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Abstract

Objective—With no effective therapies to attenuate cartilage degeneration in osteoarthritis, the
result is pain and disability. Activation of Hedgehog signaling causes osteoarthritic changes, with
higher levels of Gli-mediated transcriptional activation associated with increased severity. To
elucidate the mechanism through which this occurs, we identified genes regulated by Hedgehog
signaling in human osteoarthritic chondrocytes.

Methods—Microarray analyses were performed to detect changes in gene expression when the
Hh pathway was modulated in human osteoarthritic cartilage samples. Results were analyzed for
differentially expressed genes, grouped into functional networks, and validated in independent
samples. From this, cholesterol homeostatic genes were found to be modulated by Hh signaling.
To investigate the effects of chondrocyte-specific sterol accumulation, we generated mice lacking
Insigl and Insig2, major negative regulators of cholesterol homeostasis, under Col2al regulatory
elements.

Results—We show that Hedgehog signaling regulates genes that govern cholesterol homeostasis,
and this alters cholesterol accumulation in chondrocytes; a higher level of Gli-mediated
transcription results in accumulation of intracellular cholesterol. In genetically modified mice,
chondrocyte-specific cholesterol accumulation causes an osteoarthritis phenotype. Reducing
cholesterol accumulation attenuates the severity of osteoarthritis in mice in vivo and decreases
expression of proteases in human cartilage in vitro.
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Conclusion—Hedgehog signaling regulates cholesterol homeostasis in chondrocytes, and
intracellular cholesterol accumulation contributes to osteoarthritis severity. Our findings have

therapeutic implications since reduction of Hedgehog signaling reversed cholesterol accumulation

and statin treatment attenuated cartilage degeneration.
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Osteoarthritis is characterized by changes to the articular joint, including progressive
degeneration of the articular cartilage. The pathogenesis of osteoarthritis is complex because
it can result from multiple etiologies involving mechanical, genetic, traumatic, and
metabolic factorsl:2. Regardless of the cause, the changes that occur to the articular
chondrocytes during osteoarthritis, such as chondrocyte hypertrophy, recapitulate some of
the changes that occur in growth plate chondrocytes during elongation of the long bones3:4.
Hedgehog (Hh) signaling is among the pathways that regulate chondrocyte differentiation in
the growth plate of the long bones, including the change towards chondrocyte
hypertrophy®®. In vertebrates, Hh signaling is mediated by Gli transcription factors, with
Gli2 acting as a transcriptional activator of the Hh target genes Gli1, Ptchi, and Hhip’.
Previous studies demonstrate that genetically modified mice with higher levels of Gli-
mediated transcription in chondrocytes develop more severe osteoarthritis, and that
inhibition of Gli-mediated transcription reduces severity, but the mechanism through which
this occurs remains unclear®®.

To elucidate the role of Hh signaling in osteoarthritis severity, we identified targets of Gli-
mediated transcription in human osteoarthritic cartilage. Using an unsupervised approach to
analyze microarray results, we identified several pathways which potentially mediate the
effect of Hh signaling in osteoarthritis pathogenesis. Among these, genes that are involved
in cholesterol homeostasis were significantly represented, including the major negative
regulator INSIG1, and the transcriptional regulator SREBF2. Because cholesterol is vital for
cellular processes and has been previously implicated in osteoarthritis®-12, we focused on
exploring the role of Hh signaling in regulating intracellular cholesterol biosynthesis in
chondrocytes. We demonstrate that Hh signaling positively regulates cholesterol
accumulation in chondrocytes, and that modulation of intracellular cholesterol level alters
the severity of osteoarthritis.

Materials and Methods

Human osteoarthritic cartilage

Human cartilage samples were obtained from patients undergoing total knee replacement
surgery for clinically diagnosed osteoarthritis. Articular cartilage was dissected from the
subchondral bone of the lateral femoral condyle and incubated with pharmacologic Hh
antagonist [10 uM N-[(3S,5S)-1-(2H-benzo[3,4-d]1,3-dioxolan-5-ylmethyl)-5-
(piperazinylcarbonyl)pyrrolidin-3-yI]-N-(3-methoxyphenyl)methyl]-3,3-
dimethylbutanamide (C31H42N405)], Hh ligand (5 pg/ml Shh-N, R&D Systems), 10 uM
lovastatin hydroxy acid (Cayman Chemical Company), 10 uM purmorphamine (Sigma-
Aldrich), or carrier for 48h. Explant processing and subsequent RNA extraction were
conducted as previously described!3. Because each patient sample was divided and used as
its own control, extraneous variables were held constant and no additional patient history
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was required. All samples were obtained with informed consent under the approval of the
Mount Sinai Hospital Research Ethnics Board (ON, Canada).

