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SUMMARY

Objective: Osteoarthritis (OA) is a progressive degenerative disease of the articular cartilage
caused by an unbalanced activity of proteases, cytokines and other secreted proteins. Since
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heparan sulfate (HS) determines the activity of many extracellular factors, we investigated its
role in OA progression.

Methods: To analyze the role of the HS level, OA was induced by anterior cruciate ligament
transection (ACLT) in transgenic mice carrying a loss-of-function allele of £x¢Z in clones of
chondrocytes (Col2-rtTA-Cre;Ext1¢2/e2f) To study the impact of the HS sulfation pattern, OA
was surgically induced in mice with a heterozygous (Ndst1*/") or chondrocyte-specific (Col2-
Cre;Ndst1™) |oss-of-function allele of the sulfotransferase Ndst1. OA progression was evaluated
using the OARSI scoring system. To investigate expression and activity of cartilage degrading
proteases, femoral head explants of NVdstZ*~ mutants were analyzed by gRT-PCR, Western Blot
and gelatin zymography.

Results: All investigated mouse strains showed reduced OA scores (Col2-rtTA-Cre;Ext162e21.
0.83; 95% HDI 0.72-0.96; Ndst1*: 0.83, 95% HDI 0.74-0.9, Col2-Cre;Ndst1™. 0.87, 95%
HDI 0.76-1). Using cartilage explant cultures of NVdstZ animals, we detected higher amounts of
aggrecan degradation products in wildtype samples (NITEGE 4.24-fold, 95% HDI 1.05-18.55;
VDIPEN 1.54-fold, 95% HDI 1.54-2.34). Accordingly, gelatin zymography revealed lower Mmp2
activity in mutant samples upon RA-treatment (0.77-fold, 95% HDI: 0.60-0.96). As expression of
major proteases and their inhibitors was not altered, HS seems to regulate cartilage degeneration
by affecting protease activity.

Conclusion: A decreased HS content or a reduced sulfation level protect against OA progression
by regulating protease activity rather than expression.

Keywords
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Introduction

The mechanical properties of the articular cartilage are determined by a network of

collagen fibers providing tensile strength, and glycosaminoglycans (GAGS), predominantly
chondroitin sulfate (CS) and hyaluronic acid, giving the tissue its compressive features. This
extracellular matrix (ECM) undergoes slow but constant remodeling. During osteoarthritis
(OA), the balance between ECM synthesis and degradation shifts towards catabolic
processes, including the degradation of collagens and aggrecan by members of the matrix
metalloprotease (MMP) and a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) families?.

The distribution and activity of many secreted proteins like proteases, cytokines and growth
factors are regulated by heparan sulfate (HS) carrying proteoglycans (HSPGs)%3. The
synthesis of the HS chain takes place in the Golgi apparatus where the glycosyltransferases
EXT1 and EXT?2 catalyze the elongation of the polysaccharide chain by adding alternating
units of b-glucuronic acid (GIcA) and N-acetyl-p-glucosamine (GIcNAC) to a tetrasaccharide
linker attached to serine residues of the core proteins. Simultaneously, the sugar chain is
modified by A-deacetylase- N-sulfotransferases (NDST1-4), the p-glucuronyl-C5-epimerase
(GLCE), and several 2-0, 3-Oand 6-O sulfotransferases. The overlapping expression of
these enzymes generates a tissue-specific sulfation pattern, which determines the binding
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affinities of HS to extracellular proteins and thereby their activity and distribution in the
ECMA.

To gain insight into the importance of HS for the regulation of articular cartilage
homeostasis, we have investigated the progression of OA in three mouse strains carrying
mutations in either Ext¢Z or Ndst1. While homozygous deletion of ExtZ, which results in

a complete loss of HS, is embryonically lethal®, mice carrying a chondrocyte-specific,

clonal deletion of Ext1 (Col2-rtTA-Cre;Ext1¢2e2fl gre viable and fertile®. These mice have
been created to mimic the human Multiple Osteochondroma syndrome, which originates in
mutations in EXTZ or EXTZ'8. Interestingly, while HS-deficient chondrocytes at the border
of the growth plate develop into osteochondromas®9:10, mutant cells in the articular cartilage
morphologically resemble hypertrophic chondrocytes (personal observation and!?). Since
the presence of hypertrophic chondrocytes in the articular cartilage has been described as an
early sign of OA12-14 e hypothesized that Col2-rtTA-Cre;Ext1¢?™e2f mutants are prone to
develop OA.

