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Perlecan Knockdown Significantly Alters
Extracellular Matrix Composition and
Organization During Cartilage Development

Alexander R. Ocken®, Madeline M. Ku, Tamara L. Kinzer-Ursem, and Sarah Calve*

Perlecan is a critical proteoglycan found in the extracel-
lular matrix (ECM) of cartilage. In healthy cartilage, perle-
can regulates cartilage biomechanics and we previously
demonstrated perlecan deficiency leads to reduced cel-
lular and ECM stiffness in vivo. This change in mechanics
may lead to the early onset osteoarthritis seen in dis-
orders resulting from perlecan knockdown such as
Schwartz-Jampel syndrome (SJS). To identify how perle-
can knockdown affects the material properties of devel-
oping cartilage, we used imaging and liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) to study
the ECM in a murine model of SJS, Hspg2C'532Y—Nee,
Perlecan knockdown led to defective pericellular matrix
formation, whereas the abundance of bulk ECM proteins,
including many collagens, increased. Post-translational
modifications and ultrastructure of collagens were not sig-
nificantly different; however, LC-MS/MS analysis showed
more protein was secreted by Hspg2©7532Y—Nec cartilage in
vitro, suggesting that the incorporation of newly synthe-
sized ECM was impaired. In addition, glycosaminoglycan
deposition was atypical, which may explain the previously
observed decrease in mechanics. Overall, these findings
provide insight into the influence of perlecan on functional
cartilage assembly and the progression of osteoarthritis in
SJS.

The heparan sulfate proteoglycan perlecan is localized to
the pericellular matrix (PCM) that surrounds chondrocytes in
mature hyaline cartilage. Perlecan is a multifunctional and
highly conserved protein known to affect the compressive
modulus of the PCM (1, 2) and sequester growth factors (3-5),
indicating that it plays a role in both biomechanical and cell
signaling. Mutations of the perlecan encoding gene, Hspg2,
in humans result in defective endochondral ossification and
skeletogenesis. Dissegmental dysplasia, Silverman-Handmaker
type, is a lethal autosomal recessive disorder that presents with
severe chondrodysplasia and dysmorphic facial features be-
cause of a null mutation in Hspg?2 (6). Other mutations in Hspg2
cause the non-lethal Schwartz-Jampel syndrome (SJS), which

results in a decreased abundance of functional perlecan and
leads to chondrodysplasia, myotonia, and early onset osteoar-
thritis (7, 8). Although rare, these disorders are difficult to treat,
and the therapeutic focus is primarily symptom relief (9).

Murine models generated to elucidate the function of perle-
can during development have provided insight into disease
progression and mechanisms underlying perlecan deficiency.
Global knockout of Hspg?2 in mice is predominantly embry-
onic lethal, caused by myocardial basement membrane failure
under mechanical stress (10). A model with the same point
mutation as a form of SJS, Hspg2©'532Y~Nee  nhroduced mu-
tant mice with similar phenotypes as found in humans, includ-
ing growth plate defects and myotonia (8, 11). A recent in vitro
study, which used a fragment of perlecan with a common
point mutation found in SJS, found that extracellular signal-
regulated kinase (ERK) signaling was disrupted (12). ERK is
known to regulate the differentiation of cartilage to bone dur-
ing development (13), and the presence of intact perlecan
may prevent endochondral ossification (12). The absence of
functional perlecan in SJS could lead to the activation of ERK
signaling and explain why bone differentiation is accelerated.
However, because of the multifaceted role of perlecan in
regulating signaling within cells through both interactions with
the core protein and the sequestration of various growth
factors (4, 14), there are likely many additional mechanisms
that contribute to the SJS phenotype.

Although studies often focus on the specific genetic mech-
anisms behind the disorder, a comprehensive profiling of the
developing ECM may provide additional insight into how
perlecan deficiency affects musculoskeletal functionality.
When the initial skeletal template is specified in the embryo,
perlecan and other ECM within the cartilage are less orga-
nized (15, 16). As chondrogenesis progresses, perlecan and
other PCM components (e.g. type VI collagen, nidogens) be-
come restricted to the periphery of the chondrocytes, taking
on the organization characteristic of adult cartilage ECM. At
the same time, chondrocytes increase synthesis of the bulk
matrix, which is comprised of type Il collagen fibers, glyco-
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Effect of HSPG2 on ECM assembly

saminoglycans (GAGs) and proteoglycans, decreasing the
overall volume fraction of cells (17, 18). Chondrocytes either
maintain the chondrogenic phenotype on the articulating sur-
face to form mature hyaline cartilage or transition to bone
within the rest of the skeletal template by first undergoing
hypertrophy then endochondral ossification (19). In perlecan-
deficient mice, endochondral ossification and PCM formation
are disrupted (1, 20). Furthermore, we previously demon-
strated that the compressive modulus of both cells and ECM
is significantly decreased in the Hspg2€'°32Y~Nee mouse
model (15). Based on these observations, we hypothesized
that perlecan knockdown would negatively affect the pericel-
lular incorporation of perlecan binding partners, as well as
dysregulate molecules that meditate proper ossification, lead-
ing to significant changes in ECM composition.

To test this hypothesis, we first visualized the distribution of
key cartilaginous ECM proteins and GAGs in developing car-
tilage using immunohistochemistry, then assessed the pro-
teome using liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). We focused our analysis on the ECM
proteins, termed the matrisome (21), to better elucidate and
compare the composition of healthy and perlecan-deficient
cartilage in embryonic and neonatal mice. We found that
perlecan knockdown resulted in expected (e.g. decrease in
PCM components) and unexpected (e.g. increase in bulk
matrix) trends in ECM abundance. The ultrastructure of the
ECM was not significantly different; however, more protein
was secreted by Hspg2€79%2Y~Nee cartilage in vitro, suggest-
ing that the ability of newly synthesized ECM to incorporate
into the matrix was impaired. Ultimately, perlecan knockdown
prevents proper PCM formation and leads to ectopic ossifi-
cation near the articulating surface (22). These defects in ECM
assembly because of perlecan deficiency result in the abnor-
mal cartilage formation and osteoarthritis characteristic of
SJS.

EXPERIMENTAL PROCEDURES

All chemicals and reagents were acquired from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified

Dissection of Mouse Distal Humeral Cartilage—Mice heterozygous
for Hspg2¢€7532¥~Neo (Neo/+) on a DBA background were provided by
Dr. Sophie Nicole (Inserm, France) (11) and time mated to generate
embryonic day (E)16.5 and postnatal day (P)3 mice. All murine exper-
iments were approved by the Purdue Animal Care and Use Commit-
tee (PACUCG; protocol 1310000973). Cartilage was dissected from the
distal humerus of homozygous (Neo/Neo) and Neo/+ knockdown
mice and wildtype (+/+) littermates (Fig. 1A). Care was taken to
remove ligaments, bone, and ossified cartilage in the epiphyseal
plate. Dissected cartilage was rinsed in phosphate-buffered saline
(PBS), then immediately processed. Samples were either snap-frozen
for proteomic and biochemical assays and stored at —80 °C until
used or fixed for transmission electron microscopy (TEM). Tail snips
were used to confirm genotypes as previously described (15).

Immunofluorescent Imaging—Forelimbs were embedded in Opti-
mal Cutting Temperature compound (OCT, Sakura Finetek, St, Tor-
rance, CA), frozen in dry ice-cooled isopentane, and stored at —80 °C
until sectioned. OCT embedded tissues were sectioned at 17 um and

stored at —20 °C. Before staining, sections were equilibrated to room
temperature (RT), rehydrated with 1X PBS for 10 min, fixed with 4%
paraformaldehyde (PFA) for 5 min, and rinsed with PBS. Then, sec-
tions were permeabilized with 0.1% Triton-X100 (Amresco, Cleve-
land, OH) in PBS and rinsed with 1x PBS. Background staining was
reduced by using the Mouse on Mouse (MOM) staining kit (BMK-
2022, Vector Labs, Burlingame, CA). Sections were incubated with
MOM |G blocking buffer for 1 h and washed 3 X 2 min with PBS.
Sections were primed with MOM protein diluent for 5 min before
incubating with primary antibodies overnight and washed 3 X 2 min
with PBS. Primary antibodies against COL10A1 (1:50, X53 14-9771-
80, Invitrogen, Carlsbad, CA), NID2 (1:50, sc-377424, Santa Cruz
Biotechnology, Santa Cruz, CA), HSPG2 (1:50, A7L6 sc-33707, Santa
Cruz Biotechnology), type | collagen (1:100, AB765P, Millipore, Bur-
lington, MA) and COL2A1 (1:100, MAB8887, Millipore) were diluted in
MOM protein diluent. Biotinylated HABP (385911, Millipore) was di-
luted 1:150 in MOM protein diluent. Sections were primed again with
MOM protein diluent for 5 min before staining with the appropriate
secondary detection reagents [Goat anti-mouse IgG1 633 (1:500,
Thermo Fisher Scientific, Rockford, IL), Goat anti-mouse IgG1 546
(1:500, Thermo Fisher Scientific), Donkey anti-Rat IgG 488 (1:500,
Thermo Fisher Scientific), Donkey Anti-Rabbit 647 (1:500, Thermo
Fisher Scientific), Goat Anti-Mouse 546 (1:500, Thermo Fisher Scien-
tific), phalloidin 555 (1:200, Thermo Fisher Scientific), Streptavidin 488
(1:500, Thermo Fisher Scientific), 4’,6-diamidino-2-phenylindole
(DAPI, 1:500, Roche, Fishers, IN)] in MOM protein diluent for 30 min in
the dark. Incubations occurred at RT unless otherwise stated. Sec-
tions were mounted with Fluoromount-G (Electron Microscopy Sci-
ences, Hatfield, PA) and imaged at 10X and 20X using a DMI6000
inverted microscope (Leica, Buffalo Grove, IL). The same acquisition
parameters were used for all samples and images were processed
using FIJI (23, 24).