Gene expression analyses

Microarray was performed using the Affymetrix Human Gene 1.0 ST platform with human
osteoarthritic articular cartilage samples. The three samples included two male and one
female patient, with a mean age of 62.3 years. RNA was extracted from cartilage treated in
vitro with 10 uM C31H42N4O5 (Hh antagonist) or control, using a method previously
described!3. Data can be accessed through the GEO database (GSE54749). Results were
analyzed independently for paired samples from each of the three patients (Control1 vs. Hh
antagl, Control2 vs. Hh antag2, Control3 vs. Hh antag3), and differentially expressed genes
were filtered using Partek® Genomics Suite for those which were either upregulated or
downregulated across all three samples. Ingenuity® Pathway analysis was used to identify
functional gene networks represented in the microarray data. Real-time PCR experiments
were conducted using TagMan assays from Applied Biosystems. For this, human cartilage
samples were obtained as described above and mouse samples were obtained from isolation
of cartilage from knee joints as previously describedl4. Results were normalized to
endogenous control genes (ASNS, BACTIN, GAPDH) and analyzed according to the
comparative Ct method (AAC). For promoter analyses, primary human chondrocytes or
ATDCS cells were transfected with an ADAMTSE luciferase reporter construct or negative
control vector (GeneCopoeia, Rockville, MD) using the Neon® Transfection System (Life
Technologies, Burlington, ON) or Lipofectamine® (Life Technologies, Burlington, ON).
Site-directed mutagenesis by inverse PCR was used to delete the SRE site, which was
confirmed by sequencing.

Genetically modified mice

We crossed Col2al-Cre micel® with Insig1(fl/fl);Insig2(-/-) micel6 to excise Insigl in
Col2al-expressing cells and generate mice with cartilage-specific cholesterol accumulation.
Mice expressing Cre are referred to as InsigDKO [Insigl(-/-);Insig2(-/-);Col2al-Cre] and
are compared to their Cre-negative [Insigl(fl/fl);Insig2(-/-); “control”] littermates. Cre-
mediated recombination and excision of Insigl was confirmed by QPCR and Western blot
analysis. To activate Hh signalling by increasing Gli-mediated transcription, InsigDKO mice
were crossed with Col2a1-Gli2 micel’, the progeny for which were designated Col2al-
Gli2;InsigDKO. To inhibit Hh signalling by reducing Gli-mediated transcription, InsigDKO
mice were crossed with Gli2Zd mice (Gli2*-)18, the progeny for which were designated
Gli2*;InsigDKO. To recapitulate osteoarthritis, we performed medial meniscectomy
surgery as previously described®. Briefly, the medial meniscus was excised from the left
knee of 8-week-old mice, and osteoarthritis developed predictably 8 weeks post-operatively.
Sham surgeries were used as control, for which the entire surgical procedure was followed,
except excision of the medial meniscus. To reduce cholesterol levels in vivo, mice were
treated with 3mg/kg/day lovastatin hydroxy acid by surgical implantation of drug pellets
with slow-release over 8 weeks. Within each genotype, mice were randomly selected for
statin or placebo treatment. Effective statin treatment was confirmed by increased HMGCR
in the chondrocytes, as assessed by immunohistochemistry. Knee joints were evaluated for
the development of osteoarthritis by radiography, histology, and real-time PCR. Male and
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female mice and littermate comparisons were used for all experiments. All animal studies
were approved by the Toronto Centre for Phenogenomics (ON, Canada).

Western blot analysis

Primary human chondrocytes were isolated from total knee arthroplasty samples as
previously described!3. Primary mouse chondrocytes were isolated from knee joints as
previously described!®. Protein lysates from chondrocytes were harvested using Reporter
Lysis Buffer (Promega), according to the manufacturer's instructions. Antibodies against
INSIG1 (1:100, sc-25124-R, Santa Cruz) and ACTIN (1:5000, A5441, Sigma) were used.
The signals were detected and quantified using the ChemiDoc MP Imaging System (Bio-
Rad, Hercules, CA).