In contrast to £x¢1 deficiency the inactivation of NdstI (Ndst1~/-), which determines regions
of high sulfation on the HS chain, results in the production of severely undersulfated
HS15.16, Homozygous NdstZ~~ mutants die perinatally due to respiratory failure, while
heterozygous NVdstI*/~ animals are viable and do not show any obvious phenotypic
alterations. Nevertheless, mild changes in the HS structure have been described!®, which
may become important during ageing or under stress.

In this study, we show that Co/2-rtTA-Cre;Ext1¢272f mice develop reduced OA during
ageing and after surgical induction of OA. Similarly, heterozygous and chondrocyte-specific
inactivation of NVdstI lead to less severe OA. Using femoral head explants, we demonstrate
that aggrecan and collagen degradation are reduced in the articular cartilage of Ndst1*"
mutants and identify MMP2 as a protease with decreased proteolytic activity.

Transgenic mice

Transgenic Col2-rtTA-Cre;:Ext162/e2fl [Tg(Col2al-rtTA tetO-cre) 22Pjro; Ext1im1.1Ves)6,
R26R-LacZ [Gt(ROSA)26S0r™mISor|17: Nigst 1 mice [Ndst1tM1Grob]1S  pry1-Cre
[Tg(Prrx1-cre)1Cjt]i8 and Col2-Cre [Tg(Col2al-cre)1Star]l? mice were maintained on a
C57BI/6J genetic background. Up to six females, one breeding pair or single males were
kept in air filtered cages (SPF conditions, Green Line, Techniplast) under a 12 h light/dark
cycle on regular bedding with nesting material (Abed) as environmental enrichment and
food (Sniff) and water ad libidum.

Genotyping was performed by PCR on tail tip DNA (DirectPCR Lysis Reagent; VIAGEN)
with primers listed in Table S1. Allele recombination in Co/2-rtTA-Cre;Ext1¢2/22fl mice
was induced by peritoneal injection of 80 mg Doxycycline per kg body weight (kgbw)
into lactating dams at postnatal day 8 (P8)®. Mice undergoing surgery received 1 mg/kgbw
Doxycycline at 6 weeks.
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Surgical induction of OA

Histology

OA was induced in the left knee of female mice (8 weeks; approximately 20 gbw) by
anterior cruciate ligament transection (ACLT20:21). As a control (sham) the joint capsule

of the contralateral leg was incised. Mice were anesthetized with 160 mg Ketamine and

8 mg Xylazine/kgbw. Carprofen (5 mg/kgbw) was provided perioperatively and 3 days
post-surgery. Health status was controlled daily. Litters with at least two mutant and control
mice were operated in a blinded manner on the same day and caged together. Information
about litters and operation groups were included in the statistical evaluation.

For the histological analysis, knees were dissected, fixed in 4% paraformaldehyde,
decalcified in 25% EDTA and embedded in paraffin. 7 um Sections were stained with
Safranin-O. OA was evaluated on frontal sections according to the OARSI-scoring system
in a double blinded manner?2. Mean scores of the four quadrants of the femoro-tibial joint
are displayed. Articular cartilage thickness was measured on frontal sections using ImageJ
software23, Immunofluorescence analysis was performed with mouse anti-collagen type

X (Hybridoma), rabbit anti-aggrecan (Millipore) and corresponding secondary antibodies
(Jackson ImmunoResearch, ThermoFisher)24. B-Galactosidase was detected as described1?.

Expression analysis by gRT-PCR

gRT-PCR was performed on femoral head cDNA (RNeasy Lipid tissue Kit, QlAgen;
Maxima First Strand Kit, Fermentas) with the StepOnePlus Real-Time PCR (ThermoFisher
Scientific) or CFX96 Touch Real-Time PCR System (BioRad) using EVA Green PCR
Master Mix (BioBudget) and primers listed in Table S2.

Aggrecan degradation

Aggrecan degradation was investigated as described?®. In brief, femoral heads of 4 weeks
old mice were cultured pairwise in medium without and with 10 pM retinoic acid (RA)

for 3 days. The GAG concentrations of the culture supernatant, a guanidium hydrochloride
(GuHCI) extract of the femoral head and a papain digest of the remaining tissue were
determined by dimethylmethylene blue assay to estimate total aggrecan content. Samples
from at least two littermates with the same genotype were pooled, dialyzed and freeze-dried.
The re-dissolved samples were digested with Chondroitinase ABC (Sigma) and analyzed by
Western Blot for VDIPEN and NITIGE neo-epitopes. Signal intensity was quantified against
total aggrecan content and background signal of the respective blot.