Dimethylmethylene Blue (DMB) Assay— Glycosaminoglycans (GAGs)
were extracted from distal humeral cartilage using a guanidine extrac-
tion buffer. Briefly, snap-frozen cartilage from right and left humeri was
pooled (~1.5 and 2 mg wet-weight tissue from E16.5 and P3 cartilage,
respectively) and pulverized using a tissue homogenizer (Ace Glass,
8325-08, Vineland, NJ) sitting in a liquid nitrogen bath. Pulverized
samples were placed on ice for 15 min to allow the temperature to
equilibrate. Samples were resuspended in 1 ml guanidine extraction
buffer (4 m guanidine HCI, 50 mm sodium acetate, 100 mm N-ethylma-
leimide, pH 5.8) by douncing twenty times with the homogenizer, trans-
ferred into 1.7 ml MaxyClear microtubes (Axygen, Union City, CA).
Sulfated-GAGs were assayed following (25). Briefly, 250 ul of DMB
solution (40 mm DMB, 40 mm NaCl, 40 mm Glycine, pH 3.00, 20 um
filtered) was added to 10 ul samples and 10 ul 1X PBS with 1 mm
ethylenediaminetetraacetic acid (PBE). Chondroitin 6-sulfate (shark car-
tilage, C4384) in PBE was used as a standard, adding 250 ul of DMB
solution to 10 ul standards and 10 ul guanidine extraction buffer.
Optical density was measured at 530 and 590 nm, where the 590-
baseline peak was subtracted from the 530 nm signal to increase assay
sensitivity.

Safranin O Staining—PFA fixed cryosections were stained with
Harris’ hematoxylin (Electron Microscopy Sciences) containing 4%
glacial acetic acid (v/v) for 5 min, rinsed under tap water, and washed
with PBS 2 X 10 min. Sections were stained with safranin O solution
(0.1% safranin O w/v in H,0, 0.22 um pore vacuum filtered, Poly-
sciences Inc., Warrington, PA) for 5 min, rinsed under tap water, and
washed with PBS 3 X 10 min. Sections were mounted with Permount
mounting medium (Electron Microscopy Sciences) and imaged at
10X and 20X using a DMI6000 inverted microscope.

Protein and Peptide Sample Preparation and Q-Exactive Tandem
Mass Spectrometry—Protein was extracted from snap-frozen carti-
lage following (26). Samples resuspended in guanidine extraction
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buffer were incubated 24 h on a rocking platform at 4 °C and then
reduced with 4 mwm dithiothreitol for 30 min on an orbital shaker at
56 °C and alkylated with 16 mm iodoacetamide for 1 h in the dark at
RT. Extracts were ethanol precipitated (9:1 ethanol/extract) overnight
on a rocking platform at 4 °C, followed by centrifugation at 13,750 X
g for 30 min at 4 °C. Pellets were washed with cold ethanol for 4 h at
—20 °C and dried under vacuum. Extracts were resuspended in 500
wul digestion buffer (100 mm Tris base, 2 mm calcium chloride, 10%
acetonitrile v/v, pH 8.0), transferred to tissue homogenizers on ice,
dounced twenty times, and returned to 1.7 ml microtubes.

Trypsin digestion was performed with 2.5 ug MS grade trypsin
(Thermo Fisher Scientific) per mg wet-weight tissue for 16 h on an
orbital shaker at 37 °C. Peptides were acidified with 1% trifluoroace-
tic acid (v/v) and ultra-filtrated using Ultra-micro C-18 SpinColumns
(The Nest Group, Southboro, MA) according to the manufacturer’s
instructions. The eluent was dried using a CentriVap vacuum concen-
trator (Labconoco, Kansas City, MO) at 45 °C and resuspended in 10
wl running buffer (3% acetonitrile, 0.1% formic acid v/v). Peptide
concentration was measured by 205 nm peptide absorbance using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) ac-
cording to manufacturer’s instructions and normalized to 0.2 mg/ml.

Trypsin-digested peptides equivalent to 1 ng were analyzed with a
Dionex UltiMate 3000 RSLC Nano System coupled to a Q Exactive™
HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Primary spectra were collected from 400 to 1600 m/z at
120,000 resolution, a maximum injection time of 100 ms, and a
dynamic exclusion of 15 s. The top 20 precursors were fragmented
using higher-energy C-trap dissociation at a normalized collision en-
ergy of 27%. Tandem spectra were acquired in the Orbitrap at a
resolution of 15,000 with a maximum injection time of 20 ms. Xcalibur
RAW files were processed by MaxQuant (version 1.6.1.0) (27) to align
primary spectra, identify proteins, and calculate relative protein abun-
dance for LFQ. Tandem spectra were searched against the complete
Mus musculus reference database (ID 000000589, downloaded from
UniProt on 04/06/2018) comprising 53,127 proteins and a contami-
nants database. MaxQuant search parameters are tabulated in sup-
plemental Table S1. Carbamidomethylation was defined as a fixed
modification and variable modifications included oxidation of methi-
onine, deamidation of asparagine, and hydroxylation of proline and
lysine (28). Initial precursor mass tolerances were set to 20 ppm in the
first search and 4.5 ppm in the main search, and fragment mass
tolerances were set to 20 ppm. Enzyme cleavage was set to trypsin,
allowing for cleavage before proline residues and for a maximum of
two missed cleavages. Results were manually filtered, removing con-
taminants and proteins identified with only modified peptides or by
reverse database matching, and requiring a minimum of two razor
and unique peptides across all sample replicates for identification and
quantification. Raw data sets are available in the MassIVE repository
(29).

Biological Process Gene Ontology Analysis—Gene Ontology (GO)
analysis was conducted for each pairwise comparison of interest
(+/+: E16.5 versus P3, E16.5: Neo/Neo versus +/+, and P3: Neo/
Neo versus +/+). All proteins identified in a sample were used to
query g:GOSt, the functional enrichment analysis of the g:Profiler web
server (30). Leading protein gene names were submitted, specifying
organism as Mus musculus, statistical domain scope to only anno-
tated genes, and significance thresholding by g:SCS (a« = 0.05).
Positive identification of biological process terms required a minimum
of three protein gene names.

Hydroxyproline Assay and Modification Analysis—Hydroxyproline
(Hyp) was assayed from snap-frozen cartilage. Both humeri were
pooled, dried at 110 °C for 48 h, and weighed on a microbalance (~80
and 110 pg dry-weight tissue from E16.5 and P3 cartilage, respec-
tively). Hyp content was assessed using a Hyp assay kit (MAK008)

according to the manufacturer’s instructions. Water and HCI were
added to maintain dry-weight tissue concentration at 4 ug/ul (water
or HCI).

Hyp and hydroxylysine (Hyl) levels were also analyzed by including
as variable modifications in MaxQuant. Analyses of hydroxylation
were calculated from the MaxQuant evidence table outputs. Raw
intensity (XIC) of each evidence (e) was multiplied by the number of
modified residues (my.,q,) for a given modification, either Hyp or Hyl
(Mod). These values were summed for each experiment (). The sum-
mation was multiplied by the LFQ normalization coefficient (V) to give
the normalized LFQ abundance of a modification for a given sample,
Ivoaro; (EQ- 7).

Ivoa,Lrai = E(m/\ﬂod,e # XIC,) * N; (1)

e,

Next, the number of prolines or lysines modified in each sample was
calculated, using the ratio of modified to the total number of residues to
calculate relative abundance. First, the number of modified residues
(Muwae) Was divided by the total number of residues (nz.s,) for a given
modification; either Hyp and proline or Hyl and lysine (Res). This ratio
was multiplied by the raw intensity of each evidence. These values were
summed for each experiment to yield the relative intensity of modified to
all residues, /g, (EQ. 2).

m lod,e
Ivogy = E(M x xnce) )

. nRes,e
el

Similarly, the relative intensity of unmodified to all residues was
calculated /yymoq, (EQ- 3). In this case, one minus the ratio of modified
to total residues was multiplied by each evidence raw intensity. This
value was summed for each experiment.

ommoas = Z((1 - m"”—") * xnce> @)

nRes,e
e,

Finally, the relative intensity of modified residues was divided by
the total relative intensity of all residues and multiplied by the LFQ
normalization coefficient (V) to give the LFQ normalized percent of
modified residues for a given sample, Ry rq; (EQ- 4).

