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Abstract

Osteoarthritis (OA) is a common degenerative jalitease, characterized by cartilage loss and
subchondral bone remodelling in response to abromehanical load. Heparan sulfate (HS)
proteoglycans bind to many proteins that regulaeilage homeostasis, including growth factors,
morphogens, proteases, and their inhibitors, anduhate their localization, retention, and biologica
activity. Changes in HS expression and structurg thas have important consequences for joint
health. We analyzed normal and osteoarthritic hukmee cartilage, and found HS biosynthesis was
markedly disrupted in OA, with 45% of the 38 geremlyzed differentially regulated in diseased
cartilage. The expression of several HS core prstediosynthesis, and modification enzymes was
increased in OA cartilage, whereas the expresditimedHS proteoglycans syndecan 4 and betaglycan
was reduced. The structure of HS was also alteneth increased levels of 6-O-sulfation in
osteoarthritic samples, which correlated with iased expression 6fS6ST1, a 6-O-sulfotransferase,
and GLCE, an epimerase that promotes 6-O-sulfation. siRNénsing of HS5ST1 expression in
primary OA chondrocytes inhibited ERK phosphoryatin response to FGF2, showing that changes
in 6-O-sulfation impact a key cartilage signallipathway. Given the broad range of homeostatic and
repair pathways that HS regulates, these changesoiroglycan expression and HS structure are

likely to have significant effects on joint heaéthd progression of OA.



Introduction

Osteoarthritis (OA) is a common degenerative jali#ease in which articular cartilage loss and
subchondral bone remodelling cause pain and inmpawement of affected joints. There are currently
no disease-modifying therapies available, and pistiare largely treated with analgesia or joint
replacement surgery. There is thus a substanted te develop effective therapeutics that can slow
or halt the progression of joint damage.

The primary risk factors for development of OA ageing and injury, which alter the mechanical
environment of the joint and stimulate chondrocyteproduce catabolic proteinases that degrade the
cartilage extracellular matrix. The pericellulartmaimmediately adjacent to chondrocytes is thdugh
to play a central role in transducing mechanicahsi to biochemical signals within the cefissor
example, loading of cartilage causes release aflilast growth factor 2 (FGF2) from the periceltula
matrix, and activates downstream extracellularaigregulated kinase (ERK) signalling pathways in
chondrocyte$.® FGF2 is localized in the pericellular matrix thgbuits interaction with the heparan
sulfate (HS) chains of perlecarhe major HS proteoglycan in cartilage. Pericalluhatrix and cell
surface HS also binds to a large number of otheadtive proteins, including growth factors [eg,
connective tissue growth factor (CTGF) and tramsfog growth facto (TGH3)], morphogens [eg,
bone morphogenetic protein (BMP)-4 and BMP-7],tpirtases [eg, matrix metalloproteinase 13
(MMP-13), adamalysin with thrombospondin motifs ADAMTS-4), and ADAMTS-5], and
proteinase inhibitors (eg, tissue inhibitor of nflefaoteinases, TIMP-3), and regulates their
retention, localization, and biological activity’ HS is thus a critical regulator of chondrocyte
homeostasis and cartilage health. Previous studies shown increased expression of some of the
HS core proteins in OA, including perlecahsyndecan *, and syndecan’4;*® but nothing is yet
known about how the structure of HS itself or iteractions with ligands changes in OA.

HS interacts with proteins through electrostatieractions between its negatively charged sulfate
groups and positively charged lysine and argingesdues on the protein ligand. The number and
arrangement of sulfate groups along the HS glycosagtycan chain determines the affinity of HS

for its protein ligands and its ability to modulakeir biological activity"**® This sulfation pattern is



generated by the template-independent action efiassof sulfotransferases during HS synthesis in
the Golgi apparatus. The EXT family of glycosyltransferases initiate H$nthesis by adding
sequential glucuronic acid (GIcA) and N-acetyl gisamine (GIcNAc) residues to a linker
tetrasaccharide attached to the core protein. Gk subsequently be epimerized to iduronic acid
(IdoA) by glucuronyl C5-epimerase (GLCE). The gimogv HS chain can then be N-sulfated on
GIcNAc residues [by the N-deacetylase/N-sulfotrarefes (NDSTs)], and/or O-sulfated on GIcNAc
[by the 6-O-sulfotransferases (HS6STs) and 3-Optualfisferases (HS3ST)] and GlcA/IdoA [by the
2-O-sulfotransferase (HS2ST1J]HS can also be edited in the extracellular enviremt by SULF1
and SULF2 that remove 6-O-sulfate groups, or degtday the heparanases HSPE1 and HSPE2.
These reactions do not always occur to complegienerating a highly variable sulfation pattern that
gives HS a structural complexity several ordermagnitude larger than the proteome. Temporal and
spatial changes in HS sulfation occur during dewalent®" and in diseases such as Alzheimer
diseas& % cancer” diabete$® and fibrosis® and are thought to enable HS to coordinately egul
the retention and activity of multiple bioactivegdnds, and thus to powerfully regulate tissue
homeostasis.

Here, we isolated RNA from knee cartilage of norraatl osteoarthritic donors, and profiled
expression of the 13 core proteins and 25 biosgthand modifying enzymes that govern HS
structure and sulfation. Notably, disaccharide cositipn was examined by isolating HS from normal
and OA cartilage. HS enzyme expression and glydaactare were found to be markedly
dysregulated in OA cartilage, and increased 6-@8ah of HS was identified as the primary

structural change associated with impaired cadilagmeostasis.