Western Blot

The following antibodies were used: for MMP and ADAMTS activity: anti-VDIPEN25, and
rabbit anti-NITEGE (Polyclonal rabbit a-aggrecan neo (NITEGE) IgG, Thermo Scientific)
and the respective IRdye680RD secondary antibody (LI-COR); for MMP2 protein: Rat
anti-MMP2 (Chemicon), biotinylated goat anti-rabbit IgG (Vector Laboratories) and IRdye
800CW Streptavidin (LI-COR). Signal detection was performed with Odyssey CLx (LI-
COR).
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MMP activity

For gelatin zymography recombinant mouse/rat MMP2 (rMMP2, R&D systems) or
supernatants of femoral head cultures were separated on 8%SDS PAGE gels containing
0.1% gelatin. Renaturation, digestion and staining were carried out as described?”,
Degradation bands were quantified with Photoshop CS 4 (Adobe) or ImageStudioL.ite
(LICOR) software.

Statistical analysis

Results

To estimate the effects of genotype, age, and other predictors on measured response
quantities such as cartilage thickness, zymogram signals, etc. we described the relations
between the responses and predictors as hierarchical generalized linear models (GLMs)?28,
with the exception of the response OA scores, for which we used a beta regression (see
Supplementary Information). Strictly positive response quantities (except OA scores) were
log-transformed for this analysis to enable use of Gaussian noise distributions for the
transformed response??. OA scores were normalized to range 0-1. Weakly informative prior
distributions were assumed for the slopes and intercepts of the GLMs, as proposed by
R-package rstanarm, version 2.17.4 (https://CRAN.R-project.org/package=rstanarm; details
in Supplementary Information).

Between groups of related measurements, e.g., measurements for animals of the same
litter, intercepts were allowed to vary according to a joint noise distribution, constituting

a second level of our hierarchical probability models. The posteriors of the probability
models were numerically inferred by Bayesian analysis with rstanarm3°, The agreement of
the models with reality was checked by graphical posterior predictive checks (PPCs), i.e.,
comparisons of response distributions simulated with the fitted model vs distributions of
actual measurements. If deviations in the PPCs were observed, the model was modified,
typically by including an interaction, as e.g., in the case of the log cartilage thickness. If
several models were considered for the same response, the best model was identified by
comparing the competing models with respect to their ability to generalize to unseen data in
an approximate leave-one-out cross-validation3L.

Detailed information on the statistical outcomes and the number of animals used in each
experiment can be found in Tables S3 and S4.

Clonal deletion of Extl in chondrocytes protects from OA

To investigate the role of HS in the maintenance of the articular cartilage, we aged
Col2-rtTA-Cre;Ext1¢2/e2f mice after recombination of the allele at postnatal day 8

(P8). Introduction of a R26R-LacZ reporter allele (Col2-rtTA-Cre;Ext162e2fl-p26R-[ ac?)
identified clusters of mutant, hypertrophic-appearing cells, which are surrounded by
wildtype articular cartilage [Fig. 1(A)]. Since hypertrophic chondrocytes in the articular
cartilage are regarded as a sign of early OA1214 e investigated OA development in knee
joints of 3, 6, 12 and 18 month old mice using the OARSI scoring system22. No obvious
signs of OA were detected in 3 month (3m) old wildtype or Col2-rtTA-Cre Ext162/2fl mice
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(mean OARSI scores 3m: 0.32 and 0.17, respectively), while at 6m and 12m first signs of
cartilage degeneration were observed in both genotypes (OARSI scores 6m: 0.83 and 0.73;
12m: 1.10 and 1.10). At 18m control mice displayed mild to moderate signs of OA (OARSI
score: 2.17) [Fig. 1(B)]. Surprisingly, at this stage Col2-rtTA-Cre;Ext162e2fl mytants did
not develop the expected increased signs of OA, but seemed to develop less OA (OARSI
score 0.67). There was a clear positive effect of age on the observed OA scores (increase
over time: 0.13 OARSI score units per month; 95% highest density intervals (HDI) 0.08—
0.18). Importantly, OA scores of mutant mice increased less than those of their wildtype
littermates (mean increase factor: —0.09, 95% HDI —-0.16 to —0.03; Tables S3 and S4).