IMod‘i

N )

RMOdYLFQJ B /Mod,l + /Unmod,r'
Cartilage Sample Preparation and Transmission Electron Micros-
copy—Freshly dissected cartilage samples were fixed in 2% PFA and
2% glutaraldehyde in 0.1 m cacodylate buffer overnight at 4 °C. Fixed
samples were rinsed with cacodylate buffer (3 X 5 min), impregnated
with 1% osmium 0.8% ferricyanide for 1 h, rinsed in water (3 X 5 min),
stained with 2% aqueous uranyl acetate for 30 min, and rinsed again
with water (3 X 5 min). Samples were then ethanol dehydrated (50,
70, 95, 100% sequentially for 1 X 30, 1 X 30, 1 X 30, and 3 X 15 min,
respectively) and transitioned to acetonitrile (2 X 15 min) before
infiltration with Embed 812 (Electron Microscopy Sciences) and ace-
tonitrile (2:1) for 2 h, (1:2) rotating overnight, and resin for 3 h rotating.
Samples were embedded in flat molds and cured overnight at 70 °C
in fresh resin. Ultrathin sections were cut at 85 nm with a 45-degree
diamond knife (Diatome, Hatfield, PA) on a UC6 ultramicrotome
(Leica) and collected on 100 mesh formvar-coated copper grids and
post stained in 4% aqueous uranyl acetate and 2% aqueous lead
citrate. Sections were imaged on a FEI T12 80kV TEM (FEI Company,
Hillsboro, OR) in the Purdue Life Science Microscopy core facility.
Fibril Area Fraction and Fibril Diameter Measurements—Fibril area
fraction and diameter measurement protocols were adapted from
(81). For fibril area fraction measurements, uniform interstitial matrix
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regions between chondrocytes of the distal humeral cartilage were
imaged at 30,000X. Three regions of interest (ROI) for both Neo/Neo
and +/+ samples were segmented from each of n = 4 biological
replicates using FIJI. The top layer of cells from the articular surface
was excluded so that ROls included only subsurface ultrastructure to
avoid surface irregularities. The mean intensity of the ROl was divided
by the maximum intensity range value (256) to calculate the fibril area
fraction percentage.

For fibril diameter measurements, uniform interstitial matrix regions
were imaged at 120,000 magnification. ROIs were thresholded at
the mean intensity. Individual fibrils, oriented transversely, were man-
ually fitted with the ellipse tool. The minor diameter was measured as
the fibril diameter. Results for both fibril area fractions and fibril
diameters were averaged over the nine ROIls and reported as the
average of the n = 4 biological replicates *= standard deviation.

Ex Vivo Cartilage Culture and Secretome Protein Preparation—
Cartilage was cultured ex vivo following (32). Briefly, freshly dissected
cartilage samples were washed in 70% ethanol and rinsed in PBS
before being cultured in 0.5 ml serum-free, high glucose, HEPES-
buffered Dulbecco’s modified Eagle’s medium with GlutaMAX
(Thermo Fisher Scientific), 50 mg/L 2-phospho-L-ascorbic trisodium
salt, and 1% antibiotic/antimycotic. The supernatant from each cul-
ture was collected once after 48 h and again at the end of 96 h. At the
end of the culture period, both the supernatant and cartilage samples
were harvested separately and stored at —80 °C until processed for
liquid chromatography-tandem mass spectrometry (LC-MS/MS).

The two aliquots of media were combined, precipitated with
methanol-chloroform, resuspended in 500 wl digestion buffer by
douncing with a tissue homogenizer. Cartilage proteins were ex-
tracted as described above, whereas proteins in the supernatant
were only reduced and alkylated. Then both sets of proteins were
trypsin digested and analyzed by LC-MS/MS as described above.
Peptide concentrations were assayed after resuspension in running
buffer with a Pierce Quantitative Colorimetric Peptide assay
(Thermo Fisher Scientific). Raw data sets are available in the Mas-
sIVE repository (33).

Cartilage Tissue Decellularization, Imaging, and Processing— Dis-
sected humeri were decellularized in 0.05% sodium dodecyl sulfate
(SDS) in PBS at RT with gentle rocking for 7 d (18). The SDS solution
was replaced every 24 h. Post-decellularization, samples were
washed 3 X 30 min in PBS at RT and fixed in 4% PFAfor24 hat4 °C
with gentle rocking. Samples were rinsed in PBS overnight at 4 °C
and transferred to fresh PBS for storage at 4 °C until stained. Samples
were incubated in blocking buffer [10% donkey serum (Lampire,
Pipersville, PA) in PBS with 0.1% Triton X-100 (PBST)] for 24 h at 4 °C
with gentle rocking. Samples were stained with 20 ug/ml Alex-
aFluor488-tagged wheat germ agglutinin (WGA) (Thermo Fisher Sci-
entific) diluted in blocking buffer for 48 h at 4 °C with gentle rocking.
Samples were washed 2 X 1 h with PBST at RT, then overnight at
4 °C. Finally, samples were rinsed in PBS at 4 °C for 1 h and trans-
ferred to fresh PBS for storage at 4 °C until imaged.

Tissue samples were imaged using a 63X oil-immersion plan-
apochromat objective (NA = 1.4) on an LSM880 confocal microscope
(Carl Zeiss, Oberkochen. Germany). Image stacks were acquired at
1024 X 1024 pixels, 2X line averaged, with 0.22 um/pixel xy-resolu-
tion and 0.75 or 0.39 um z axis intervals. The same image acquisition
parameters were used for all samples. Three ROIs for both Neo/Neo
and +/+ samples were segmented with the same dimensions
(28.55 X 28.55 X 28.50 um, x X y X z) from each of n = 3 biological
replicates using FIJI. The top layer of cells from the articular surface
was excluded so that ROIs included only subsurface cellular geom-
etries to avoid surface irregularities and provide a consistent volume
for comparison.

To calculate cartilage cell volumes and matrix volume fraction, a
custom, automated ROI processing and segmentation algorithm de-
veloped in MATLAB to construct three-dimensional geometric mod-
els was used (18). In brief, the algorithm-processed image stacks
were enhanced using median filtering, histogram corrected to im-
prove cell to ECM contrast, followed by adaptive thresholding (Otsu’s
method), morphological filtering, Chan-Vese active contours, and
watershed distance transform to segment cells from the rest of the
volume. The resultant binary masks were used to calculate cell and
matrix volume fractions.

Finite Element Analysis—To analyze the effect of developing car-
tilage mechanical properties and geometry, simulated compression
was applied to three-dimensional ROIs using ANSYS version 19.0
(ANSYS, Inc., Canonsburg, PA) following (18). Contact between cells
and ECM geometries were bonded, and meshes for the finite element
analysis had between 170,076 and —248,604 nodes and 99,688-
146,073 elements with an average of 216,757 nodes and 127,610
elements per simulation. Cell and ECM compressive moduli were
derived from atomic force microscopy (AFM) measurements of viable
cartilage previously reported by (15). Poisson’s ratios of 0.4 and
0.45 were applied to cells and ECM, respectively (34, 35). Samples
were compressed 5% tangential to the articulating surface toward
the center of the cartilage. Equivalent von Mises stress and strain
were measured for ECM and chondrocytes that were at least 1 um
from the ROI boundary.

Experimental Design and Statistical Rationale— Cartilage LC-MS/MS
experiments were conducted on n = 3 biological replicates for three
genotypes (Neo/Neo, Neo/+, and +/+) and two timepoints (E16.5
and P3). Data were analyzed using SAS 9.4 (SAS Institute, Cary, NC)
to evaluate the effect of development (one-way ANOVA) and perlecan
knockdown (two-way ANOVA and post-hoc Tukey-adjusted simple
effects multiple comparison test) using log,-transformed LFQ inten-
sities (@« = 0.05). One-way ANOVA was used when missing data
prevented use of two-way ANOVA. Imputation, replacing missing
data points with substituted values, may identify differentially ex-
pressed proteins that are in low abundance, but will negatively affect
the statistical analysis of more highly abundant proteins (36). Two-
tailed Student’s t test was used when missing data prevented use of
one-way ANOVA. This method was employed to incorporate degrees
of freedom from all experimental groups when considering pairwise
comparisons of interest (+/+: E16.5 versus P3, E16.5: Neo/Neo
versus +/+, and P3: Neo/Neo versus +/+). Volcano plots were used
to visualize the overall change in ECM composition between two
specific data sets (e.g. E16.5 versus P3 for +/+; Neo/Neo versus +/+
for E16.5; supplemental Fig. S3), and a false discovery rate (FDR) of
1% was applied to control false positives for multiple tests (37) using
Prism 8.0.1 (GraphPad Software, La Jolla, CA).