Radiography and histology

After sacrifice, mouse joints were harvested and fixed in 10% phosphate-buffered formalin.
Radiographs of joints were taken using the Faxitron MX20 X-ray system. Samples were
decalcified in 20% EDTA (pH 8.0), dehydrated, and embedded into paraffin for sectioning
as previously described®. Histologic analysis was performed using antibodies against
COL10A1 (X53, Quartett) and HMGCR (ab174830, abcam) as well as staining with
Haematoxylin & Eosin and Safranin-O. Histomorphometry was performed to measure the
osteophyte volume, and the bone volume relative to the total volume (BV/TV)19, as
previously described?. Grading for osteoarthritis severity was performed in a blinded
manner using the ICRS20 and OARSI?! scoring systems, as previously described?®. For
ICRS, images of knee joints were assessed for six features commonly associated with
osteoarthritis, including changes to the subchondral bone, and categories were tallied into an
overall score to represent disease severity (lower scores represent greater severity).

Sterol quantification

Primary mouse chondrocytes were isolated from knee joints and cultured as previously
described!4. To measure total sterol and lipid levels, these chondrocytes were fixed with
10% phosphate-buffered formalin for 10 minutes. Cells were stained with Oil-Red-O and
extracted stain was quantified by spectrophotometry (OD 500), with readings normalized to
crystal violet stain (OD 540). To measure cholesterol synthesis, chondrocytes were pooled
and incubated with 50 pCi/mL 3H-acetic acid sodium salt overnight. Lipid extracted from
the cells underwent thin layer chromatography for separation of components, including
cholesterol. Incorporated 3H was measured in triplicate and reported as the relative change
in counts per minute (cpm).

Chromatin Immunoprecipitation (ChlP)

ChIP was conducted using the SimpleChIP® Plus Enzymatic Chromatin IP Kit (Magnetic
Beads; Cell Signaling, Cat No. 9005) according to the manufacturer's protocol with
modifications. Cultured ATDCS5 cells were treated with 10 pM lovastatin and fixed with 1%
formaldehyde to maintain DNA-protein binding interactions. Following nuclei preparation
and enzymatic chromatin digestion (manufacturer's protocol), sonication was performed to
shear the chromatin and achieve a target size range of 200 to 700 base pairs. SREBF2
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antibody (R&D Systems, Cat No. AF7119-SP) and negative control IgG antibody (Active
Motif) were used to immunoprecipitate DNA-protein complexes. Quantification of DNA
was performed by real-time PCR using custom primers for Adamts5, in the proximal
promoter region and in a distal control region approximately 38 kilobases away.

Statistical analyses

Results

Values are reported as the mean and error bars represent 95% confidence intervals unless
stated otherwise. Power calculations were conducted based on the variation observed in our
previous report?. Statistical significance for histologic grading was determined using a
Mann-Whitney U test, and for average gene expression and spectrophotometric
quantification using a t-test (P < 0.05).

Hedgehog signaling regulates expression of cholesterol homeostatic genes

To identify Hh target genes, we performed microarray analysis of human osteoarthritic
cartilage samples obtained from patients undergoing total knee replacement surgery.
Avrticular cartilage explants were incubated overnight with an antagonist of Hh signaling [N-
[(3S,5S)-1-(2H-benzo[3,4-d]1,3-dioxolan-5-yImethyl)-5-(piperazinylcarbonyl)pyrrolidin-3-
yI]-N-(3-methoxyphenyl)methyl]-3,3-dimethylbutanamide (C31H42N4Os)] or carrier as
control?2, RNA was extracted using an optimized protocol'3 and modulation of Hh signaling
was confirmed by downregulation of known Hh target genes in the treated groups (data not
shown).

Microarray results from the Affymetrix Human Gene 1.0 ST array were analyzed
independently for each of three biological replicates. Comparing treated to control,
differentially expressed genes were filtered for those which changed in the same direction
across all three datasets. This method of analysis was chosen in an effort to control for the
heterogeneity that is inherent to human samples. Criteria surrounding arbitrary fold changes
or statistical cutoffs were not applied so as to capture subtle changes across entire gene
networks. This approach is biologically relevant for detecting small perturbations with
effects that can accumulate over time to cause progressive diseases such as osteoarthritis.