Materials and Methods

Human cartilage samples

Human articular cartilage was obtained in full cdiarce with national and institutional ethical

requirements, the United Kingdom Human Tissue &wet] the Declaration of Helsinki.



Normal human knee cartilage specimens used for RN glycosaminoglycan analyses were
obtained from Articular Engineering LLC (Northbrqolt) from donors (six females of 44 to 68
years of age, six males of 32 to 75 years of ag#d) @linically healthy, normal cartilage and no
history of OA, following informed donor consent aagdproval by local ethics committees and the
University of Oxford Research Ethics Committee (B2&/REO001). Cartilage was aseptically
harvested within 48 hours of death, flash frozeliguid nitrogen, stored at -8C, and shipped in dry
ice.

Normal human knee cartilage specimens used for imafmistochemistry were obtained from
Stanmore Biobank (Royal National Orthopaedic H@dpiStanmore) from donors undergoing
amputation for low limb malignancies with no invetment of the cartilage, following informed donor
consent and approval by the Royal Veterinary CellEthics and Welfare Committee (Institutional
approval Unique Reference Number 2012 0048H). I@geiwas aseptically harvested from all
surfaces of the joint within four hours of surgand processed for downstream analyses.

Human OA cartilage samples used for immunohistocsteyn RNA, and glycosaminoglycan
analyses were obtained from the Oxford MusculosékeBiobank from donors (six females of 58 to
83 years of age, six males of 52 to 84 years of agdergoing total knee replacement surgery for
advanced OA, following informed consent and apprrbyahe Oxford Research Ethics Committee C
(09/H0606/11). Cartilage was aseptically harves$tenh all surfaces of the joint within four hours of

surgery and processed for downstream analyses.

RNA isolation

Cartilage (300 mg) from 12 normal and 12 OA domneas ground under liquid nitrogen with a pestle
and mortar. The ground cartilage powder was adaddstmL of RLT lysis buffer supplemented with
10 pL/mL B-mercaptoethanol (QIAGEN, UK), digested with protse K (6-10 mAU/100 mg of
cartilage, 10 min at 58C, QIAGEN, UK) and transferred to an RNeasy micotumn (QIAGEN,
UK). RNA was extracted according to the manufactirg@rotocol with an intermediate DNA

digestion step. The eluted RNA was quantified dwaaodrop spectrophotometer and examined on a



Bioanalyser (Agilent, UK). RNA from healthy and Gfartilage had comparable RINs (6-7.7) and

RNA yields.

Reverse transcription and quantitative PCR

Total RNA (250 ng) was reverse transcribed to cDNing a reverse transcription kit
(ThermoFisher) and cDNA amplified on a Tagman |le@nsity array (Table 1). Fold changes against
the control samples were calculated usingAW€t method. For calculating th&Ct, the average of

the three normalizing gene®3S RLPLO, andGAPDH) was used.

Extraction of HSPGs and disaccharide analysis

Approximately 300 mg of frozen cartilage explantsrevground in a pestle and mortar under liquid
nitrogen and the powder was placed in 1 mL of Tr{ZdhermoFisher Scientific, UK). After phase
separation with the addition of chloroform, the egus phase was added to equilibrated DEAE-
Sephacel beads, washed with PBS and 0.25 M NaGtéefution with 2 M NaCl. The eluate was
desalted on PD10 columns and freeze dried. The lsarmere then treated with DNase (QIAGEN,
UK) and RNase, prior to incubation with chondraitie ABC (Sigma Aldrich, UK), neuraminidase,
keratanase, and pronase. Following the digestihiessamples were once more purified on DEAE
beads and freeze dried. The rest of the procedaseas described befdteBriefly, samples were
sequentially digested with heparanase |, Il, ahdIBEX Technologies, UK), purified on C18 and
graphite spin columns (ThermoFisher Scientific, UK)d labelled with BIODIPY hydrazine
(ThermoFisher Scientific, UK) as previously desedB® Finally, samples underwent ethanol
precipitation to remove any copurified impuriti€amples were then analyzed by SAX HPLC using a
Propac PA-1 strong anion-exchange column (4.6x25M@ionex, UK). Samples were eluted with a
linear gradient of 0 to -1 M sodium chloride andcisatic sodium hydroxide (150 mM) over 30 min at
1 mL/min on a Shimadzu HPLC system. An inline flowter was used to detect eluted peaks

(excitationk = 488 nm, emissioih = 520 nm). Previously calculated correction fastaere applied



to quantitate the observed disaccharfdes.