Ex vivo explant LC-MS/MS experiments were conducted onn = 3
or 4 biological replicates for two genotypes (Neo/Neo and +/+) and
two experimental conditions (secretome and residual cartilage). Data
were analyzed in Prism to evaluate the effect of perlecan knockdown
(2-tailed Student’s t test) using log,-transformed values (o = 0.05).
Values were calculated by dividing the LFQ intensity by the summed
total intensity for each sample. Results were reported as an average
of at least two biological replicates (n = 3). Similarly, volcano plots
were used to visualize the change in ECM composition and Prism was
used to apply 1% FDR (supplemental Fig. S7).

RESULTS

The Distribution of Nidogen-2 and Type X Collagen were
Altered in a Murine Model of SJS—To determine how perlecan
knockdown influences the ECM composition of cartilage, we
analyzed the distal humerus of postnatal-day (P)3 mice, a period
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Fic. 1. Nidogen-2 and type X collagen expression are altered in perlecan-deficient mice. Immunofluorescent staining of P3 cartilage
from the distal humerus. A, Perlecan (green) staining in +/+ cartilage. The yellow dashed line indicates the dissection plane for biochemical
and LC-MS/MS experiments. S: articular surface, E: epiphysis, C: center, GP: growth plate. B, Perlecan (HSPG2; green) and nidogen-2 (NID2;
red) staining was decreased in Neo/Neo growth plates and epiphyses. C, There was an increase in type X collagen (COL10AT1; red) in the
growth plate and epiphysis of Neo/Neo mice compared with +/+ littermates, whereas there was no difference in actin organization as indicated
by phalloidin staining (green). Nuclei were stained with DAPI (blue). Scale bars: (A) 200 um, (B, C) 100 um. Images representative of n = 3

biological replicates.

that captures the formation of distinct pericellular and bulk (or
interstitial) matrices (15). We used the Hspg2©7932Y~Ne° murine
model in which perlecan secretion is reduced, leading to de-
fects consistent with clinical manifestations of human SJS such
as muscle stiffness and chondrodysplasia (8, 11). First, to visu-
alize how the organization of key ECM change, cryosections of
P3 distal humeri were immunostained for nidogen-2 (NID2), a
component of the PCM that binds with perlecan (5, 38), and
type X collagen (COL10A1), a protein synthesized by hyper-
trophic chondrocytes (39). The intensity of NID2 staining was
lower in P3 homozygous (Neo/Neo) Hspg2C'532Y~Nee mice
compared with wildtype (+/+) mice in the epiphysis of the distal
humerus (Figs. 1A, B, supplemental Fig. S1). Like previous
studies, NID2 was expressed within the pericellular regions of
the epiphysis of +/+ cartilage (Fig. 1B) (40). COL10A1 immu-
nolocalization was increased in both the growth plate and
epiphysis of Neo/Neo compared with +/+ littermates (Figs. 1C,
supplemental Fig. S1).

Perlecan Knockdown Affected GAG Deposition at the Ar-
ticular Surface of Cartilage—Combined with the observation
that perlecan knockdown dysregulated ECM proteins crucial
for proper cartilage development (Fig. 1) and previous reports
that GAG deposition was increased in the intervertebral discs
in Hspg2 exon-3 null mice (41), we investigated whether the
Hspg2©7932Y~Neo mytation altered GAG abundance in hyaline
cartilage. Cartilage was dissected from the distal humeri of
P3 +/+ and Neo/Neo mice, taking care to remove the growth
plate (Fig. 1A). A dimethylmethylene blue (DMB) colorimetric
assay, which quantifies sulfated GAG (sGAG) abundance,
indicated no significant difference as a function of genotype
(Fig. 2A). To confirm our biochemical results, we visualized the
spatial distribution of GAGs with safranin O counterstained
with hematoxylin. Surprisingly, the intensity of safranin O
staining at the articulating surface of the cartilage varied be-

tween genotypes. For Neo/Neo mice, safranin O distribution
was homogenous, decreasing only slightly near the articulat-
ing surface (Fig. 2B). In contrast, safranin O staining greatly
diminished at the articulating surface of +/+ cartilage and the
PCM surrounding individual chondrocytes was more pro-
nounced compared with Neo/Neo mice (arrowheads, Fig. 2B).
Although the DMB assay specifically measures sGAG abun-
dance, we hypothesized that the non-sulfated GAG hyalu-
ronic acid (HA) was responsible for the profile revealed by
safranin O, which stains all GAGs. Biotinylated-hyaluronic
binding protein (HABP) was used to visualize HA in the tissue
and revealed a difference in the distribution between Neo/Neo
and +/+ samples. Specifically, HA was ubiquitously found in
Neo/Neo cartilage whereas it was decreased at the articulat-
ing surface in +/+ animals (Fig. 2C). We also evaluated the
expression of type Il collagen (COL2A1), the major fibril form-
ing collagen in cartilage, revealing elevated levels in perlecan-
deficient mice (Fig. 2C). Overall, these histological data indi-
cate that different components of both the PCM and bulk
ECM were disrupted because of perlecan knockdown.
Matrisome Composition Was Disrupted in Perlecan-defi-
cient Cartilage—To determine how overall ECM protein, or
matrisome, composition was affected by perlecan knock-
down, we used LC-MS/MS to analyze the distal humeri of
embryonic-day (E)16.5 and P3 +/+, heterozygous (Neo/+),
Neo/Neo mice. E16.5 captures the developmental period prior
to PCM condensation (15). Samples from both forelimbs were
pooled and physically disrupted in a chaotropic buffer (4 m
GuHCI). Then proteins were extracted, digested into peptides
and analyzed by LC-MS/MS (supplemental Fig. S2). Between
59-74 matrisome components were identified in each sample
(Fig. 3A; supplemental Table S1). The raw intensities of pro-
teins within experimental groups were normalized using label-
free quantification (LFQ) in MaxQuant to enable comparison
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Fic. 2. Perlecan knockdown affects glycosaminoglycan spatial distribution in P3 articular cartilage. A, A colorimetric assay for sulfated
glycosaminoglycans (sGAG) indicated there was no significant difference in sGAG abundance between cartilage isolated from the humerus of
Neo/Neo and +/+ P3 mice. Significance was determined using a 2-tailed Student’s t test. Average of n = 3 biological replicates; error bars =+
S.D. B, Cartilage from the distal humerus of Neo/Neo and +/+ samples stained with safranin O (orange) and hematoxylin (purple) revealed
disrupted growth plates (asterisks) and pericellular regions (arrowheads), and an increase in GAG in the articulating surface (S) of Neo/Neo
samples. Scale bars: Overview: 400 um, Surface: 100 um. C, Staining for hyaluronic acid (HA) using hyaluronic acid binding protein (HABP;
green) indicated a difference in HA expression in the epiphysis of developing cartilage. Articular surface indicated by yellow dashed line. Type
Il collagen (COL2A1; red) in the distal humeral epiphysis was increased in Neo/Neo samples compared with +/+ littermates. Nuclei were

stained with DAPI (blue). Scale bar: 100 um. Images representative of n = 3 biological replicates.

of relative protein abundance as a function of development
and perlecan knockdown (42). To summarize LC-MS/MS re-
sults, proteins were grouped into tissue compartments (ma-
trisome, cytoskeletal, nuclear, membrane, and other proteins)
defined by classifications from the Matrisome and Gene On-
tology Projects following (21, 43, 44). We observed an in-
crease in the composition of matrisome and a decrease in
nuclear and other proteins between E16.5 and P3 independ-
ent of genotype. Although not significantly different, the rela-
tive abundance of matrisome was higher in perlecan-deficient
mice at P3 than that of +/+ littermates (p = 0.0868; Fig. 3B).
Importantly, HSPG2 knockdown was confirmed (Fig. 3C), pro-
viding confidence that changes in ECM content can be re-
solved using our experimental workflow. Volcano plots were
generated to facilitate visualization of the global distribution
of proteins either as a function of development or perlecan
knockdown (supplemental Fig. S3). Changes in protein abun-
dance were more pronounced as a function of development
between +/+ E16.5 and P3 timepoints than between Neo/
Neo and +/+ cartilage at E16.5 or P3.