Ingenuity® Pathway Analysis was used as an unbiased method for identifying signaling
pathways, molecular networks, and biological processes that were represented in the
microarray gene list. From an analysis set to filter all validated direct and indirect
relationships according to the Ingenuity® Knowledge Base, the cholesterol biosynthetic
pathway was found to be most significantly dysregulated (P = 3.91E-13; Table S1). Several
genes known to be involved in cholesterol homeostasis?324 were found to be upregulated
with Hh inhibition (Fig. 1A). While systemic cholesterol dysregulation has been previously
associated with osteoarthritis®-12, intracellular cholesterol homeostasis in osteoarthritic
chondrocytes is not well understood. We sought to assess the role of Hh signaling in
regulating the expression of cholesterol homeostatic genes in chondrocytes.

Independent human osteoarthritic cartilage samples were subjected to Hh modulation and
assayed for expression of genes that are known to be involved in cholesterol
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homeostasis?324. Real-time PCR results validated microarray findings by showing that Hh
inhibition, as evidenced by downregulation of GLI1, resulted in upregulation of cholesterol
homeostatic genes HMGCR, HMGCSL, DHCRY?, LDLR, ABCA1, and INSG1. Consistent
with this inverse relationship, Hh activation, as evidenced by upregulation of GLI1, resulted
in a trend towards downregulation of the same genes (Fig. 1B). The changes in expression
are small but occur across multiple genes in the pathway; this recapitulates microarray
findings and previously reported trends for expression changes in cholesterol homeostatic
genes?.

Transcription of cholesterol homeostatic genes is ultimately governed by SREBF2 in an
end-product feedback manner that is dependent on regulators such as INSIG116:23, When
intracellular cholesterol is high, the INSIG proteins prevent cholesterol biosynthesis, in part
by tethering the SREBF proteins to the ER membrane and preventing transcription of target
genes. When intracellular cholesterol is low, INSIG allows SREBF to be processed and to
translocate to the nucleus, activating transcription and restoring cholesterol homeostasis?6.
In human osteoarthritic cartilage, INSG1 expression is significantly downregulated (-2.38,
P < 0.05) compared to normal cartilage2>. Comparing more severely affected areas of
human osteoarthritic cartilage to less severely affected areas, INSG1 expression is
downregulated -7.09 fold and INSIG2 expression is downregulated -3.89 fold. Taken
together these data show that reduced INSIG expression correlates with increased OA
severity. This suggests that cholesterol homeostasis is perturbed, possibly as a result of the
Hh activation that is reported to accompany osteoarthritis*8. When Hh signaling is inhibited
in osteoarthritic cartilage, INSIG1 gene expression increases, and this translates to an
increase in INSIG1 protein (Fig. 1C). As a critical negative regulator of cholesterol
homeostasis, the inverse relationship between Hh signaling and INSIG1 expression suggests
that inhibition of Hh signaling reduces cholesterol biosynthesis in chondrocytes. This is
further supported by the overall increase in transcription of cholesterol homeostatic genes
that is observed with Hh inhibition, an increase that typically occurs in response to reduced
intracellular cholesterol levels.

Hedgehog signaling regulates cholesterol biosynthesis in chondrocytes

To investigate the net effect of Hh signaling on cholesterol homeostasis in chondrocytes, we
used genetically modified mice in which Gli-mediated transcription was modulated.
Previous studies demonstrated that Gli-mediated transcription is reduced in Gli24d mice
(designated Gli2*/") by disrupting one Gli2 allele!®, and increased in Col2al1-Gli2 mice by
overexpressing Gli217. Both Insigl gene and INSIG1 protein expression increased in Gli2*
cartilage and decreased in Col2al-Gli2 cartilage (Fig. 2A and Fig. S1A). This confirmed an
inverse relationship between Hh signaling and INSIG1 expression in chondrocytes.

To assess the effects of modulated Hh signaling on total sterol and lipid, primary
chondrocyte cultures were established using cartilage dissected from mouse knees as
previously described14. Oil-Red-O staining for sterol and lipid accumulation showed lower
levels with Gli transcriptional reduction (Gli2*"-) and higher levels with Gli transcriptional
activation (Col2al-Gli2; Fig. 2D). These differences were quantified by spectrophotometry
and determined to be significant when compared to control chondrocytes (Fig. 2B). In
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primary human chondrocytes, stimulation of the Hh pathway with agonist purmorphamine
resulted in a 3.70 fold increase in Oil-Red-O staining compared to carrier. This
demonstrated that Hh signaling regulates total sterol and lipid content in chondrocytes.