Immunofl uorescence staining analysis

Upon receipt, cartilage explants were embeddedGit Orhermofisher Scientific, UK) and frozen in
isopentane for storage at -80 until sectioning. Samples were mounted on a tagyq€M1860UV,
Leica, Milton Keynes, UK) and pm sections were cut and mounted on Superfrost Riascope
slides (ThermoFisher Scientific, UK) and stored88t C. Frozen sections were air dried for one hour
at room temperature and fixed with neutral buffeidnalin for 5 minutes at room temperature prior
to their incubation in ice cold acetone for 10 m@suat -20C, and incubated at 3T for 30 minutes
with 0.1 U chondroitinase ABC (Sigma, C3667) inchondroitinase buffer (40 mM Tris-acetate, pH
8). The digested sections were blocked in 1% geains and 5% BSA in PBS for one hour at room
temperature. After 15 minutes permeabilization witi% Triton X-100 in PBS, sections were
washed in PBS and the primary antibodies were egmliluted in block buffer overnight at 4 °C, or
isotype antibodies as negative controls. The fahgwantibodies were used: rat anti-perlecan
(HSPG2) (1:1000, Millipore, UK), rabbit anti-GLCH.:0, HPA04821, Atlas Antibodies, Sweden),
rabbit anti-EXTL2 (1:100, NBP2-16394, Novus, UK),ouse anti-NDST1 (3ug/mL, ab55296,
Abcam, UK), rabbit anti-GPC1 (1:250, HPA303571, r8éig UK) and rabbit anti-HS6ST1 (1:250,
ab106195, Abcam, UK). After washing in PBS at rotemperature, the appropriate secondary
antibodies were added; either in combination, ounison, goat anti-rat Alexa Fluor 488 (1:1000,
Thermo Fisher Scientific, UK), goat anti-rabbit RéeFluor 568 (1:500, Thermo Fisher Scientific,
UK), or goat anti-mouse Alexa Fluor 568 (1:500, ithe Fisher Scientific, UK) in block buffer. The
secondary antibodies were washed off with PBS dfiere hours at room temperature. Nuclei were
stained with DAPI (1:200 in PBS, Thermo Fisher 8tfie, UK) for one hour before a final wash in
PBS and mounting in Prolorigiamond antifade (Thermo Fisher Scientific UK).

Sections were viewed under an Olympus BX51 fluaesmicroscope (Olympus, UK). For each
protein the optimal duration of exposure was deiteech as that giving a signal in positively stained

sections and no detectable staining in negatividined sections, and avoiding overexposure and



signal saturation. The exposures used were: HSRB220 ms, EXTL2 125 ms, GLCE 200 ms,

GPC1 125 ms, NDST1 280-300 ms, and HS6ST1 275-30omagles were obtained from at least six
random regions of the cartilage under a 40x lend toen analyzed on ImagelJ as described
previously? * For representative images, the intensity of tlieaned green signal was adjusted for

illustrative purposes. For quantification, raw uestd images were analyzed.

Analysis of ERK phosphorylation in chondrocytes

Primary OA chondrocytes were isolated from fredidyvested human OA cartilage by chopping the
tissue finely and incubating in DMEM with 10% fetezdlf serum (Gibco/ThermoFisher Scientific,
UK) and 1.5 mg/mL type Il collagenase (Roche, Seviend) (18 hours, 37 °C, with shaking at 180
rom). The suspension was passed through a celhetrgelleted, and washed twice with medium.
Isolated chondrocytes were cultured for seven daysl confluent’ and stored at -80 °C until
required. For small interfering RNA (siRNA) transfien, chondrocytes (3x¥@vell) were
transfected with 20 nM of either Silencer Selecigétere control #1 or Silencer SelediS6ST1
SiRNA  (s17978, Ambion/ThermoFisher  Scientific, UK)using Lipofectamine 2000
(Gibco/ThermoFisher Scientific, UK) in serum fre@tVMEM | (ThermoFisher Scientific}: After
four hours, the medium was replaced with DMEM conitey 10% FCS and cell cultured for a further
72 hours.

To analyze ERK phosphorylation, siRNA-treated chongtes were cultured in serum-free
DMEM for 24 hours, and treated with PBS recombirtaimnan FGF2 (R&D Systems, USA) (20 ng/
mL, 10 min). Cells were then washed twice with écoéd PBS and lyzed on ice in 150 RIPA
buffer containing protease inhibitors (SIGMAFASTgi®a-Aldrich, UK) and phosphatase inhibitors
(20mM NaF, 100 mM N¥O,4 100 mM beta-glycerophosphate, 100 mM sodium pgyosphate).
Lysates were centrifuged (5000 rpm, 3 min) andi@®f protein analyzed by immunoblotting using
antibodies against phosphoERK1/2 (1:2500, E7028m&iAldrich, UK) and total ERK (1:5000,
4695S, Cell Signalling Technology, UK) in block ferf (5% milk/PBST). After 3x 5 min washes

with PBST, the membranes were incubated with ancéjugated anti-rabbit secondary antibody



(1:2000, Promega, UK) and developed using WesBine stabilized substrate (Promega, UK).
Immunoblots were analyzed by densitometry using€holD software (TotalLab, Newcastle-upon-
Tyne, UK) and the levels of phospho-ERK normalietbtal ERK for each treatment, and expressed
relative to the corresponding untreated sampldr(@éfas 1).

Efficacy of siRNA silencing was confirmed by isofeg RNA from RIPA lysates (20 to 5L,
diluted to 350uL with RLT buffer containing 1% v/\B-mercaptoethanol) using RNeasy micro kits
according to the manufacturer’s protocol (QIAGEMNr@any). Isolated RNA was reverse transcribed

and expression df8S, GAPDH, andHS6ST1 quantified as described above.

Satistical analysis

All statistical tests, except correlations and dineegression models, were performed in Graphpad
Prism version 7.0d. All other statistical tests evgrerformed in R. All significant changes are
annotated in the figures.

Power calculations were based on pilot data froom Bamples per group. According to the pilot
experiments, the sample size required for a twedditest was calculated with an effect size &f 1.
(difference between means of 0.6 and standard ttmviaf 0.4) and type | error rateat 5%, to be 12
samples per group. Therefore the groups were estetadthe appropriate sizes.