At all analyzed time points, the observed clusters of enlarged, mutant cells in the articular
cartilage did not obviously change in morphology, number or size [Fig. 1(D)]. Safranin-O
and immunofluorescence staining for aggrecan on sections of P28 mice showed that these
clusters were surrounded by a thick, proteoglycan-rich matrix containing increased levels of
aggrecan [Fig. 1(E)]. The loss of HS seems thus to alter the ECM composition surrounding
the HS-deficient cells. To further characterize the mutant cells, we analyzed the expression
of the hypertrophy marker Collagen type X (COLX) by immunofluorescence. Although
COLX was clearly present in the growth plate, we could not detect COLX in mutant or
wildtype articular chondrocytes of the same section indicating that, although enlarged, the
HS-deficient cells are molecularly distinct from hypertrophic chondrocytes of the growth
plate [Fig. 1(F)].

To confirm the role of HS in OA pathogenesis, we surgically induced OA in Col2-rtTA-
Cre;Ext182e2fl mytants by ACLT20:21 at 8 weeks of age after recombining the £x¢Z allele
at 6 weeks. At 12 weeks, knee joints were dissected and Safranin-O stained frontal sections
were scored for OA. As expected, control littermates developed severe signs of OA, while
reduced scores were observed in Col2-rtTA-Cre;:Ext162762fl mutants (mean OARSI scores:
3.8, and 3.3; median reduction factor of 0.83; 95% HDI 0.72-0.96; Fig. 1(C), Tables

S3 and S4). Sham-operated contralateral legs showed no signs of OA pointing against a
systemic effect of the operation or a substantial shift in weight bearing (OARSI scores:
0.19 (Ext162e2fl and 0.28 (Col2-rtTA-Cre;Ext16272f) ‘In summary, the surgical model
confirmed the findings observed in aged mice indicating that the HS level affects the severity
of OA.

Ndstl-mutant mice display reduced OA progression

Since the clonal inactivation of Ext1 in Col2-rtTA-Cre;Ext1¢2/e2fl mice makes it difficult to
investigate the overall function of HS during OA pathogenesis, we analyzed OA progression
in mice carrying a heterozygous loss-of-function allele of NdstZ. We surgically induced

OA in control and NdstI*~ mice at 8 weeks of age and analyzed the femorotibial joints

as described. Sham-operated knees showed no obvious signs of cartilage erosion (mean
OARSI scores: 0.11 and 0.17). In contrast, the ACLT-operated joints displayed severe OA
including loss of the articular surface lamina and severe erosion of the articular cartilage
occasionally reaching the subchondral bone [Fig. 2(A)]. We found reduced OA progression
in heterozygous NdstI™~ mice compared to controls (OARSI scores: 2.9 and 3.6; median
reduction factor: 0.82, 95% HDI 0.74-0.90; Fig. 2(B), Tables S3 and S4). To evaluate
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whether complete loss of NdstZ might have a similarly protective effect, we investigated
mice carrying a chondrocyte-specific deletion of NdstI (Col2-Cre;Ndst1™™). In contrast to
the strong phenotypes seen in NidstI™* animals, Col2-Cre;Ndst1™ mice were viable and
fertile, and displayed no obvious morphological alterations of the skeleton. Sham surgery
did not trigger OA development in Ndst1™ or Col2-Cre:Ndst1™ animals (OARSI scores:
0.05 and 0.12), while surgical induction led to severe OA (OARSI scores: 3.4 and 3.0; Fig.
2(A) and (B)). As observed for the NVdstI*/~ mutants, the genotype had a modest, but clearly
negative effect on OA progression in Col2-Cre;Ndst1™" mice (median reduction factor 0.87,
95% HDI 0.76-1.00; Tables S3 and S4).

