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Objective. With no effective therapies to attenu-
ate cartilage degeneration in osteoarthritis (OA), the
result is pain and disability. Activation of hedgehog
(HH) signaling causes changes related to the progres-
sion of OA, with higher levels of Gli-mediated tran-
scriptional activation associated with increased disease
severity. To elucidate the mechanism through which this
occurs, this study sought to identify genes regulated by
HH signaling in human OA chondrocytes.

Methods. Using human OA cartilage samples,
microarray analyses were performed to detect changes in
gene expression when the HH pathway was modulated.
Results were analyzed for differentially expressed genes,
grouped into functional networks, and validated in inde-
pendent samples. To investigate the effects of
chondrocyte-specific sterol accumulation, we generated
mice lacking Insigl and Insig2, which are major negative
regulators of cholesterol homeostasis, under Col2al regu-
latory elements.
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Results. HH signaling was found to regulate genes
that govern cholesterol homeostasis, and this led to altera-
tions in cholesterol accumulation in chondrocytes. A
higher level of Gli-mediated transcription resulted in accu-
mulation of intracellular cholesterol. In genetically modi-
fied mice, chondrocyte-specific cholesterol accumulation
was associated with an OA phenotype. Reducing cholester-
ol accumulation attenuated the severity of OA in mice in
vivo and decreased the expression of proteases in human
OA cartilage in vitro.

Conclusion. HH signaling regulates cholesterol
homeostasis in chondrocytes, and intracellular choles-
terol accumulation contributes to the severity of OA.
Our findings have therapeutic implications, since reduc-
tion of HH signaling reversed cholesterol accumulation
and statin treatment attenuated cartilage degeneration.

Osteoarthritis (OA) is characterized by changes to
the articular joint, including progressive degeneration of
the articular cartilage. The pathogenesis of OA is complex,
because it can result from multiple etiologies involving
mechanical, genetic, traumatic, and metabolic factors
(1,2). Regardless of the cause, the changes that occur to
the articular chondrocytes during OA, such as chondro-
cyte hypertrophy, recapitulate some of the changes that
occur in growth plate chondrocytes during elongation of
the long bones (3,4). Hedgehog (HH) signaling is among
the pathways that regulate chondrocyte differentiation in
the growth plate of the long bones, including the changes
that lead to chondrocyte hypertrophy (5,6). In vertebrates,
HH signaling is mediated by Gli transcription factors, with
Gli2 acting as a transcriptional activator of the HH target
genes Glil, Ptchl, and Hhip (7). Previous studies have
demonstrated that genetically modified mice with higher
levels of Gli-mediated transcription in chondrocytes devel-
op more severe OA, and that inhibition of Gli-mediated
transcription reduces disease severity, but the mechanism
through which this occurs remains unclear (4,8).
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To elucidate the role of HH signaling in OA severi-
ty, we identified targets of Gli-mediated transcription in
human OA cartilage. Using an unsupervised approach to
analyze microarray results, we identified several pathways
that potentially mediate the effect of HH signaling in
the pathogenesis of OA. Among these, genes that are
involved in cholesterol homeostasis were significantly rep-
resented, including the major negative regulator INSIG1,
and the transcriptional regulator SREBF2. Because cho-
lesterol is vital for cellular processes and has been previ-
ously implicated in OA (9-12), we focused on exploring
the role of HH signaling in regulating intracellular choles-
terol biosynthesis in chondrocytes. We demonstrate that
HH signaling positively regulates cholesterol accumula-
tion in chondrocytes, and that modulation of the intracel-
lular cholesterol level alters the severity of OA.

MATERIALS AND METHODS

Human OA cartilage. Human cartilage samples were
obtained from patients undergoing total knee replacement sur-
gery for clinically diagnosed OA. Articular cartilage was dissect-
ed from the subchondral bone of the lateral femoral condyle
and incubated with either a pharmacologic HH antagonist (10
M C3;HyoN4Os), an HH ligand (5 pg/ml Shh-N; R&D Sys-
tems), lovastatin hydroxy acid (10 uM; Cayman Chemical), pur-
morphamine (10 wM; Sigma-Aldrich), or a vehicle carrier as
control for 48 hours. Explant processing and subsequent RNA
extraction were conducted as previously described (13). Be-
cause each patient’s articular cartilage sample was divided and
used as its own control, extraneous variables were held constant
and no additional patient history was required. All samples
were obtained with the patients’ informed consent, and the
study was performed under the approval of the Mount Sinai
Hospital Research Ethics Board (Toronto, Ontario, Canada).

Gene expression analyses. Microarray was performed
with human OA articular cartilage samples using the Affymetrix
Human Gene 1.0 ST platform. The 3 samples included cartilage
from 2 male patients and 1 female patient, whose mean age was
62.3 years. RNA was extracted from the cartilage using a previous-
ly described method (13), after the samples had been treated in
vitro with either 10 uM C;5;H4,N4O5 (HH antagonist) or a vehicle
control. The microarray data can be accessed through the GEO
database (GEO accession no. GSE54749). Results were analyzed
independently for paired samples from each of the 3 patients
(control 1 versus HH antagonist—treated 1, control 2 versus HH
antagonist-treated 2, control 3 versus HH antagonist—treated 3),
and differentially expressed genes were filtered using Partek
Genomics Suite for those genes that were either up-regulated or
down-regulated across all 3 samples.

Ingenuity Pathway Analysis was used to identify func-
tional gene networks represented in the microarray data.
Real-time polymerase chain reaction (PCR) experiments were
conducted using TaqMan assays (Applied Biosystems). For
these experiments, human OA articular cartilage samples were
obtained as described above, and mouse cartilage samples
were obtained by isolation of cartilage from the knee joints, as
described previously (14). Results were normalized to the
expression of endogenous control genes (ASNS, ACTB, and
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GAPDH) and analyzed according to the comparative thresh-
old cycle (C;) method using the AAC, formula.