Prior to performing any parametric test, groupsengsted for normality using the D’Agostino
and Pearson omnibus té&t.

Two-way ANOVA was performed and the forest plotigg(ife 1) examined to evaluate whether
there was significant variation in the age or sethe donors.

All tests on the PCR results were performed orAh€t values as they were normally distributed.
Multiple two-tailed t-tests were performed, compgrihe expression of each gene between the two
groups. The derive®-values were corrected for multiplicity using theotstage step-up method of
Benjamini, Krieger and Yekutieli (BKY), with a faldliscovery rate cut-off at 5.

For HS disaccharide composition, site of sulfaéowl extent of sulfation, two-way ANOVA was

performed, with a BKY multiplicity correction.



Hierarchical clustering was performed in Rtps://www.r-project.orgusing the package gplots
3 and RColorBrewer. Canberra distance was emplagdide clustering metric.

For analysis of immunofluorescence images, the dracind-corrected integrated intensity values
per cell were aggregated for the normal and OA gsoin = 3 to 6 per group), and the cumulative
distributions of signal were analyzed using therf@jorov-Smirnov test, since the values were not

normally distributed.

Results

Expression of HS proteoglycan core proteinsis disrupted in OA cartilage

RNA was isolated from normal and osteoarthritidalitknee cartilage (n = 12 per group), and
examined expression of 13 genes encoding HS prgtsogcore proteins. Genes with a significant
change in expression are shown in Figure 1.

Expression of agrinAGRN) and perlecanHSPG2) was significantly increased in OA samples
(multiple t-tests, BKY corrected g>0.05), whereas expressiobetaglycan (TGH3 receptor I,
TGFBR3) was reduced.

Among the syndecan family, syndecan SDC2) was not differentially regulated between the
groups, whereas expression of syndecaDy) was reduced in OA, and expression of syndecan 1
(SDC1) and syndecan 3DC3) was increasedDC1 was the most strongly regulated of the HS core
proteins, with mean expression increasing 17-fol@A.

Glypican core proteins showed fewer changes inesgion in OA cartilage, with only glypican 1
(GPC1) showing significantly higher expression in OA sd@s. Expression of glypican 4GPC4),
glypican 5 GPC5), and glypican 6 GPC6) was not significantly regulated, and glypicanGPC2)

and glypican 3GPC3) were minimally expressed in both normal and OAileae.

Expression of HS biosynthesis and modifying enzymes was also disrupted in OA cartilage
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Using the same samples, expression of 25 genesliagcHS biosynthesis and modifying enzymes
was analyzed (Figure 1), and 10 of these were fooiheé expressed at higher levels in OA cartilage.
Expression oEXT1 andEXT2, which extend the growing HS chain, was increasedA, as was
expression of the relatdeXTL1 andEXTL2 genesEXTL1 was the most strongly regulated of all the

genes examined, showing a 24-fold increase in sgme in OA. Expression dEXLT3 was not
significantly regulated. Mean expression of epirmerg§GLCE), which epimerizes glucuronic acid
(GluA) to iduronic acid (IdoA), was increased 2dah OA cartilage.

Mean expression of the N-sulfotransfer&gST1 was 3-fold higher in OA cartilageNDST2 was
expressed at similar levels in both sample groaps, NDST3 and NDST4 were not appreciably
expressed in either normal or OA cartilage.

Expression of the 2-O-sulfotransferdd&ST1 was not significantly altered in OA samples. Of
the seven isoforms of 3-O-sulfotransferase, oHS§8ST1 showed increased expression in OA
cartilage, with expression t11S3ST3A1 and HS3ST3B1 not differentially regulated and four of the
isoforms HS3ST2, HS3ST3, HS3ST5, HS3ST6) not detectably expressed in cartilage. Among the
three 6-O-sulfotransferases isoforms, expressiddS6ST1 was increased in OA cartilage, whereas
HS6ST3 expression was similar in both sample groupsH&ET2 was expressed at low levels.

Expression of bot®ULF1 andSULF2 was increased in OA cartilage, witSPE andHSPE2 not
differentially expressed.

Cluster analysis of the samples, based on thes@ifahe significantly regulated genes, separated
the samples into two clusters (Figure 2), withfirg cluster containing all the OA samples and one
of the normal samples, and the second cluster idmgathe remaining normal samples. This
indicates that levels of expression of the 17 $icgmtly regulated genes are largely able to

discriminate normal and osteoarthritic cartilage.

Selected immunohistochemical analyses validate observed changes in expression

To establish whether the observed gene regulatiesulted in corresponding changes in protein

expression, six proteins (HSPG2, EXTL2, GLCE, NDSHE6ST1 and GPC1) were selected to
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analyze by semi-quantitative immunofluorescencénista on frozen sections of normal and OA
cartilage. HSPG2 was selected as a marker of plefamematrix localization, and the other five
proteins according to functional antibody avail@piand to have at least one from each category of
HS core proteins and biosynthetic enzymes. Thagitle of staining did not vary with cartilage depth
for any of the antibodies examined.

As expected, HSPG2 exhibited a predominantly pluiee localization®* with approximately
50% increased expression per cell in the four Ompdas examined compared to the six normal
cartilage samples.