Chondrocyte-specific loss of Ndstl alters joint morphology

During the histological evaluation of Co/2-Cre;Ndst1™f knees we noticed morphological
changes of the articular cartilage [Fig. 2(C)]. Analysis at 1, 3 and 18 months of age revealed
an increased thickness in Col2-Cre;Ndst"" mutants at all investigated time points (1m:

131 pm and 104 pm; 3m: 109 pm and 95 um; 18m: 108 pm and 100 um; mean increase

in thickness: 1.24-fold; 95% HDI 1.15-1.33; Fig. 2(D), Tables S3 and S4). An increased
articular cartilage thickness might contribute to the reduced OA scores by delaying the
complete erosion of the cartilage down to the subchondral bone. We did, however, not
detect differences in articular cartilage thickness in heterozygous NdstI*/~ mutants (data not
shown), which are also protected against OA. This indicates that additional degenerating
mechanisms are regulated by the altered HS structure.

Expression of ECM-degrading proteases is unaltered in Ndst1*/~ mice

To test if the expression of main proteases of the articular cartilage is affected by the altered
HS structure, we analyzed the expression of MmpZ2, Mmp3, Mmp9, Mmp13, Adamts4

and Adamts5132:33 in Ndst1*/ femoral head cultures treated with RA to induce cartilage
degradation3* by qRT-PCR. We did not detect differences in the expression of any of the
proteases between NdstI*/~ mutants and wildtype littermates (Fig. 3(A); Tables S3 and

S4). On the activity level, MMPs are controlled by members of the tissue inhibitor of
metalloproteinases (TIMP) family3®. We thus quantified the expression of 7impl, Timp2
and 7imp3in the same RNA samples, but did not detect differences in their expression
between Ndst1*~ mutants and controls (Fig. 3(B); Tables S3 and S4).

Aggrecan degradation is decreased in Ndst1*/~ cartilage explants

Since HS regulates the activity of many extracellular proteins, we next asked if protease
function is altered by changes in the HS structure. The degradation of aggrecan by
metalloproteases of the ADAMTS and MMP families results in the generation of the neo-
epitopes VDIPENS36 and NITEGE®, respectively. To investigate aggrecan degradation, we
cultured femoral heads of 4 weeks old Ndst** and NdstI*”~ mice and treated them with
RA34. The presence of each neo-epitope was analyzed in the culture medium and in GuHCI
extracts of the explant tissue by Western Blot25. In the supernatant of untreated femur heads,
VDIPEN and NITEGE neo-epitopes were only detected in few samples. Higher levels of
both epitopes were present in GUHCI extracts of these tissues, but the signal intensity

could not always be quantified [Fig. 4(A) and (B)]. Nevertheless, the obtained data hint at
decreased levels of NITEGE neo-epitopes in NVdstI*/~ samples. After RA treatment, both
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neo-epitopes could reproducibly be detected in the culture medium and GuHCI extracts.

In accordance with the elevated OA scores higher levels of aggrecan degradation products
were found in the supernatants (VDIPEN: 1.43-fold; NITEGE: 2.13-fold) and tissue extracts
of wildtype mice (VDIPEN: 1.52-fold; NITEGE: 2.50-fold) [Fig. 4(A) and (B)]. Taken
together, there was a clear effect of the genotype on the detected VDIPEN and NITEGE
signals after RA treatment (wildtype-associated mean increases VDIPEN: 1.54; 95% HDI
1.00-2.34; NITEGE: 4.24; 95% HDI 1.05-18.6; Tables S3 and S4).

MMP2 activity is controlled by extracellular proteoglycans

As aggrecan degradation is reduced in NVdstI*/~ mice, we wondered whether the digestion
of collagens by MMPs is also affected. Analysis of MMP activity in the supernatant

of femoral head cultures by gelatin zymography38:39 revealed two prominent degradation
bands [Fig. 4(C)]. The larger protease of around 65 kDa was also present in the fetal calf
serum (FCS)-containing culture medium, while the smaller enzyme of around 58 kDa was
specifically detected in the femoral head explants. Zymography using the supernatant of
serum-free explant cultures confirmed that the larger degradation signal was caused by the
FCS-containing medium, while the ~58 kDa protease was specific for the cartilage explants
[Fig. 4(E)]. Without RA, no difference in protease activity could be detected under either
culture condition between NdstZ*~ and control samples (combined median effect factor
1.09, 95% HDI 0.90-1.34; Fig. 4(D), Tables S3 and S4). Importantly, after RA treatment
the activity of the ~58 kDa protease was reduced in NVdstI*/~ samples (combined median
factor: 0.77, 95% HDI 0.60-0.96; Fig. 4(D), Tables S3 and S4). Additionally, we found a
second pair of degradation bands of ~100 kDa under serum-free conditions. The smaller
degradation signal was hardly detectable in untreated cultures, but was clearly induced by
RA treatment. Again, NdstI*/~ mutants showed a decreased activity of this protease (mean
reduction factor: 0.69, 95% HDI: 0.44-1.14; Fig. S1, Tables S3 and S4).