To determine whether Insigl was mediating the effect of Hh signaling on sterol

homeostasis, we generated genetically modified mice in which Insigl was removed from
chondrocytes. There are two mammalian Insig genes, Insigl and Insig2, which functionally
compensate for each other in the regulation of sterol biosynthesis'6:26. In their absence, mice
accumulate cholesterol and triglycerides in a robust manner. To induce cholesterol
accumulation in chondrocytes, we crossed Insigd(fl/fl);Insig2(-/-) micel® to Col2al-Cre
transgenic micel>27 (Fig. S1B). Analyses were performed by comparing double-knock-out
Insigl(-/-);Insig2(-/-) mice (designated InsigDKO) with control littermates [Insig1(fl/
f1);Insig2(-/-)]. To modulate Hh signaling, InsigDKO mice were crossed to Gli2*/- and
Col2al-Gli2 mice to generate Gli2*~;InsigDKO and Col2al1-Gli2;InsigDKO mice (Fig. S2).

Using Oil-Red-O staining of primary chondrocyte cultures, we confirmed that InsigDKO
chondrocytes had robust sterol and lipid accumulation. Despite the absence of Insigl, Gli-
mediated transcription still modulated sterol and lipid accumulation in chondrocytes. Gli
transcriptional activation (Col2al-Gli2;InsigDKO) increased accumulation, and reduction
(Gli2*"-;InsigDKO) decreased accumulation (Fig. 2B and 2D). To refine the potential sterol
intermediates contributing to the accumulation, we took a candidate approach to determine
changes to cholesterol specifically. Radiotracer studies were conducted to measure
cholesterol production from 3H-acetic acid in primary chondrocyte cultures. These results
were consistent with those of Oil-Red-O spectrophotometric quantification, showing that
cholesterol was positively modulated by Hh signaling in chondrocytes (Fig. 2C). By
examining changes to cholesterol level in both Insigl-expressing mice (Control, Gli2*- and
Col2a1-Gli2) and Insigl-knockout mice (InsigbKO, Col2al-Gli2;InsigDKO and
Gli2*;InsigDKO), we determined that Hh signaling could alter cholesterol level in the
absence of Insigl, showing that additional regulators are involved in this process.

cholesterol accumulation in chondrocytes exacerbates osteoarthritis

Since InsigDKO mice exhibit robust sterol accumulation in the chondrocytes, we evaluated
the knees of 6-month-old mice for markers of osteoarthritis to determine whether
intracellular sterol accumulation contributes to disease development. Compared to control
littermates, InsigDKO mice showed characteristic signs of osteoarthritis. Histologic analyses
revealed loss of proteoglycan and thinner articular cartilage (Fig. 3A). This was
accompanied and potentially mediated by increased expression of proteases Mmp13 and
Adamts5 in the cartilage (Fig. 3C). Expression of the hypertrophic marker Col10al was also
increased and shown to be concentrated at the surface of the eroding cartilage in InsigDKO
mice (Fig. 3D). Radiographic analyses revealed irregularity of the bone contour and
increased sclerosis in the subchondral bone (Fig. 3B). Histomorphometry analyses indicated
reduced bone volume in both the tibia and femur of InsigDKO mice (Fig. S3). Whether the
subchondral bone changes preceded or resulted from changes to the articular cartilage
remains unclear, but the contribution of subchondral bone to osteoarthritis progression is
well recognized?82°, Following surgical induction of osteoarthritis, InsigDKO mice showed
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osteophyte-like protrusions that were 15% larger by volume than those in control littermates
(Fig. S4).

Blinded grading for osteoarthritis severity was conducted using the International Cartilage
Repair Society (ICRS) Visual Histological Assessment Scale. This grading scale was chosen
because it accounts for changes to the subchondral bone, which other scoring systems may
minimize2130, InsigDKO mice showed reduced overall ICRS scores, from 17.3 in control
mice to 11.3 in InsigDKO mice (P < 0.05), where lower scores represent more severe
osteoarthritis20 (Table S2). OARSI grading confirmed this finding; control mice score 1.4
and InsigDKO mice score 2.1 (P < 0.05), where higher scores represent more severe
osteoarthritis?L. There were no sex-dependent differences in overall ICRS scores (data not
shown), but for the ‘Surface’ category, males showed a more severe phenotype (1.5 £ 1.0)
than females (3.0 + 0.0) at 6 months of age. This is consistent with previous reports of male
mice developing a more severe osteoarthritis phenotype than female mice3!. To determine
whether the cholesterol accumulation in InsigDKO mice was exacerbating osteoarthritis by
activating Hh signaling, we examined expression of Hh target genes in the cartilage.
Because there was no change in expression of Gli1, Ptchl, and Hhip, this phenotype cannot
be attributed to changes in Gli transcriptional activity in InsigDKO chondrocytes (Fig. S2).
These results demonstrate that intracellular sterol accumulation in chondrocytes exacerbates
the severity of osteoarthritis in mice.