EXTL2 had a predominantly perinuclear localizationboth normal and OA cartilage (Figure
3A). In OA cartilage, expression of EXTL2 was iresed 1.6-fold, with a decrease in the number of
cells not expressing EXTL2 and a shift towards moels expressing moderate amounts of the
protein (Figure 3B).

GLCE was similarly localized in the perinuclearimgof cells (Figure 3C), with 2.4-fold higher
expression in OA and a shift towards more cellsresging modest amount of the enzyme (Figure
3D).

HS6ST1 intensity levels were approximately threees higher in OA (Figure 4B). The protein
appeared to be expressed at low levels around ubkeus in normal cartilage and to show some
pericellular staining in the OA samples (Figure 4A)

NDST1 was localized in the perinuclear region imnmal cells, with more expression towards the
periphery of the cell and overlapping with HSPG2he OA samples (Figure 4C). Intensity levels
were approximately 3.6-fold higher in the OA sarsgl€igure 4D).

Staining for GPC1 was predominantly intracellulgig(re 5A), with 5.5-fold higher intensity in

OA samples (Figure 5B).

Increased 6-O-sulfation of HSin OA cartilage

The amount and disaccharide composition of HS isdl&com normal and OA cartilage was analyzed

(n = 8 per group, Figure 6A).
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There was no significant difference in the totaloamt of HS in the normal and OA cartilage
samples (5.7 + 2.89/100 mg in the normal samples, 3.Qg100 mg of tissue in OA >0.05 byt-
test, Figure 6B), or in the ratio of sulfated ttatdHS disaccharides (36.5 % in normal cartilag@®5
in OA cartilage, Mann Whitney ted®,> 0.05, Figure 6C).

Normal and OA cartilage did not differ significantin the abundance of any single HS
disaccharide (Figure 6D), or in the percentagesani-, mono-, di-, or triple-sulfated disaccharides
(not shown). However, the percentage of 6-O-sulfatisaccharides was increased in OA cartilage

(19.8% vs 12.1%, Mann Whitney teBt= 0.0379, Figure 6E).

6-O-sulfation of HS correlates with expression of GLCE, HS6ST1, EXTL2, and HS3ST3A1

It was examined whether expression of any of HSsywithesis genes correlated with the HS
disaccharide compositions quantified.

The percentage of 6-O-sulfated disaccharides atewith expression ?S6ST1 (r = 0.74,P =
0.0016, Figure 6F)GLCE (r = 0.775,P = 0.0007, Figure 6GEXTL2 (r = 0.57,P = 0.026), and
HS3ST3AL (r = 0.575,P = 0.025). The relationship between 6-O-sulfatioid HS5ST1 expression
was linear, with a 4% increase in abundance of €i:ltated disaccharides for every doubling in the
amount ofHS6ST1 (adjusted R= 0.525,P = 0.0014). This relationship was independent & @A,
and sex. The relationship between 6-O-sulfation@n@E expression was linear, with a doubling in
expression of GLCE increasing the percentage ofgaitation by about 4%. This relationship was
dependent on age and sex, such that for everyigeaase in age there was a 0.17% increase in
percent 6-O-sulfation, and that females had abétitrdore 6-O-sulfation for the same amount of
GLCE (adjusted R= 0.42,P = 0.028).

The percentage of 2-O-sulfated disaccharides ateeiwith expression (iS3ST3A1 (r = 0.796,

P = 0.0004) andHS6ST1 (r = 0.57,P = 0.026). The relationship between 2-O-sulfatiord a
HS3ST3AL1 expression was linear, with a doubling in the levef HS3ST3Al increasing the
percentage of 2-O-sulfated disaccharides by 4%s @ksociation was OA- and sex-dependent, such

that females with OA had a 0.62% increase in 2-taBan for the same level of
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HS3ST3Alexpression (adj &= 0.67,P = 0.0036).

Correlations were also examined between expressiddS biosynthesis genes and the relative
abundance of individual disaccharide residues. Fhiswed thatHS3ST3A1l expression correlated
with the percentage of UA(2S)-GIcNAc (r = 0.7R< 0.05), UA(2S)-GIcNS (r = 0.53® < 0.05),
and UA-GIcNS(6S) (r = 0.52R < 0.05), whereablS6ST1 expression correlated with the percentage
of UA(2S)-GIcNAc (r = 0.53P < 0.05), UA-GICNAc(6S) (r = 0.58 < 0.05), and UA-GIcNAc (r = -
0.686,P = 0.005).

Finally, HS3ST2 expression was found to be linearly associated agte, independent of OA and

sex, with expression ¢1S3ST2 increasing by 6% to 21% every year (adFB.341,P = 0.035).

siRNA silencing of HS6ST1 inhibits FGF2 signalling

To investigate whether changes in HS6ST1 expnesaiml 6-O-sulfation have the capacity to
alter signalling in OA chondrocytes, chondrocytesrevisolated from knee cartilage of five donors
with late-stage OA, and FGF2-dependent ERK phosydiiiosn examined after siRNA knockdown of
HS6ST1. siRNA treatment suppressei®ST1 mRNA levels by >90% in all five donors (Figure 6H)
Addition of 20 ng/mL FGF-2 stimulated rapid phosphation of ERK, and this was significantly

reduced (by 40%) illS6ST1-silenced cells (Figure 6l).