Considering the sizes of proteases typically found in cartilage, the two enzymes likely
represent activated MMP2 (58 kDa) and MMP9 (82 kDa)*?41, The presence of MMP2 in
the zymogram was confirmed by comparison of the activity bands from supernatants of
femur head cultures with recombinant mouse/rat MMP2 (rMMP2; Fig. 4(E)). Furthermore,
we detected MMP2 in the supernatant of femoral head explants by Western Blot analysis

[Fig. 4(F)].

Discussion

In this study, we investigated the role of HS during OA pathogenesis and found that reduced
HS levels and sulfation attenuated OA development. We demonstrate that the altered HS
composition in NdstI*/~ mutants leads to a reduced degradation of aggrecan and collagens
by metalloproteases and identify MMP2 as one protease with altered activity.

Similar to our results, mice lacking the HS-carrier Syndecan 4 (Sdc4) show reduced OA
progression after surgical OA induction. Accordingly, increased expression of Sdc4 has been
found in OA samples of human patients and rats upon forced exercise, and administration of
a Sdc4-specific antibody decreased OA progression in a surgical OA model2. Other studies
found reduced OA progression in mice lacking the HS-carrying exon three of Perlecan

Osteoarthritis Cartilage. Author manuscript; available in PMC 2021 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Severmann et al.

Page 9

(Hspg243-143--43) and lower numbers of osteophytes in mice lacking Perlecan in all joint
tissues except for cartilage**. These results strongly support our hypothesis that reduced HS
levels inhibit the progression of OA.

While inactivation of Sdc4, Perlecanor ExtI decreases the HS level, inactivation of NdlstZ
leads to severely reduced N-, 6-O and 2-O-sulfation of the HS chain®. The lower OA scores
detected in both NdstZ mutants indicate that not only the HS level but also the sulfation
pattern affect the integrity of the articular cartilage. This finding is substantiated by analyses
of mice lacking the secreted endosulfatases Sulfl or Sulf2, which remove 6-O sulfate groups
from HS chains. Both mutants developed more severe OA upon ageing and after surgery#°.
Furthermore, injection of recombinant Sulfl into knee joints of wildtype mice reduced
surgically induced OA progression®6, further supporting a protective effect of decreased HS
sulfation.

Interestingly, a recent comprehensive study analyzing the expression of 13 core proteins
and 25 enzymes of the HS biosynthesis pathway in healthy and osteoarthritic human
cartilage revealed that 45% of the investigated genes, including £X71 and NDST71, showed
an increased expression in OA tissues*’. Furthermore, the degree of 6-O sulfation was
increased in the OA samples, supporting a role of the HS structure as a critical regulator of
OA progression also in humans.

As outlined above, HS regulates the distribution and activity of many secreted proteins.
While an effect on cytokine and growth factor signaling cannot be ruled out, our results
strongly support a reduced activity of ADAMTS and MMP proteases in AidstI*~ mutants
and identify MMP2 as one enzyme with reduced activity. Previous studies revealed

that the expression of Mmp13and Adamis5is increased in the OA cartilage of Sulfl-

and Sulf2-deficient mice®. In contrast, we could not detect altered expression levels of
major cartilage-degrading metalloproteases or their inhibitors in AdstZ*/~ mutants, strongly
pointing to a post-transcriptional regulation of protease activity.

To test if the activity of MMP2 is directly regulated by HS, we investigated its physical
interaction with HS isolated from E16.5 mouse embryos by affinity chromatography but
could not detect evidence for binding (data not shown). This is in contrast to a recent
study based on activity assays and molecular modeling, which proposed the formation of
MMP2-TIMP3-HS ternary complexes*8. However, these experiments were based on the
addition of HS to /n vitro formed complexes and the subsequent analysis of MMP activity,
while the interaction of HS and MMP2 was not directly addressed.