Pharmacologic cholesterol inhibition in cartilage attenuates osteoarthritis

To assess whether inhibition of cholesterol production could mitigate osteoarthritis
progression, mice were treated with 3mg/kg/day lovastatin. Drug pellets were placed
adjacent to the synovial membrane of the knee in Col2al-Gli2 mice in which Hh signaling
was activated, InsigDKO mice in which cholesterol accumulation occurred, and surgical
mice in which osteoarthritis was induced by medial meniscectomy?. Lovastatin treatment
increased HMGCR expression by 25% in chondrocytes (n = 3; P < 0.05), the typical
response to lowered intracellular cholesterol levels (Fig. S5). In all cases, lovastatin
treatment reduced cartilage fibrillation and thinning (Fig. 4). This was reflected by improved
overall ICRS scores??, for example in InsigDKO + Surgery mice, from 11.3 with placebo to
16.7 with lovastatin treatment (P < 0.05; Table S2). In Col2al-Gli2, InsigDKO, and Col2al-
Gli2;InsigDKO mice, lovastatin treatment attenuated chondrocyte hypertrophy as indicated
by Col10al staining (Fig. S6).

To investigate the role of cholesterol inhibition in human osteoarthritis, articular cartilage
explants were treated with 10 uM lovastatin. Treatment induced increased HMGCR
expression in chondrocytes, as expected in response to lowered intracellular cholesterol
levels (Fig. S7). Lovastatin treatment significantly reduced expression of MMP1332:33 and
ADAMTSE, and also decreased ADAMTSS promoter activity in human OA chondrocytes
(Fig. 5A and 5B). Chromatin immunoprecipitation showed binding of SREBF2 to the
proximal promoter of Adamts5, a region that contains a conserved SRE binding site (Fig. 5C
and 5D). Deletion of the SRE site diminishes ADAMTS5 promoter activity (Fig. S8),
suggesting that Adamts5 is a target of the SREBF transcription factors. Since cholesterol
levels regulate processing of the SREBF proteins34, these data suggest that cholesterol
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accumulation can impact osteoarthritis at least in part by modulating expression of
ADAMTSG.
Discussion

Here we show that Hh signaling regulates the cholesterol homeostatic pathway in human
and mouse cartilage. In genetically modified mice, the level of Gli-mediated transcription
positively correlates with the level of intracellular cholesterol accumulation and the severity
of osteoarthritis. Furthermore, cholesterol blockade reduces the severity of osteoarthritis in
Col2al-Gli2 mice with Hh activation. This demonstrates that intracellular cholesterol
biosynthesis at least partially mediates the effect of Hh signaling in chondrocytes in
osteoarthritis?.

Sterols have been shown to modulate Hh signaling3>-38, but this is the first study to
demonstrate that Hh signaling modulates cholesterol homeostasis. Cholesterol modifies Hh
signaling with the covalent addition of a cholesterol moiety to Hh ligands3°. Key regulators
of Hh signaling contain conserved sterol-sensing domains, suggesting that their behaviour
may be affected by sterols?C. Perturbations in either Hh signaling or cholesterol homeostasis
produce similar central nervous system abnormalities, facial dysmorphisms, and skeletal
defects?. These parallels point to a mutual regulatory relationship between Hh signaling
and cholesterol homeostasis.

Engelking et al. noted the phenotypic similarity between total InsigDKO embryos and
embryos with modulated Hh signaling®2. They hypothesized that the sterol accumulation in
InsigDKO mice caused Hh activation, but did not find differences in gene expression levels
of Shh, Smo, Ptchl, or Glil in the palate tissues at 13.5 days post coitum28. Similarly, our
InsigDKO mice did not show changes to Hh target gene expression in the chondrocytes.
Thus, the phenotypic changes observed in response to cholesterol accumulation are not
likely attributable to perturbations in Hh signaling in the cartilage. It is possible that Hh
signaling is modulated in surrounding tissues due to altered ligand trafficking, or is
modulated in cartilage by sterol intermediates other than cholesterol24. The potential mutual
regulatory relationship between Hh signaling and sterol homeostasis merits further
investigation.