To determine the abundance of specific proteins changed
as a function of both development and genotype, statistical
analyses were performed on individual proteins. Between
E16.5 and P3, there was a significant increase in the abun-
dance of 27 matrisome components in +/4+ samples, includ-
ing collagen types Il, VI (COLBA1, A2, & A3), IX (COL9A1, A2,
& A3), and XI (COL11A1 & A2), biglycan (BGN), cartilage
oligomeric matrix protein (COMP), chondroadherin (CHAD),
fibronectin (FN1), and matrilin-1 and —3 (MATN1 & 3) (Fig. 3D,
3E; supplemental Table S1). Significance was determined
using a 2-tailed Student’s t test to analyze individual proteins.
Additionally, type XVI collagen (COL16A1), EGF-like repeat

and discoidin I-like domain-containing protein 3 (EDIL3), os-
teomodulin (OMD), sushi repeat-containing proteins (SRPX,
SRPX2), and seven other matrisome components were uniquely
identified in P3 +/+ cartilage compared with E16.5 +/+ (Fig.
3F; supplemental Table S1). Gene Ontology (GO) analysis of all
proteins identified in P3 +/+ samples generated fifteen en-
riched biological process terms including biomineralization (GO:
0110148) and response to endogenous stimulus (GO:0009719,
supplemental Fig. S4A). Matrix proteins found only in E16.5 +/+
samples when compared with P3 +/+, were collagen triple
helix repeat-containing protein 1 (CTHRC1), cathepsin z
(CTS2), galectin-3 (LGALS3), and versican core protein (VCAN)
(Fig. 3F; supplemental Table S1). Chondroitin sulfate proteogly-
can 4 (CSPG4), lectin mannose-binding 1 (LMANT1), serpin H1
(SERPINH1), matrilin-4 (MATN4), and lysyl hydroxylase 3
(PLODB3) were significantly more abundant in E16.5 +/+ carti-
lage (Fig. 3D, 3E; supplemental Table S1). GO analysis of E16.5
+/+ proteins generated six enriched biological process terms
including collagen biosynthetic process (GO:0032964) and car-
tilage condensation (GO:0001502, supplemental Fig. S4A).
Perlecan knockdown affected the relative abundance of
matrisome components. Epiphycan (EPYC), lumican (LUM),
and NID2 were significantly higher in +/+ cartilage, consist-
ent with HSPG2 (Fig. 3D, 3E; supplemental Table S1). An-
nexin A6 (ANXAB), CSPG4, and nidogen-1 (NID1) also
trended similarly. Within E16.5 samples, only HSPG2 and
NID2 were significantly higher in +/+ compared with Neo/
Neo littermates. Trypsin 10 (TRY10) abundance was signif-
icantly higher in Neo/Neo than Neo/+ cartilage and not
present in E16.5 +/+ samples (supplemental Table S1).
Prolyl 3-hydroxylase 2 (LEPREL1) was the only matrisome
component uniquely identified in E16.5 Neo/Neo cartilage
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Fic. 3. Overview of the matrisome of developing murine cartilage. A, Protein identification counts and (B) relative abundance of
matrisome, cytoskeletal, nuclear, and membrane tissue compartments of the distal humerus as defined by the Matrisome and Gene Ontology
Projects (21, 43, 44). C, The relative abundance of perlecan (HSPG2) decreased in Neo/+ and Neo/Neo cartilage. One-way ANOVA with
post-hoc Tukey-adjusted comparison revealed a significant effect of genotype (* p < 0.05, ** p < 0.01) at E16.5. Error bars = S.D. B: protein
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(Fig. 3G). Proteoglycan metabolic process (GO:0006029),
regulation of cell adhesion (GO:0030155), and three other
biological process terms were enriched in E16.5 +/+ sam-
ples, whereas E16.5 Neo/Neo samples uniquely identified
response to endogenous stimulus (GO:0009719), response
to transforming growth factor beta (GO:0071559), and nine
additional terms (supplemental Fig. S4B).

In contrast to E16.5, perlecan deficiency led to more unique
protein identifications and significant differences in protein
abundance at P3. At P3, eleven ECM proteins were only
observed in +/+ cartilage, including asporin (ASPN), prolyl
3-hydroxylase 3 (LEPREL2), lysyl oxidase homolog 3 (LOXL3),
PLODS3, and collagenase 3 (MMP13) (Fig. 3H; supplemental
Table S1). P3 +/+ cartilage had significantly more EPYC (Fig.
3D, 3E; (supplemental Table S1). Interestingly, a group of
proteins was more abundant in P3 Neo/+ cartilage compared
with the other genotypes. Annexin A2 (ANXA2), COL6A1, and
LUM were significantly more abundant compared with Neo/
Neo samples, and type V collagen (COL5A1 & A2) was sig-
nificantly more abundant compared with +/+ samples (sup-
plemental Table S1). Collagen types | (COL1A1 & A2), llI
(COLBA1), and XIV (COL14A1), periostin (POSTN), and tenas-
cin-C (TNC), as well as five other proteins, were also highest
in P3 Neo/+ cartilage. Because type | collagen is not typically
described as being prevalent in hyaline cartilage, we immu-
nostained for type | collagen and found strong expression on
the articulating surface and positive staining within the epiph-
ysis supplemental Fig. S5), consistent with a previous study
that reported type | collagen synthesis in developing avian
cartilage (45).

Interestingly, many matrisome components were more abun-
dant in the perlecan-deficient cartilage compared with +/+
litermates. P3 Neo/Neo cartilage had significantly more
COL9A1 & A2, COL11A1 & A2, COMP, fibromodulin (FMOD),
FN1, LMAN1, MATNS, lysyl hydroxylase 2 (PLOD2), and throm-
bospondin-1 (THBS1). COL2A1, COL10A1, fibulin-7 (FBLN7),
procollagen C-endopeptidase enhancer 1 (PCOLCE), and thir-
teen additional proteins were also more abundant in Neo/Neo
cartilage (Fig. 3D, 3E; supplemental Table S1). GO analysis
indicated collagen biosynthetic process (GO:0032964) was an
enriched term in P3 Neo/Neo samples, whereas regulation of
cell adhesion (GO:0030155) and replacement ossification (GO:
0036075) were enriched in P3 +/+ samples (supplemental Fig.
S4C).

Hydroxyproline and Hydroxylysine Modifications Were Not
Affected by Perlecan Knockdown—LC-MS/MS analysis indi-
cated that the abundance of collagen and other matrisome
components increased in P3 perlecan-deficient mice; how-
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Fic. 4. Post-translational hydroxylation of collagens is not af-
fected by perlecan knockdown. A, LFQ intensity of collagen pep-
tides increased as a function of age and knockdown at P3. B, Hy-
droxyproline (Hyp) abundance measured using a colorimetric assay
was consistent with LC-MS/MS results and revealed a significant
increase in Hyp with perlecan knockdown at P3. C, Perlecan knock-
down did not affect the percentage of prolines hydroxylated. Percent-
age calculated from LFQ intensity. D, The relative abundance of Hyp
derived from LFQ intensity of all modified peptides significantly in-
creased in perlecan-deficient P3 mice. E, Perlecan knockdown did
not affect the percentage of lysines hydroxylated. F, Similar to Hyp,
the relative abundance of hydroxylysine (Hyl) significantly increased
with perlecan knockdown at P3. (A-F) The effect of age was signifi-
cant for all comparisons (p < 0.0001). Significance determined by
two-way ANOVA and Tukey-adjusted simple effects comparison (p =
0.05, * p < 0.05, * p < 0.01). Results are the average of n = 3
biological replicates. Error bars + S.D.

ever, this may be because of differences in the solubility of
ECM in GuHCI as a function of genotype (Figs. 3, 4A). To
validate our observation, we used a colorimetric assay to
quantify hydroxyproline (Hyp) as a separate way to measure
relative collagen abundance (46). Like the LC-MS/MS results,
there was a significant increase in Hyp abundance with both
age and perlecan knockdown (Fig. 4B).

In addition to collagen abundance, we considered the effect
of perlecan knockdown on collagen fibril stability. Proline and

not identified. (D, E) Heat maps comparing cross-sample z-scores (D) and relative protein abundance (E) for the 83 matrisome proteins found
in this study. Heat map for z-scores was sorted using biased clustering. White space indicates that protein was not identified. A protein was
included if observed in at least 2 of n = 3 biological replicates. F-H, Venn diagrams indicating the number of matrisome identified as a function
of development (F) and as a function of perlecan knockdown at E16.5 (G) and P3 (H). Protein specific results, MaxQuant parameters, and

analysis available in supplemental Table S1.
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lysine hydroxylation affect triple helix stability and fibril cross-
linking, respectively (47, 48). Our LC-MS/MS results indicated
prolyl hydroxylases, the enzymes that hydroxylate prolines in
the endoplasmic reticulum, were dysregulated; at P3, LEP-
REL2 was only identified in +/+ samples, whereas P4HA2
abundance increased with perlecan knockdown (Fig. 3D, 3E;
(supplemental Table S1). Furthermore, PLODs, which hydrox-
ylate lysine in the endoplasmic reticulum, were also differen-
tially regulated by perlecan knockdown. PLOD2 abundance
significantly increased whereas PLOD1 decreased, and
PLOD3 was not identified in P3 perlecan-deficient mice (Fig.
3D, 3E; (supplemental Table S1).

