar phenotype,
suggesting these Sulfs might have redundant function. Sulfs
double-deficient mice are difficult to propagate due to fertility
and postnatal survival problems (40-42). We were able to eval-
uate double Sulf-deficient mice up to 2 months of age and these
mice showed reduced safranin O staining already at 1 month and
more profound reduction at 2 months of age, further suggesting
that Sulfs are critical for cartilage homeostasis (Fig. S4).

In conclusion, results from the present study suggest that Sulfs
simultaneously regulate BMP-7 Smad1l/5 and FGF-2 Erkl1/2
pathways. BMP/Smad is significantly suppressed, whereas FGF/
Erk is accelerated, when Sulfs are reduced. The overexpressed
noggin suppresses BMP/Smad signaling. Subsequently, gene ex-
pression in Sulf-deficient mice is reduced for anabolic factors
such as col2al and aggrecan and increased for the catabolic
factors mmp-13 and adamts-5. In Sulf '~ mice, this leads to early
and more severe OA-like changes.

Materials and Methods

Mice. Sulf-17"~ and Sulf-27'~ mice on C57BL/6 background were described
earlier (41). All animal experiments were performed according to protocols
approved by The Scripps Research Institute Institutional Animal Care and Use
Committee. Knee joints were harvested from wild-type (WT) and Sulf”’~
mice and stained with safranin O to determine spontaneous cartilage de-
generation. Experimental OA was induced in WT and Sulf~ mice at the age
of 8 weeks by resecting the medial meniscotibial ligament in the right knee
joint (24). Left knees were subjected to sham surgery. Pathological changes
in all quadrants of the joint (medial tibial plateau, medial femoral condyle,
lateral tibial plateau, and lateral femoral condyle) were evaluated after 4
weeks on safranin O-stained sections by modified Mankin score (43) and
a modification of a semiquantitative scoring system (44). Murine articular
chondrocytes were harvested from knee and femoral head cartilage of
C57BL/6J and Sulf~'~ mice at the age of 2-6 weeks and cultured as described
(45). Chondrocytes were stimulated with BMP-7 or FGF-2 (both at 100 ng/mL;
PeproTech) for 24 h and col2a1, aggrecan, noggin, and mmp-13 gene ex-
pression was determined by quantitative PCR.
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Fig.5. Smad1/5 and Erk1/2 expression and phosphorylation in chondrocytes from WT and Sulf~~ mice. (A) Western blot analysis of pSmad1/5, Smad1, pErk1/2,

and Erk1/2. Protein expression and phosphorylation of Smad1/5 were reduced, but Erk1/2 was increased in Sulf™~

radiographs was performed with NIH Image J software (n = 4; ¥, P < 0.01).
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mice. (B) Densitometry of the auto-
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Fig. 6. Sulfs regulate BMP-7-induced Smad1/5 and FGF-2-induced Erk1/2 phosphorylation in human chondrocytes. (A and B) Human articular chondrocytes
were transfected with siRNA for Sulf-1 or Sulf-2. RNA was isolated for gPCR and proteins were isolated for Western blotting after 48 h. Sulfs were knocked
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down specifically by 50-70% (n = 5; T, P <0.01). (C) Western blotting shows the expression of Smad1/5 and Erk1/2 phosphorylation in response to BMP-7

and FGF-2 stimulation of human chondrocytes from 0 to 120 min. (D) Maximal Smad1/5 and Erk1/2 phosphorylation is observed at 60 min. Chondrocytes
were transfected with Sulf siRNA to determine changes in Smad1/5 and Erk1/2 phosphorylation in response to BMP-7 and FGF-2 (each 100 ng/mL) after 60
min by Western blotting. Sulf-1 and Sulf-2 siRNA reduced Smad1/5, but increased Erk1/2 phosphorylation, and densitometry of the autoradiographs was
performed with NIH Image J software (E). These representative data are from chondrocytes obtained from a 61-year-old male donor with normal articular

cartilage.

Histology. Mouse knee joint sections were stained with safranin O/fast green.
Immunohistochemistry for Smad1 and Smad1/5 phosphorylation, Erk1/2 and
Erk1/2 phosphorylation, MMP-13, and ADAMTS-5 was performed with spe-
cific antibodies (Erk1/2, Santa Cruz Biotechnology; MMP-13, Chemicon;
ADAMTS-5, Abcam; others, Cell Signaling Technology). Negative controls
were normal rabbit and goat IgG. Antibodies were applied and incubated as
described (23). Immunohistochemistry signals were quantified as described
previously (46).

Quantitative PCR (qPCR). Gene expression was analyzed using TagMan
Gene Expression Assay probes for Sulf-1 (Hs00290918_m1), Sulf-2 (Hs00378697_
m1), col2al (MmO01309565_m1), aggrecan (MmO00545807_m1), mmp-13
(MmO01168713_m1), noggin (MmO01297833_s1), adamts-5 (Mm01344182_m1),
and gapdh (Hs99999905_m1, Mm99999915_g1) according to the manu-
facturer’s protocol (Applied Biosystems). Gene expression levels were assessed
relative to GAPDH.

Chondrocyte Isolation and siRNA Transfection. Cartilage from human femoral
condyles and tibial plateaus was obtained at autopsy from normal tissue
donors and chondrocytes were isolated as described (47). Experiments
were performed with high-density cultured chondrocytes in passages 1
and 2. Sulf expression was knocked down by siRNA (Ambion). Chon-
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drocytes (0.35 x 10°) were seeded in six-well plates, transfected with Sulf
or control siRNA by using 5 pL Lipofectamine 2000 (Invitrogen), and cul-
tured for 48 h.

Western Blotting and Densitometry. Human chondrocytes were stimulated
with BMP-7 or FGF-2 (both at 100 ng/mL; PeproTech) and cell lysates were
prepared at the time points indicated. Sulf-1 and Sulf-2 proteins were de-
termined by Western blotting using antibodies from Abcam as described
previously (23). The Western blots were analyzed by densitometry using NIH
image J software.

Statistical Analysis. Statistically significant differences were determined with
a two-tailed Student’s t test between two groups and a one-way ANOVA
between more than two. The results are reported as mean + SEM. P < 0.05
was considered statistically significant.
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