Given that osteoarthritis is a degenerative disease, it conceivably results from the
culmination of small changes over time. The magnitude of the changes we report here, to
both gene expression and cholesterol accumulation, represent relatively small perturbations
which accumulate over time, causing progressive cartilage degeneration and subchondral
bone abnormalities. The resulting osteoarthritis phenotype is mild but reflective of disease
presentation in humans. While the possibility exists that the phenotype was due in part to
developmental alterations or structural changes to the joints, the rescue we observe with an
8-week statin treatment demonstrates at least a partial contribution of cholesterol
dysregulation to the phenotype.

Studies examining the relationship between sterols and the occurrence of osteoarthritis have
been largely epidemiological® 114344 One limitation is the assumption that systemic sterol
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levels are representative of intra-articular sterol levels. Prete et al. measured total cholesterol
levels of control and osteoarthritis patients and showed that plasma levels were comparable
while synovial fluid levels were markedly increased, from 7-8 mg/dL in control patients to
4-169 mg/dL in osteoarthritis patients?®. This suggests that any pharmacologic cholesterol
inhibitor should target the synovial joint specifically*6. Gierman et al. report rescue to the
osteoarthritis phenotype with statin treatment but not ezetimibe treatment, suggesting that
reductions in intracellular cholesterol production (by statin), and not reductions in serum
cholesterol (by ezetimibe) are required to attenuate osteoarthritis progression®. In support
of this, the osteoarthritic changes we observed resulted from chondrocyte-specific
cholesterol accumulation. These changes were attenuated by statin treatment administered
locally to the knee in vivo, which was effective in altering cholesterol homeostasis in the
chondrocytes, and rescuing the osteoarthritis phenotype.

Statin treatment reduced expression of proteases in human osteoarthritic cartilage in vitro,
including the promoter activity of ADAMTS5, the major protease responsible for cartilage
degradation in osteoarthritis3l. We show that activation of Hh signaling in the chondrocytes
induces cholesterol accumulation, the levels of which govern processing of SREBF2
transcription factors. We also show that ADAMTS5 contains a conserved SRE binding site to
which SREBF2 binds, making it a putative target of SREBF2 and subject to regulation by
intracellular cholesterol levels. This is one mechanism through which cholesterol levels can
regulate osteoarthritis progression. Alternate mechanisms include induction of chondrocyte
hypertrophy by cholesterol-mediated activation of the lipid regulator Ror-alpha*8, or
cartilage degradation by proteases that are regulated by protein geranylgeranylation which
requires intermediates from the cholesterol biosynthetic pathway32. Furthermore, statins
have been shown to reduce inflammation*® and induce anabolic effects in cartilage33:46:50,
so additional studies are required to elucidate the exact mechanism through which sterol
levels impact cartilage biology. Identifying intracellular cholesterol as a mediator of
osteoarthritis reinforces the importance of chondrocyte homeostasis in this disease, and puts
forth a mechanism by which Hh signaling exacerbates osteoarthritis. Cholesterol
biosynthesis is identified as a novel downstream pathway that is regulated by Hh signaling, a
relationship which may be relevant in both physiologic and pathologic processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hedgehog signaling regulates expr ession of cholester ol homeostatic genes
(A) Results from Affymetrix Human Gene 1.0 ST microarray of human osteoarthritic

cartilage treated with Hh antagonist. Greater intensity of red represents increased gene
expression with Hh inhibition. (B) Real-time PCR validation of Hh regulation of cholesterol
homeostatic genes identified by microarray. Independent human osteoarthritic cartilage
samples were treated identically to those used in microarray analyses. Expression in the
control group was arbitrarily defined as ‘1’ (dashed line). Data from the groups treated with
Hh antagonist (left) and Hh agonist (right) are given as the mean. Error bars are 95%
confidence intervals (n = 3; *P < 0.05). (C) Western blot showing increased INSIG1 protein
in extracts from human osteoarthritic cartilage explants treated with Hh antagonist (Treated).
ACTIN is shown as a loading control.
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Figure 2. Hedgehog signaling regulates cholester ol biosynthesisin chondrocytes
(A) Real-time PCR of Insigl in murine cartilage with Gli transcriptional reduction (Gli2*"),