To investigate the degree of proline and lysine hydroxyla-
tion, we included Hyp and hydroxylysine (Hyl) as variable
modifications when the LC-MS/MS spectra were analyzed
using MaxQuant. The percent of prolines hydroxylated was
unchanged with perlecan knockdown (Fig. 4C), and the rela-
tive abundance of peptides with Hyp modifications mimicked
the collagen trends (Fig. 4A, 4D). Similarly, perlecan knock-
down did not significantly affect the level of lysine hydroxyla-
tion (Fig. 4E). The relative abundance of proteins with Hyl
modifications had a trend analogous to total collagen and
Hyp, increasing from E16.5 to P3, as well as with knockdown
at P3 (Fig. 4A, 4D, 4F).

Perlecan Knockdown Did Not Affect Collagen Fibril Diam-
eter or Area Fraction in Developing Cartilage—The addition of
perlecan to in vitro culture increased the diameter of type |
and type Il collagen fibrils (49); therefore, we hypothesized
that the increase in collagen abundance observed in P3 Neo/
Neo mice was because of an increase in density of smaller
diameter fibrils. TEM of distal humeral cartilage revealed dark
fibrils with the periodic banding structure of the fibril-forming
collagens (supplemental Fig. S6), which were randomly dis-
tributed in Neo/Neo and +/+ cartilage (Fig. 5A, B). These
fibrils were presumed to be made up of primarily type Il
collagen and accessory molecules known to mediate fibril
diameter (e.g. collagens IX and XI) (50). Fibrils in the center of
the epiphysis appeared to be less organized than at the
surface of the cartilage but were similar between Neo/Neo
and +/+ littermates (Fig. 5C-5F). There was no significant
difference in fibril area fraction between genotypes or carti-
lage regions (Fig. 5G). Although the average diameter of fibrils
in the center of the epiphysis was smaller than of those near
the articulating surface for +/+ cartilage, it was not signifi-
cantly smaller in perlecan-deficient mice (Fig. 5H).

Perlecan Knockdown Leads to Increased Protein Secretion
Ex Vivo—Unable to visualize a major difference in bulk matrix
ultrastructure, we hypothesized that the excess matrisome
observed in P3 Neo/Neo cartilage was secreted into the in-
terstitial space but not integrated into the overall ECM net-
work. To quantify protein secretion, we incubated freshly
harvested P3 distal humeri ex vivo for 4 days and collected
and replaced the media every 2 days, an incubation period
known to maintain chondrocyte viability (51, 52). Notably,
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Fic. 5. Perlecan knockdown does not substantially affect
epiphyseal fiber architecture. Representative TEM images of P3
cartilage from Neo/Neo mice (A, C, E) and +/+ littermates (B, D, F) at
30,000X (A, B) and 120,000% (C, D, E, F). Regions were selected near
the articulating surface (Surface, A-D) or within the center of the
epiphysis (Center, E, F) of the distal humerus. Scale bars: 750 nm and
200 nm, for (A, B) and (C, D, E, F), respectively. (G) Perlecan knock-
down did not affect fibril area fraction within the interstitial matrix.
Results were averaged over three different images for n = 4 biological
replicates. (H) Similarly, perlecan knockdown did not significantly
affect fibril diameter; however, interstitial matrix within the center of
the epiphysis had significantly smaller fibril diameters than near the
surface (p = 0.0066). Significance determined by two-way ANOVA
and post-hoc Tukey-adjusted comparison (* p < 0.05, ** p < 0.01).
Results averaged over = 27 randomly chosen, transversely oriented
fibrils for n = 4 biological replicates. Error bars = S.D.
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Fic. 6. Perlecan knockdown affects cartilage secretome. A, Significantly more protein was secreted by P3 Neo/Neo cartilage explants
as determined by normalizing the amount of protein in the supernatant by that in the explant. Results are reported as an average of n = 3 or
4 biological replicates. Significance was determined using a 2-tailed Student’s t test (** p < 0.01). Error bars = S.D. B, There were no significant
differences in the compartments of proteins secreted by either genotype. C, Venn diagram of matrisome identified in Neo/Neo and +/+
secretomes. Protein specific results, MaxQuant parameters, and analysis available in supplemental Table S2.

cartilage is suitable for ex vivo incubation studies because of
its relatively avascular and aneural composition (53). During
the incubation period, significantly more protein was secreted
by Neo/Neo compared with +/+ cartilage explants (p =
0.00383; Fig. 6A). All proteins identified in the supernatant are
referred to as the “secretome.”

There were no significant differences in the relative abun-
dance of different tissue compartments between genotypes
(p > 0.9999; Fig. 6B). Volcano plots were generated to visu-
alize dysregulated proteins as a function perlecan knockdown
(supplemental Fig. S7). Of the 109 matrisome components
found, five were uniquely identified in Neo/Neo samples, in-
cluding COL10A1 (Fig. 6C; supplemental Table S2). Con-
versely, type XVIII collagen (COL18A1), cathepsin B (CTSB),
cathepsin L1 (CTSL), matrilin-2 (MATN2), matrix metallopro-
teinase-3 (MMP3), and four additional proteins were unique
to +/+ samples (Fig. 6C; supplemental Table S2). HSPG2,
BGN, collagen type XV (COL15A1), MATN1, and lactadherin
(MFGEB8) were significantly less abundant in the secretome
of Neo/Neo mice as determined using a 2-tailed Student’s t
test on individual proteins, whereas COL2A1 and NID2 were
significantly more abundant in Neo/Neo mice (supplemental
Fig. S7; supplemental Table S2). Interestingly, alpha-2-mac-
roglobulin-P (A2MP), a proteinase inhibitor (54), was also
increased in perlecan-deficient mice. COL11A1, LOXL3,
MATN4, NID1, metalloproteinase inhibitor 1 (TIMP1), and
TNC were also less abundant in the Neo/Neo secretome
(supplemental Fig. S7; supplemental Table S2).

Chondrocyte Volume Increases in Perlecan-deficient Carti-
lage—Increased protein secretion in Neo/Neo explants may
account for the abundant matrisome observed in cartilage
LC-MS/MS results; however, the difference in matrisome
composition may also be explained by an increased ECM to
cell volume fraction in perlecan-deficient cartilage. To accu-
rately measure how perlecan knockdown affected chondro-
cyte size and matrix volume fraction, we generated three-
dimensional geometries based on the native physiology.
Decellularized humeri from P3 Neo/Neo and +/+ mice were
stained with wheat germ agglutinin (WGA), which labels a

subset of proteoglycans in the remaining ECM. Confocal im-
ages acquired near the articulating surface of the distal hu-
merus were processed in MATLAB to generate cellular and
ECM geometries following (18) (Fig. 7A, 7B). The average
volume of individual cells in perlecan-deficient cartilage was
significantly higher than in +/+ littermates (Vyeo/neo = 326.02
um?® + 27.53,V,,, = 183.16 um® = 82.56, average = S.D.,
p = 0.0467, Fig. 7C). Nevertheless, cellular volume fraction (¢)
calculated from the geometries trended toward less ECM in
the Neo/Neo samples, but were not significantly different
between Neo/Neo and +/+ samples (dneomeo = 18.65% =
0.75%, ¢,.,, = 16.46% = 1.30%, average = S.D., p =
0.0642, Fig. 7D).

We previously demonstrated that age-related changes in
cell-ECM geometry affected the strain experienced by the
ECM when cartilage was modeled in silico (18). To test if
changes in chondrocyte volume because of perlecan knock-
down affected the distribution of strain, we combined the
physiologically relevant geometries generated from confocal
imaging with experimentally determined compressive moduli
we previously measured using AFM (supplemental Table S3)
(15). The geometries were deformed by 5% unconfined com-
pression using ANSYS (Fig. 7E), which is within the expected
physiological range of 1-10% (55, 56). Simulations were run
where the geometry and material properties matched the
genotype, and then were mismatched, to see how both af-
fected the resultant strain. ECM strain in Neo/Neo cartilage
was significantly decreased compared with +/+ samples
(Fig. 7F). Interestingly, chondrocytes experienced similar
strains in response to applied compression even though the
compressive moduli and individual cell volumes were signifi-
cantly different as a function of perlecan knockdown (Fig. 7G).