Discussion

HS proteoglycans control the retention, localizatiand biological activity of over 400 bioactive
molecules, including growth factors (eg, FGF2, PBBFmorphogens (eg, BMP-4, BMP-7),
proteinases (eg, MMP-13, ADAMTS-4, ADAMTS-5), ancbfginase inhibitors (eg, TIMP-3)>%
Many HS ligands have significant impacts on cagdl&aomeostasis, making HS a critical regulator of
joint health. Despite this important role, nothiwgs previously known about how the structure and
sulfation pattern of HS may change during the dgweent of osteoarthritis. This study shows that

the expression of HS biosynthesis and modifyingyems and the resulting HS disaccharide
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composition differs significantly in normal and esarthritic human knee cartilage.

Expression of the HS polymeras&xXT1l and EXT2, as well asEXTL1 and EXTL2, was
significantly increased in OA cartilage. The rotdghese enzymes in homeostasis of adult cartilage
has not been explored, but EXT1 and EXT2 are kndwnbe important in musculoskeletal
development. EXT1 regulates Ihh signalling durind@chondral ossificatioff,and mutations in both
EXT1 and EXT2 are associated with development akditary multiple exostoses, an inherited
pediatric disorder characterized by osteochondrtormaation® Aberrant activation of chondrocyte
hypertrophy has been implicated in development &f*and may underlie the elevated expression
of EXT1 and EXT2 observed. The role of the relat&XTL genes in HS synthesis are less well
understood, but they are thought to regulate estdges of HS chain elongati®nMutations in
EXTL3 have been shown to impair musculoskeletaketimment? and althougtEXTL3 expression
was not regulated in OA, expression of bBXITL1 andEXTL2 was strongly up-regulated.

Once polymerized, the HS chain can be modified piymerization of GIcA to IdoA by a
glucuronyl epimerase (GLCE), or by addition of atdf groups to specific positions in the
disaccharide units, by multiple sulfotransferasése expression of 11 human HS sulfotransferases
was measured and it was found that the expres$ibib8T1, HS3ST1, andHS6ST1 was elevated in
OA cartilage. Most notably, a significant increas@s observed in the level of 6-O-sulfated
disaccharides in OA cartilage, which correlatedrsgty with expression of botHS6ST1 andGLCE.
Epimerization of GIcA to IdoA by GLCE is thought tavor subsequent 6-O-sulfati6hsuggesting
that these two enzymes drive the increase in 64atgn in OA cartilage. Previous studies have
shown that levels of 6-O-sulfation are spatiallyl aemporally regulated during developmé&ht? %
and in diseases such as fibrdéig> Alzheimer diseas&, and cancef® " In the case of fibrosis, a
doubling in 6-O-sulfation is thought to exacerbaisease by amplifying TG#* and FGF-#
signaling. We hypothesized that increased 6-O-8affain OA cartilage may similarly amplify
downstream signalling pathways and alter tissueduostasis. Consistent with this, using primary OA
chondrocytes isolated from five different donotswias found that siRNA silencing diS6ST1
suppressed ERK phosphorylation in response to FEI/&.is in line with previous studies showing

that 6-O-sulfation of HS promotes FGF2 signalfifit}, and confirms that changes in 6-O-sulfation

15



can alter biologically relevant signalling pathwagscartilage. 6-O-sulfation is known to alter HS
affinity for a range of ligand¥, with varying effects on their downstream activiar example, 6-O-
sulfation promotes TGF* **signalling, and inhibits Wrt *®and BMP" *®signalling. An unbiased
approach such as phosphoproteomics will be reqtirédentify pathways regulated by 6-O-sulfation
in normal and OA cartilage.

The importance of 6-O-sulfation is underscoredhgyfact that it is the only HS modification that
is regulated at both the ‘on’ and the ‘off’ levéleing added during HS biosynthesis in the Golgi
apparatus by HS6ST1, HS6ST2, and/or HSB6%ERd removed in the extracellular environment by
the 6-O-endosulfatases SULF1 and/or SUE¥his permits “remodelling” of HS sulfation that is
apparently critical to regulation of its functioriedeed, increased expression of SULF1 and SULF2
was observed in OA cartilage, in line with previaeports examining both human and murine OA
cartilage” - °8 ©* ®Ipegpite this, net levels of 6-O-sulfation werer@ased in our OA cartilage
samples. As noted in recent studies from HS in tefé¢his highlights the importance of analysing
HS structure directly, and may indicate post-tratishal regulation of HS6ST and/or SULF activity,
or differences in the catalytic efficiency, locatjor stability of the enzymesulf1” andSulf2” mice
developed accelerated OA and injection of recomtiirBlULF1 into the joint reduced cartilage
damagé? indicating the enzymes play a chondroprotectivée.rdElevated 6-O-sulfation may
contribute to or perpetuate cartilage damage, iatgnthrough driving anabolic pathways or
impairing catabolic repair mechanisms.

No increase was seen in N-sulfation in OA cartilatgspite increased expression of NDST1 at the
MRNA and protein level. The abundance of 3-O-setfatisaccharides was not quantified due to their
relative scarcity, but expressiontdE3ST1 was elevated in OA samples. Further investigatiay be
warranted as knowledge of the functional impac3-@-sulfation and the extent of the 3-O-proteome
expand$® *

With regards to the HS core proteins the previowvsported increase in expression of HSPG2
glypican 1** syndecan %', and syndecan®3was observed in OA cartilage, but not the previous
observed increase in syndecah'4™® or decrease in agrfi.This may suggest species- or joint-

specific variation in expression of these geneditdahally, the expression of many HS-associated
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genes was significantly altered by isolation aniduce of chondrocytes (data not shown), suggesting
that HS biosynthesis is dynamically regulated bg tthondrocyte microenvironment and that
expression may change during the course of OA dpuatnt.