Our experiments show that not only the activity of MMP2 but also MMP9 and not yet
identified members of the ADAMTS family are downregulated in MdstI™/~ mutants. The
regulation of multiple proteases strongly points to a superordinate mechanism. This might
include the HS-dependent regulation of activating proteases like MMP14, which activates
MMP249, or MMP2, which in turn activates MMP9%0, or inhibitors of the TIMP family,
which regulate different proteases®..

Besides reduced enzyme activity the degradation process is likely also affected by an altered
structure or an increased thickness of the articular cartilage as seen in Col2-Cre;Ndst1™
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mutants. Although an increased thickness was not detected in NVdstZ*~ mutants, subtle
alterations might contribute to the decreased OARSI scores.

One surprising result of our experiments was that the enlarged, HS-deficient cells in the
articular cartilage of Col2-rtTA-Cre;Ext1¢2e2fl mice did not advance OA progression.
Analysis of COLX expression demonstrated that the mutant cells do not resemble
hypertrophic chondrocytes of the growth plate. Morphological hypertrophy therefore

does not necessarily reflect a distinct differentiation status. The Ext1-deficient cells are
surrounded by a dense, Safranin-O-positive ECM, which contains increased amounts of
perlecan!! and aggrecan. An increase in ECM production has also been observed after
treatment of chondrocytes with heparanase or the HS antagonist Surfen®2-54, Furthermore,
in a parallel study we demonstrate that mice with a severely decreased HS-content (Ext1979%)
or an altered sulfation pattern (Hs2stZ™~) show increased levels of CS, mostly bound to
aggrecan®®. The upregulation of CS-carrying proteoglycans and other ECM components
might thus be a common compensatory reaction of chondrocytes to an altered HS structure
and might contribute to an improved quality of the articular cartilage.

While our data identify HS as a regulator of articular cartilage homeostasis, the results
should be interpreted considering the following limitations: First, while the combined
study of several mouse lines strongly supports a protective effect of reduced HS level or
modification, the investigated mouse mutants, especially the Co/2-Cre;Ndst1™" mutants,
show only a modest decrease in OA. Second, we investigated female mice and used the
contralateral knee for the sham operation. Due to the higher susceptibility of males for

OA and the potentially shift in weight bearing to the sham-operated leg this might lead

to an underestimation of the effect of HS on OA severity. Third, the investigation of
aggrecan degradation is based on limited sample numbers and the exact mechanism by
which protease activity is reduced has still to be deciphered. Fourth, OA was investigated in
genetic mouse models likely leading to a developmentally altered articular cartilage quality.
The consequences of modifying HS function during OA progression have therefore to be
clarified in future studies. Nevertheless, together with the recently published human data®’,
our results support a role of the HS structure in determining the quality of the articular
cartilage at multiple levels including cartilage thickness, ECM composition and the activity
of proteases, and identify HS as a promising target for future therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clonal deletion of Extl in Col2-rtTA-Cre; Ext1621/€2fl mjce protects against OA
(A) Cre activity in 6 week old Col2-rtTA-Cre;Ext162/e2fl:R26R- acZ samples was detected

by B-Galactosidase staining of sagittal sections. Recombined cells are clustered and enlarged
in size. Doxycycline administration at P8. Scale Bar: 50 um; counterstaining: Nuclear

Fast Red. White arrow head indicates cluster of recombined cells. (B) OARSI scores of
Ext162Me2fl and Col2-rtTA-Cre;Ext1¢2e2fl mice, black line indicates mean. OA scores
increase over time in both genotypes. At 18 months Col2-rtTA-Cre;Ext1¢27/2fl gnimals
display reduced OA scores compared to Ext162/e2fl jttermates (3m: 7= 11, 6m: n=6,

12m: n= 2, 18m: n= 6). Effect sizes: genotype 0.49 (95% HDI -0.27-1.25), age 0.13

(95% HDI 0.08-0.18), genotype and age 0.09 (95% HDI -0.16 to —0.03). Doxycycline
administration at P8, analysis at 3, 6, 12 and 18 months. (C) OARSI scores of wildtype
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and Col2-rtTA-Cre;Ext1¢?Me2f mice after surgery. Col2-rtTA-Cre; Ext162/62fl mice show
reduced OA scores after ACLT (M: ACLT n =13, shamn=7; WT: ACLT n=11,

sham n = 8). Effect size: 0.83 (95% HDI 0.72-0.96). Doxycycline administration at 6
weeks, ACLT at 8 weeks, analysis at 12 weeks. (D) Safranin-O staining of frontal sections
through knee joints of wildtype and Col2-rtTA-Cre;Ext16?e2f mice at 3, 6, 12, and 18
months of age reveals decreased cartilage erosion in Co/2-rtTA-Cre;Ext1¢22f gnimals.
Clusters of enlarged cells are present at all analyzed timepoints. Doxycycline administration
at P8. Scale bar; 100 um. White arrow heads indicate clusters of recombined cells. (E,