DISCUSSION

The limited understanding regarding how cartilage forms
during development hinders the design of early intervention
methods to treat or prevent damaged cartilage. Additionally,
the development of therapies for SJS and other cartilage
diseases are inhibited by a lack of understanding of how
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Fic. 7. Individual chondrocyte volume significantly increased because of perlecan knockdown. Representative cellular geometries from

P3 Neo/Neo (A) and +/+ (B) humeri. Origin indicates the 3-4 cell layers within the articulating surface (x = 0). Cells within 1 um of the boundary
were not used for volume or strain calculations because of incomplete geometries and boundary edge effects. C, The volume of individual
chondrocytes from Neo/Neo mice were 78.0% larger than those from +/+ littermates. D, The volume fraction occupied by cells was not
significantly different as a function of genotype. E, Finite element models based on the geometries were compressed 5% in the x-direction
using ANSYS and revealed a slight, but significant decrease in ECM strain with the perlecan knockdown (F) whereas there was no difference
in the strain experienced by the chondrocytes (G). ECM strain was (from left to right) 0.0504 + 0.0001, 0.0512 = 0.0008, 0.0500 *+ 0.0002,
0.0508 =+ 0.0007 (F). Core cell strain was (from left to right) 0.0937 = 0.0052, 0.0946 + 0.0041, 0.0917 *+ 0.0050, 0.0927 = 0.0040 (G) (Mean =
S.D.). Three different areas from the articular surface were imaged and results were averaged over n = 3 biological replicates. Significance was

determined using a 2-tailed Student’s t test (C, D) or two-way ANOVA (F, G) (* p < 0.05). Error bars = S.D.

perlecan deficiency affects the functionality of cartilage and
leads to osteoarthritis. Although perlecan has been impli-
cated in chondrogenic differentiation (3), cell-matrix mecha-
notransduction (2, 4), and chondrocyte mechanical protec-
tion (1), the effect of perlecan deficiency on the overall
organization and composition of the matrisome of develop-
ing cartilage has not been explored. Resolving these effects
will provide more insight into the role of perlecan on healthy
cartilage development, as well as the progression of SJS
and other chondrodysplasias.

Murine Cartilage Matrisome Significantly Changes During
Development—Proteomic analysis of developing cartilage re-
vealed significant changes in protein expression during ECM
remodeling within the epiphyses of E16.5 and P3 +/+ mice
(Fig. 3, supplemental Table S1). Consistent with previous
findings, matrisome components identified in E16.5 and P3
cartilage were categorized primarily as collagen-containing
extracellular matrix (GO:0062023) (57). Of the 78 matrisome
identified in +/+ samples, 48 were differentially expressed or
uniquely identified between timepoints. ECM identified at
E16.5 reflected components known to be found during

early matrix biosynthesis and organization (e.g. LGALS3 and
SERPINH1) (58, 59). These observations are supported by the
enrichment of the GO biological process terms collagen bio-
synthetic process (GO:0032964) and cartilage condensation
(GO:0001502, supplemental Fig. S4A). In contrast, the P3
matrisome was enriched in proteins related to ECM matura-
tion and collagen fibril accessory proteins including COL9A3,
COL11A1 & 2, and decorin (DCN) (60, 61). Chondrocyte dif-
ferentiation markers, COMP and CHAD, also emerged at P3,
which correlate with chondrocyte maturation and progression
toward ossification (62, 63). In addition to enrichment of
biomineralization (GO:0110148) and response to endogenous
stimulus (GO:0009719) biological process terms, more pro-
teins that are included in the shared terms (e.g. collagen fibril
organization GO:0030199, extracellular matrix organization
G0:0030198) are up-regulated or unique to P3 +/+ com-
pared with E16.5 +/+ samples (supplemental Fig. S4A).
Perlecan Knockdown Decreases Abundance of PCM Pro-
teins— Comparison of matrisome expression between carti-
lage from perlecan-deficient and healthy littermates revealed
many differences in ECM composition. We observed reduced
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NID2 immunofluorescence in the PCM and smaller pericellular
regions stained with safranin O in perlecan-deficient P3 car-
tilage (Figs. 1B, 2B). Furthermore, LC-MS/MS indicated NID2,
NID1, and COL15A1 were less abundant because of perlecan
knockdown (Fig. 3D, 3E). These proteins are binding partners
of perlecan, share similar protein domains, and colocalize in
the PCM (5, 38). Analysis of the secretome of cartilage ex-
plants revealed decreased secretion of NID1 and COL15A1
with the knockdown, whereas NID2 was increased (supple-
mental Table S2). The absence of perlecan as a binding
partner, combined with the known compensatory expression
of nidogens (64, 65), may explain the excess NID2 secreted by
Neo/Neo cartilage in vitro. We postulate that perlecan knock-
down leads to the reduction of NID1 synthesis, resulting in an
increase in NID2 synthesis. Because there is minimal perlecan
in Neo/Neo cartilage, NID2 was not strongly bound to the
PCM and released into the media. NID1, NID2, and COL15A1
were also significantly less abundant in the proteome of the
residual cartilage after ex vivo incubation (supplemental Table
S2), indicating that NID2 is not able to incorporate into the
PCM. Notably, regulation of cell adhesion (GO:0030155) and
proteoglycan metabolic process (GO:0006029) biological
process terms were enriched in +/+ samples (supplemental
Fig. S4). These results support previous observations that
perlecan knockdown disrupted PCM formation during carti-
lage development (8). PCM composition and mechanics have
been reported to play critical roles in protecting chondrocytes
from mechanical loading (1, 2), and disruption may lead to
changes in bulk matrix composition and integrity, contributing
to the disease progression observed in SJS patients.
Perlecan Regulates Endochondral Ossification During
Cartilage Development—COL10A1 immunostaining was in-
creased in Neo/Neo epiphyses (Fig. 1C). Previous reports that
investigated perlecan null mice indicated no change in type X
collagen expression in E15.5 and E18.5 cartilage (10, 20),
whereas we found little difference in abundance at E16.5.
Innate differences in between the perlecan-deficient and null
models may account for this inconsistency, as well as our
observation that there was no significant change in the matrix
ultrastructure of perlecan-deficient mice, whereas the colla-
gen network was disrupted in perlecan null mice (10). Our
LC-MS/MS results also revealed that COL10A1 and OMD
were increased in abundance in perlecan-deficient cartilage
by P3 (Fig. 3D, 3E). Hypertrophic chondrocytes express
COL10A1 during endochondral ossification (19), and OMD is
known to suppress cartilage matrix formation prior to ossifi-
cation (66). In addition, chondrocyte volume increased be-
cause of perlecan knockdown (Fig. 7C), and COL10A1 was
only secreted by Neo/Neo samples (supplemental Table S2).
Conversely, the secretome of +/+ cartilage uniquely con-
tained matrix gla protein (MGP, supplemental Table S2)
known to inhibit cartilage ossification (67). The differences in
these markers supports the observation that ectopic ossifica-
tion occurs in Neo/Neo cartilage (22) and likely leads to the

premature growth plate closure and shortened long bones
observed in SJS patients (6). Alternatively, enrichment for
response to endogenous stimulus (GO:0009719) and re-
sponse to transforming growth factor beta (GO:0071559)
terms in E15.6 Neo/Neo and P3 +/+ samples suggests that
ossification and chondrocyte hypertrophy is beginning earlier
in perlecan-deficient cartilage (supplemental Fig. S4).

Matrisome Compensation in Perlecan-deficient Cartilage—
Although we hypothesized that perlecan knockdown would
decrease the abundance of PCM proteins, we did not expect
to find an increase in bulk matrisome components (e.g.
COL2A1, COMP, and FN1) (Fig. 3D, 3E). Protein solubility is a
major factor that influences the proteomic analysis of ECM-
rich tissues and some enzymes associated with collagen
crosslinking were dysregulated because of perlecan knock-
down (e.g. PLOD1, 2, & 3, LEPREL2; Fig. 3D, 3E). However,
the greater matrisome abundance did not appear to be
caused by an increase in extractability. Overall Hyp abun-
dance, measured using an assay with stronger extraction
conditions than for LC-MS/MS, was also increased in perle-
can knockdown cartilage, indicating the increase in bulk
matrix in Neo/Neo mice was not an artifact of differences in
solubility (Fig. 4A). Hyp and Hyl modification levels, indica-
tive of collagen triple helix stability and fibril crosslinking,
were not affected by perlecan knockdown (Fig. 5C, 5E).
Additionally, immunofluorescent staining revealed an in-
crease in type Il collagen in Neo/Neo cartilage, consistent
with the proteome and secretome results (Figs. 2C, 3D, 3E;
supplemental Table S1).

It is counterintuitive that perlecan deficiency will lead to an
increase in type Il collagen and other bulk matrisome abun-
dance, although elevated mRNA levels of COL2A1, MATNS3,
and COMP were previously reported in perlecan-null em-
bryos (10). Interestingly, collagen biosynthetic process (GO:
0032964) is enriched in P3 Neo/Neo samples (supplemental
Fig. S4C). Additionally, the proteins up-regulated in Neo/Neo
samples that intersect the top five shared P3 terms are bulk
matrix proteins (e.g. COL11A1, MATNS3, and COMP). The
spatio-temporal localization of perlecan during healthy devel-
opment may provide an explanation for the increased matri-
some abundance that emerges with perlecan knockdown.
Perlecan is ubiquitously expressed in the cartilage template at
E16.5 in WT mice (15). Although there were few differences in
the overall matrisome at E16.5, the effects of perlecan defi-
ciency may take time to manifest within the tissue. By P3,
perlecan is restricted to the PCM in healthy cartilage, and
functional perlecan is not available in the P3 Neo/Neo carti-
lage to orchestrate the assembly of the bulk matrix. If the
chondrocytes sense incorrect matrix assembly, because of
the absence of a PCM that is thought to protect from me-
chanical loading and mediate growth factor signaling (2, 4),
bulk matrix synthesis may be increased to counteract the
absence of the PCM. However, the developing ECM network
in perlecan-deficient cartilage is unable to incorporate the
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excess proteins for reasons that currently remain unclear.
Interestingly, models that knockout other components of the
PCM do not report overproduction of bulk ECM. Type VI
collagen-null mice showed no change in perlecan expression
in adult articular cartilage (68) and type XXVII collagen-null
mice reported no change in type Il or X collagen expression in
E14.5 epiphyseal cartilage and the growth plate (69).