A significant reduction was observed in the expgmesf TGFBR3 in OA cartilage. This HS core
protein, also known as beta-glycan, does not hageability to signal directly, but promotes TBF
signalling by recruiting the growth factor and mmetng it to the type Il TGF receptor. In
chondrocytes, TGFBR3 was recently shown to promactevation of latent TG in a CTGF- and
HS-dependent mann@r.Reduction in expression of TGFBR3 in OA is thuely to impair the
chondroprotective effects of T@Kignalling.

Previous rodent microarray studies indicate thapression of some HS core proteins,

biosynthesis, and modifying enzymes is regulatety éa the course of OA developmeht: 1t %872

1189 and Hspg2™ ® is significantly

For example, expression &xt1," % Sdc1, ™ % % Gpel,
increased within two to four weeks of surgical QAlliction (Supplementary Table 1), in line
with our findings here. Data on early changes jpression of sulfotransferases are variable, arlyg ear
changes irHs6st1 were not reported. This may suggest that expressithis gene is stimulated once
cartilage damage starts to escalate, but may eflect differences between rodent post-traumatic OA
and more variable human disease.

Age is a primary risk factor for the development@A, and it is important to understand the
cellular mechanisms that increase risk with agedfare to develop effective therapies to treat the
disease. Previous studies have shown that HS isulfpaitterns change with age in various tissues,
including the aortd® myocardiunt muscle stem cell niche and brairf> “® with concomitant
changes in growth factor signalling. Although tbteady was not powered to detect changes in HS
disaccharide composition with age, the expressfddS8ST2 in cartilage was found to increase with
age, in contrast to what has previously been regart skin’’ However, this observation is based on
a low number of individuals (n = 11) as some valwese missing foHS3ST2 expression. Further
analysis of age-dependent changes in HS structaseidentify changes that impair cartilage repair

with age and so increase the risk of OA after injur

Our analysis identified 6-O-sulfation as the prign&S motif that is altered in end-stage OA
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cartilage, validating it as a new target for paadriherapeutic interventions. To understand thegsiot

this change has on cartilage repair and OA progmesg will be necessary to perform unbiased
analyses of the 6-O-sulfate-binding proteome inmadrand OA cartilage. Comparative mass
spectrometry approaches have proved useful in edagithe 3-O-sulfate-binding proteome in
cultured cell$; and similar methods could be developed for caeilanalysis. Analysis of other joint
tissues (eg, bone, synovium, meniscus) and eathges of OA progression can also be expected to

shed further light on the role of HS in adult jomtmeostasis.
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Figure legends

Figure 1. Changes in heparan sulfate (HS)-related gene esipresn human osteoarthritis (OA)
cartilage.Expression of HS-associated genes in normal andc&@#lage (n = 12 per group) was
analyzed using Tagman low-density arrays. Fold geamn expression were determined byANEt
method against the average of the normal sampleBold changes in expression of HS core protein
genesB: Fold changes in expression of HS chain elongatimhsulfatase gendS: Fold changes in
expression of sulfotransferase genes. Error bamesent 95% of confidence intervals of the mean.

**q <0.01, ***q < 0.001, ***q < 0.0001 by BKY corected multiplg-test.

Figure 2. Expression of heparan sulfate (HS)-associated genedtered in osteoarthritis (OA)
cartilage.A: Forest plot showing there is no significant diéiece between the ages and sexes of
normal (n = 12) and OA (n = 12) cartilage donoredufor gene expression analysis. M, male; F,
female. Bars show 95% confidence intervals of tleam dotted line shows Y=8. Expression of
HS-associated genes in normal and OA cartilageawalyzed using Tagman low-density arrays. Fold
change in expression were determined by AlnCt method against the average of the normal
samples. The heatmap shows only those HS-asso@etses whose expression was significantly
different in the two groups (n = 12 for each groB§Y corrected multiple-test; g-value < 0.05),
with increased expression in OA shown in red, reduexpression shown in blue, and no change
indicated in green. Cluster analysis based on xpeession levels of significantly regulated genes
separated the samples into two clusters, withiteediuster containing all of the OA samples ané o

of the normal samples, and the second cluster icomgethe remaining normal samples.

Figure 3. Expression of HSPG2, EXTL2, and GLCE is increaseduman osteoarthritis (OA)
cartilage.A: Representative images showing expression of HSE@ZEXLT?2 in human normal and
OA cartilage B: Expression of HSPG2 and EXLT2 was semi-quantightievaluated in three normal
donors (N1, N2, and N3) and three OA donors (OAA20and OA3), with each dot representing

integrated fluorescence intensity per single @gllculated from at least six random fields of viemv
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three sections per donor. For each donor, the mdtliarescence intensity with 95% confidence
intervals of the mean are showit. Representative images showing expression of HSFE@Z5LCE

in human normal and OA cartilagB: Expression of HSPG2 and GLCE was semi-quantitgtive
evaluated in three normal donors (N4, N5 and N@) thmee OA donors (OAl, OA2, and OA4) as
described irB. **P < 0.01, **P < 0.001, ***P < 0.0001 by Kolmogorov-Smirnov test. Scale bar =

260 um.