F) Immunofluorescence labeling of aggrecan (E) and COLX (F) on sagittal sections of 4
weeks old Col2-rtTA-Cre;Ext1¢2e2f mice. Increased aggrecan levels surround clusters of
mutant cells in the articular cartilage. COLX is not expressed in mutant cells of the articular
cartilage, while a clear signal is detected in hypertrophic chondrocytes of the growth plate on
the same section. Doxycycline administration at P8. Scale Bar E: 50 um, F: 200 pm. White
arrow heads exemplify clusters of recombined cells. Outlines of growth plate (yellow) and
articular cartilage (green) are highlighted by dashed lines.
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Fig. 2. Ndst1*/~ and Col2-Cre;Ndst1!/fl animals develop less severe OA after ACLT surgery.
(A) Safranin-O staining of frontal sections of knee joints from NdstI*”*, Ndst1", Nast1™f

and Col2-Cre;Ndst1™ mice after surgery. Both NVdstZ mutants display reduced signs of OA
compared to wildtype littermates. ACLT surgery at 8 weeks, analysis at 12 weeks. Scale
Bar: 200 pm. (B) OA scores of individual mice, black lines indicate mean (Ndst1*/*: ACLT
n=12, sham n6; NdstI*/~: ACLT n=9, sham n=5; Ndst1™#. ACLT n =12, sham n

= 6; Col2-Cre;Ndst1™f: ALCT n=9, sham 11 =6). OA score change factors associated to
mutation: NdstI*~ 0.82 (95% HDI 0.74-0.90), Ndst1 (.87 (95% HDI 0.76-1.00). (C)
Safranin-O staining of sagittal sections from Ndst2" and Col2-Cre;Nast1™f mice at 1,

3, and 18 months of age. Col2-Cre;Ndst1™" mutants display an increased thickness of the
articular cartilage. Scale Bar: 100 um. (D) Quantification of cartilage thickness, black lines
indicate mean (Im: n=5, 3m: n= 6, 18m: n=>6). Thickness change due to mutation; 1.24
(95% HDI 1.15-1.33).
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B2M, black lines indicate means (MRNA pools from 57> 3 litters; no statistical difference;
Tables S3 and S4).
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Fig. 4. Protease activity is reduced in Ndst1*/~ mutants.
(A) Western Blot analysis of the aggrecan neo-epitopes VDIPEN and NITEGE in

supernatants and GuHCI extracts of femoral head explants cultured in the presence or
absence of RA. Signal intensities are decreased in RA-treated NVdst™/~ samples. (B) Scatter
plots represent relative values of individual litters (littermates pooled by genotype; n=

3 litters, normalized to wildtype (wt)). Wildtype-associated factors of mean increase of
digestion signal: NITEGE 4.24 (95% HDI 1.05-18.6), VDIPEN 1.54 (95% HDI 1.00-
2.34). (C) Gelatin zymography of supernatants of femoral head explants cultivated with or
without RA. A protease of ~65 kDa is contained in the culture medium. At ~58 kDa a
femoral head-specific protease is present, which is less active in NidstZ**~ samples upon RA
treatment. (D) Scatter plots represent quantified signal intensities from individual femoral

Osteoarthritis Cartilage. Author manuscript; available in PMC 2021 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Severmann et al.

Page 19

heads normalized to wildtype (wt), black lines indicate means (n = 17 mice, from 6

litters). Effect size without RA treatment: 1.09 (95% HDI 0.90-1.34), effect size upon

RA treatment: 0.77 (95% HDI 0.60-0.96). (E) Gelatin zymography of supernatants of
femoral head cultures compared to recombinant mouse/rat MMP2 protein (rMMP2). Black
arrow: active MMP2; blue arrow: proMMP2; green arrow: unspecific protease from FCS.
(F) Western Blot analysis of MMP2 in the supernatant of femoral head cultures with and
without RA treatment. Blue arrow: proMMP2; black arrow: active MMP2 (n = 3).
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