Excess Matrix Is Not Incorporated Into the ECM Network of
Perlecan Knockdown Cartilage—Collagen fibril assembly in
vitro is accelerated in the presence of chondroitin sulfate en-
riched perlecan fragments (49), indicating perlecan deficiency
would lead to disrupted matrix ultrastructure. In addition, when
perlecan was knocked out in vivo, collagen fibrils in the growth
plate appeared shorter (10); however, we observed no differ-
ence in collagen fibril area fraction and fibril diameter between
the epiphyses of P3 Neo/Neo and +/+ littermates (Fig. 5).
These discrepancies may be attributed differences in model
systems and locations within developing cartilage. Additionally,
cellular and matrix geometries generated from WGA-stained
decellularized cartilage revealed no significant difference in vol-
ume fraction as a function of perlecan knockdown (Fig. 7D).

Because neither ultrastructure nor matrix volume fraction
could account for the increased matrisome abundance in
Neo/Neo cartilage, we then tested if the excess ECM was not
incorporating into the developing network. Incubation of ex-
plants in vitro confirmed that more protein was released from
perlecan-deficient cartilage, which may explain why there was
no significant difference in the fibril diameter or area fraction
(Figs. 5, 6A). Alternatively, degradation may be affected, leav-
ing excess matrisome to be secreted but not broken down.
Proteomic analysis of secreted proteins revealed that CTSB,
CTSL, and MMP3 were exclusively identified in the +/+ secre-
tome. Heparan sulfate GAGs bound to perlecan are known to
sequester cathepsins and provide the acidic environment nec-
essary to maintain endopeptidase activity (70). These collagen
degradation enzymes may fine-tune ECM assembly in +/+
cartilage (71, 72), and reduced enzyme abundance and activity
could explain the increase in matrix proteins in Neo/Neo carti-
lage (Fig. 3D, 3E). In addition, the proteinase inhibitor A2MP was
significantly more abundant in Neo/Neo secretome (54) (sup-
plemental Table S2) and the GO biological process term re-
placement ossification (GO:0036075) was only attributed to
P3 +/+ (supplemental Fig. S4C), providing further evidence that
matrisome turnover is affected by perlecan knockdown.

Although there was no significant difference in the level of
post-translational collagen hydroxylation (Fig. 4), crosslink-
ing may be affected by perlecan knockdown. Specifically,
lysyl oxidase-like proteins (LOXL2 & 3) were less abundant
in the perlecan-deficient secretome (supplemental Table
S2), whereas LOXL3 was uniquely identified in P3 +/+
cartilage (supplemental Table S1). Decreased LOXL3, com-
bined with an increase in COL2A1 secretion (supplemental
Table S2), indicates that type Il collagen trimers secreted by

chondrocytes were not stably incorporated into the bulk
matrix of perlecan-deficient cartilage.

Haploinsufficiency of Perlecan Alters Developing Cartilage
Matrisome — Interestingly, some ECM proteins were elevated
in Neo/+ but not Neo/Neo mice. These proteins included
COL1A1 & A2, COL3A1, COL5A1 & A2, TNC, and POSTN.
The abundance of these collagens is known to increase early
in bone fracture callus formation (73, 74), and TNC and
POSTN are associated with the fibrotic response to injury (75,
76). Perlecan haploinsufficiency may be interpreted as dam-
aged tissue by chondrocytes, leading to a pseudo-fibrotic
response. However, the lack of a further increase of these
ECM proteins in Neo/Neo mice suggests that the effect of
perlecan is not linearly correlated with the overall concentra-
tion. Further work is necessary to confirm that a mild decrease
in perlecan abundance evokes a fibrotic response in cartilage.

Perlecan Supports Articular Cartilage Mechanics by Regu-
lating GAG Deposition— It was previously shown that perlecan
knockdown leads to decreased GAG abundance in the
developing growth plate of long bones (8, 10, 20, 22). In
contrast, a recent report showed that GAG deposition was
increased in the vertebral growth plates of heparan sulfate-
deficient, Hspg2 exon 3-null mice resulting in accelerated
chondrocyte hypertrophy and abnormal bone formation (41).
Our study of the developing epiphysis also revealed an in-
crease in GAGs with perlecan knockdown. Although a bio-
chemical assay for sGAGs indicated no significant difference
between genotypes, safranin O staining showed an overall
increase in GAG deposition near the articulating surface of P3
perlecan-deficient mice, which may be attributed to differen-
tial expression of HA (Fig. 2). AFM studies of the bulk matrix in
hyaluronidase-treated bovine cartilage (77) and heparinase-
treated porcine cartilage (1) showed an increase in compres-
sive modulus when GAG networks were broken down. In-
terestingly, we previously demonstrated that there was a
decrease in compressive moduli of bulk matrix and chondro-
cytes at the articulating surface of Hspg2€'532Y~Nee mjce
compared with wildtype littermates (15). Together, the AFM,
safranin O, and HABP results indicate that perlecan influences
GAG deposition in developing articular cartilage, ultimately
decreasing the compressive modulus of the bulk matrix.

In addition to altered mechanical properties, we observed
an increase in cell size near the articulating surface (Fig. 7A,
7B). The chondrocytes in Neo/Neo cartilage may be generally
larger than those of +/+ littermates, but increased size is also
indicative of hypertrophy. Indeed, perlecan-deficient adult
mice have a reduced amount of articular cartilage (8). The
expansion of the hypertrophic zone, combined with the de-
creased compressive modulus near the articulating surface of
Neo/Neo samples could impact the ability of cartilage to
withstand cyclic loading and lead to the early damage and
onset of osteoarthritis observed in perlecan-deficient mice
and SJS patients (6, 8).
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Perlecan Knockdown Affects Chondrocyte Geometry and
Mechanics—Although chondrocyte volume was significantly
larger in Neo/Neo cartilage (Fig. 7C), the similarity in cellular
volume fraction compared with +/+ tissue indicated that the
increase in matrisome was not because of changes in cell-
matrix volumetric distributions. Interestingly, the volume
fractions for the P3 +/+ cartilage were the same as in our
previous study that used a different strain of mice (18),
demonstrating the repeatability of this method for generat-
ing physiologically relevant geometries.

In addition to measuring cell volume, the three-dimensional
geometries enabled us to simulate compressive loading and
examine the biomechanical response of perlecan-deficient
and healthy ECM and chondrocytes. The changes in geome-
try primarily contributed to the decreased strain experienced
by the ECM (p = 0.0412), and not the change in material
properties (p = 0.2801) as determined by two-way ANOVA
(Fig. 7G). Notably, cellular strain was not different between
Neo/Neo and +/+ tissues, and neither geometry (p = 0.7146)
nor material properties (p = 0.4902) significantly contributed
(Fig. 7F). This may indicate the chondrocytes are adapting to
the lack of perlecan by reorganizing the ECM to maintain
constant average strain within the cells. Cellular strain was
amplified ~1.84-fold compared with ECM strain, like previous
reports (18, 78-80). Overall, these results suggest that chon-
drocytes increase their size and adjust their metabolism in the
absence of perlecan to maintain constant strain.

In summary, we report the how the proteomic composition
of developing murine cartilage significantly changes as a
function of development and perlecan knockdown. Our anal-
ysis provides additional support that perlecan plays important
roles in the formation of a functional PCM, restriction of GAGs
from articular cartilage, and inhibition of endochondral ossifi-
cation. Furthermore, the increase in GAGs may explain why
we previously observed that the compressive modulus of
articular cartilage decreases in perlecan-deficient mice (15).
These results suggest that chondrocytes are compensating
for the lack of perlecan by secreting excess ECM to counter-
act decreased matrix integrity; however, it is not able to
incorporate into the network. SJS disease progression and
the events that lead to the osteoarthritic phenotype are be-
coming more evident, but the underlying mechanisms by
which perlecan delays hypertrophy in articular cartilage re-
mains unclear. Future studies that directly quantify matrix
crosslinking, such as biochemical assays or reverse-phase
high-performance liquid-chromatography, may better eluci-
date the effect of perlecan knockdown on fibrillar matrix in-
tegrity and ultimately the functionality of cartilage.
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type XV collagen; A2MP, alpha-2-macroglobulin-P.
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