Figure 4. Expression of HSPG2, HS6ST1, and NDST1 is increasddiman osteoarthritis (OA)
cartilage A: Representative images showing expression of HSP@2HS6ST1 in human normal and
OA cartilage.B: Expression of HSPG2 and HS6ST1 was semi-quangtgtievaluated in three
normal donors (N4, N5, and N6) and three OA don@#l1, OA2, and OA4), with each dot
representing integrated fluorescence intensitygedlr calculated from at least six random fields of
view on three sections per donor. For each dor, nhedian fluorescence intensity with 95%
confidence intervals of the mean are sho@nRepresentative images showing expression of HSPG2
and NDST1 in human normal and OA cartilage. Expression of HSPG2 and NDST1 was semi-
guantitatively evaluated in three normal donors,(N2, and N3) and three OA donors (OA1, OA2,
and OA3) as described B. *P < 0.05, ***P < 0.0001 by Kolmogorov-Smirnov test. Scale bar =

260 um.

Figure 5. Expression of HSPG2 and glypican 1 (GPC1) is irswdan human osteoarthritis (OA)
cartilage.A: Representative images showing expression of HSB@E2GPC1 in human normal and
OA cartilage B: Expression of HSPG2 and GPC1 was semi-quantitatesealuated in three normal
donors (N1, N2, and N3) and three OA donors (OAA20and OA3), with each dot representing
integrated fluorescence intensity per cell, cakaddrom at least six random fields of view on thre
sections per donor. For each donor, the mediamegognce intensity with 95% confidence intervals

of the mean are shown. P*< 0.01 by Kolmogorov-Smirnov test. Scale bar = A60
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Figure 6. 6-O-sulfation is increases in osteoarthritis (OAjtidage. Heparan sulfate (HS) was isolated
from normal (n = 8) and OA (n = 8) cartilage arelabmposition analyzed by disaccharide analysis.
A: Forest plot showing there is no significant diffiece between the ages and sexes of normal (n = 8)
and OA (n = 8) cartilage donors used for HS analydi, male; F, female. Bars show 95% confidence
intervals of the mean, dotted line shows Y#80.The total amount of HS in OA cartilage is not
statistically different from that in normal cartie. C: The ratio of sulfated to total HS is not
statistically different between the two groups amples.D: Abundance of individual disaccharide
species is not significantly different in normalda@A cartilage. GIcNAc, N-acetyl glucosamine;
GIcNS, N-sulfoglucosamine; UA, uronic acid; 2S, 2-O-swéfabS, 6-O-sulfateE: 6-O-sulfated HS
disaccharides are more abundant in OA cartilagesreds levels of N- and 2-O-sulfation are not
significantly alteredF: The level of 6-O-sulfation in donor cartilage adates with expression of
HS6ST1 (n = 15, normal cartilage shown in black, Csktilage in grey, males as squares, female
samples as circles: The level of 6-O-sulfation in donor cartilage atswrelates with expression of
GLCE (n = 15, normal cartilage shown in black, O#rtdage in grey, males as squares, female
samples as circled)l: Expression oHSST1 in primary OA chondrocytes is silenced using siR{A

= 5 donors). NT, transfected with non-targetinBMA. |: Silencing of HS6ST1 in primary OA
chondrocytes reduces phosphorylation of ERK in oasp to FGF2 (20 ng/mL, 10 min) (n = 5

donors). P <0.05, *P <0.01, **P < 0.001, multiple t-tests BKY corrected.
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Table 1: Primer/probe sets used on custom-designd&gman low density arrays.

Gene name

Primer/probe set

Chain elongation
EXT1
EXT2
EXTL1
EXTL2
EXTL3

Hs00609162_m1
Hs00181158 m1l
Hs00184929 m1
Hs01018237_m1
Hs00918601_m1

N-deacetylase/ N-sulfotransferases

NDST1
NDST2
NDST3
NDST4

Hs00925442_m1
Hs00234335_m1
Hs01128584_m1
Hs00224024_m1

Glucuronyl C5-epimerase

GLCE
2-O-sulfotransferase

HS2ST1
3-O-sulfotransferases

HS3ST1

HS3ST2

HS3ST3A1

HS3ST3B1

HS3ST4

HS3ST5

HS3ST6
6-O-sulfotransferases

HS6ST1

HS6ST2

HS6ST3
Editing enzymes

HSPE

HSPE2

SULF1

SULF2
Core proteins

AGRN

GPC1

GPC2

GPC3

GPC4

GPC5

GPCob6

HSPG2

SDC1

SDC2

SDC3

SDC4

TGFBR3
Normalizing genes

18S

RPLPO

GAPDH

Hs00392011_m1
Hs00202138_ml

Hs00245421_s1
Hs00428644 ml
Hs00925624 si1
Hs00797512_s1
Hs00901124_s1
Hs00999394_ml
Hs03007244 ml

Hs00757137_m1
Hs02925656_m1
Hs00542178_m1

Hs00935036_m1
Hs00222435_m1
Hs00290918_m1
Hs01016476_m1

Hs00394748 ml
Hs00892476_m1
Hs00415099 ml
Hs01018936_m1l
Hs00155059_m1
Hs00270114 ml
Hs00170677_m1l
Hs00194179_ml
Hs00896423 m1l
Hs00299807_m1
Hs01568665_m1
Hs00161617_m1
Hs01114253 ml

Hs99999901_s1
Hs99999902_m1
Hs99999905_ml
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