Gli transcriptional activation (Col2al-Gli2), and/or sterol accumulation (InsigDKO).
Expression in the Control group was arbitrarily defined as ‘1’ and data from other groups
given as the mean. Error bars are 95% confidence intervals (n = 3; *P < 0.05). (B)
Spectrophotometric quantification of alcohol-extracted Oil-Red-O stain from chondrocytes
shown in D, normalized to crystal violet stain, to show sterol and lipid accumulation. Error
bars are 95% confidence intervals (n = 3; *P < 0.05). (C) Cholesterol biosynthesis as
measured by 3H- acetic acid sodium salt incorporation in pooled primary chondrocytes.
Measured in triplicate and reported as the mean relative to Control in counts per minute
(cpm). Error bars are SEM. (D) Representative images of primary chondrocytes stained with
Oil-Red-O to show sterol and lipid accumulation according to genotype. Scale bar, 100 pum.
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Figure 3. Intracellular cholesterol accumulation in chondr ocytesinduces osteoarthritic changes
(A) Representative histological sections of mouse knees showing Safranin-O staining for

proteoglycan at 6 months. Arrows point to loss of proteoglycan (red) and cartilage defects in
InsigDKO. Scale bar, 100 um. (B) Representative radiographic images of mouse knees
showing a lateral view at 4 months. Arrows point to areas of subchondral sclerosis
(whitening) in InsigDKO. (C) Real-time PCR of osteoarthritis markers in cartilage
microdissected from mouse knees at 6 months. Expression of Control (black bars) was
arbitrarily defined as “1’, and data for InsigDKO (grey bars) given as the mean. Error bars
are 95% confidence intervals (n = 4, *P < 0.05). (D) Representative histological sections
showing Col10al immunohistochemistry in the articular cartilage of the femur at 6 months.
Arrow points to increased staining (brown) of hypertrophic chondrocytes in InsigDKO.
Scale bar, 100 pm.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Alietal. Page 17

Col2a1-Gli2 InsigDKO Col2a1-GiZ,InsigDKO Control + Surgery InsigDKO + Surgery
i . e o T e ] -_I- ’\:‘-r";l-’::-.‘%‘\:‘ [ - } . - . .
i 2/ A RS O . -3
- . s - oy - + _' L.
- . - > 'y
i el R 4
% . ¥ ‘:‘ £ =
e o ey

- . -
3 ‘ gase 3 . '-__,—“""”
i k
N " - -':‘ L] : 7 0 3

Figure 4. Phar macologic cholesterol inhibition attenuates osteoarthritic changesin mice
Representative histological sections showing haematoxylin and eosin staining of the knee

joints in 4-month-old mice that were implanted with a slow release Placebo (top panels) or
Statin pellet (bottom panels). Methods for inducing osteoarthritis include Hh activation
(Col2al-Gli2), cholesterol accumulation (InsigDKO), or both (Col2al-Gli2;InsigDKO), as
well as surgical excision of the medial meniscus (Surgery) in Control and InsigDKO mice.
Arrows point to hypertrophic chondrocytes and cartilage fibrillation in Placebo-treated mice.
Scale bar, 100 pm.
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Figu{e 5. Phar macologic cholesterol inhibition attenuates ADAMTS5 expression in human
cartilage

(A) Regal—time PCR showing a reduction in osteoarthritis markers MMP13 and ADAMTSS in
human osteoarthritic cartilage explants treated with statin (grey bars). Expression in the
control group (black bars) was arbitrarily defined as ‘1’ and data from the statin-treated
group given as the mean. Error bars are 95% confidence intervals (n = 4; *P < 0.05). (B)
Luciferase activity from the ADAMTSb5 promoter construct transfected into primary human
osteoarthritic chondrocytes, treated with control or statin. Measured in triplicate and
reported as relative light units (RLU). Error bars are SEM. (C) Chromatin
immunoprecipitation was performed in ATDCS cells with 1gG (black bars, arbitrarily
defined as ‘1) and anti-SREBF2 (red bars) antibodies. Real-time PCR of the Adamts5 gene
with primers designed in the proximal promoter region (Proximal) and a control region
(Distal). (D) Schematic of the ADAMTSb promoter showing a SRE consensus binding site
(red tick) that is conserved between mouse and human (from MULAN analysis, http://
mulan.dcode.org).
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