For promoter analyses, primary human chondrocytes or
ATDCS cells were transfected with either an ADAMTSS luciferase
reporter construct or a negative control vector (GeneCopoeia),
using the Neon Transfection System (Life Technologies) or Lipo-
fectamine (Life Technologies). Site-directed mutagenesis by in-
verse PCR was used to delete the sterol regulatory element (SRE)
site, which was confirmed by sequencing.

Genetically modified mice. We crossed Col2al-Cre
mice (15) with Insigl (fl/fl);Insig2(—/—) mice (16) to excise Insig!
in Col2al-expressing cells and generate mice with cartilage-
specific cholesterol accumulation. Mice expressing Cre are
referred to as InsigDKO (Insig![—/—|;Insig2[ —/—];Col2a1-Cre).
These mice were compared to their Cre-negative (Insigl[fl/fl];
Insig2[—/—1]) littermates as controls. Cre-mediated recombina-
tion and excision of Insigl was confirmed by real-time PCR and
Western blot analysis.

To activate HH signaling by increasing Gli-mediated
transcription, InsigDKO mice were crossed with Col2al-Gli2
mice (17), the progeny for which were designated Col2al-
Gli2;InsigDKO. To inhibit HH signaling by reducing Gli-
mediated transcription, InsigDKO mice were crossed with
Gli2 mice (Gli2™/) (18), the progeny for which were desig-
nated Gli2*~;InsigDKO. To recapitulate OA in mice, we per-
formed medial meniscectomy surgery, as described previously
(4). Briefly, the medial meniscus was excised from the left
knee of 8-week-old mice, and OA developed predictably
8 weeks postoperatively. Sham surgeries were used as the con-
trol, in which the entire surgical procedure, except excision of
the medial meniscus, was followed.

To reduce cholesterol levels in vivo, mice were treated
with a pharmacologic agent, lovastatin hydroxy acid, at a dos-
age of 3 mg/kg/day, administered via surgical implantation of
drug pellets with slow release over 8 weeks. Within each geno-
type, mice were randomly selected to receive either statin
treatment or placebo. Effective statin treatment was confirmed
by increased expression of hydroxymethylglutaryl-coenzyme A
reductase (HMGCR) in the chondrocytes, as assessed by
immunohistochemistry.

The knee joints of mice were evaluated for the devel-
opment of OA by radiography, histology, and real-time PCR.
Male and female mice and their littermate controls were com-
pared in all experiments. All animal studies were approved by
the Toronto Centre for Phenogenomics (Ontario, Canada).

Western blot analysis. Primary chondrocytes were iso-
lated from patients’ total knee arthroplasty samples and mouse
knee joints using previously described methods (13,14). Protein
lysates from the chondrocytes were harvested using Reporter
Lysis Buffer (Promega), according to the manufacturer’s
instructions. Antibodies against INSIGI (1:100, sc-25124-R;
Santa Cruz Biotechnology) and ACTIN (1:5,000, A5441; Sigma)
were used. The signals were detected and quantified using the
ChemiDoc MP Imaging System (Bio-Rad).

Radiography and histology. Mouse knee joints were
harvested and fixed in 10% phosphate-buffered formalin. Radio-
graphs of the joints were obtained using the Faxitron MX20
X-ray system. Samples were decalcified in 20% EDTA (pH 8.0),
dehydrated, and embedded in paraffin for sectioning, as previ-
ously described (4). Histologic analysis was performed using
antibodies against COLI0A1 (X53; Quartett) and HMGCR
(ab174830; Abcam), and by staining with hematoxylin and eosin
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and Safranin O. Histomorphometry was performed to measure
the osteophyte volume and the bone volume relative to total vol-
ume (19), as previously described (4).

Grading for OA severity was performed in a blinded
manner using the International Cartilage Repair Society
(ICRS) (20) and Osteoarthritis Research Society International
(OARSI) (21) scoring systems, as previously described (4).
For scoring with the ICRS system, images of the knee joints
were assessed for 6 features commonly associated with OA,
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 the knee joints and cultured as previously
described (14). To measure total sterol and lipid levels, these
chondrocytes were fixed with 10% phosphate-buffered forma-
lin for 10 minutes. Cells were stained with oil red O, and the
alcohol-extracted stain was quantified by spectrophotometry
(optical density [OD] 500 nm), with readings normalized to
the values for crystal violet stain (OD 540 nm).

To measure cholesterol synthesis, chondrocytes were
pooled and incubated with 50 wCi/ml *H-acetic acid sodium
salt overnight. Lipid extracted from the cells was subjected to
thin layer chromatography for separation of the components,
including cholesterol. Incorporation of *H-acetic acid sodium
salt was measured in triplicate, and results are reported as the
change (in counts per minute) relative to the values in
controls.

Chromatin immunoprecipitation (ChIP) assay. A ChIP
assay was conducted using a SimpleChIP Plus Enzymatic Chro-
matin Immunoprecipitation Kit with magnetic beads (catalog
no. 9005; Cell Signaling Technology) according to the manufac-
turer’s protocol, with modifications. Cultured ATDCS cells were
treated with 10 wM lovastatin and fixed with 1% formaldehyde
to maintain DNA-protein binding interactions. Following nuclei
preparation and enzymatic chromatin digestion (in accordance
with the manufacturer’s protocol), sonication was performed to
shear the chromatin and achieve a target size range of 200700
bp. A SREBF?2 antibody (catalog no. AF7119-SP; R&D Systems)
and a negative control IgG antibody (Active Motif) were used to
immunoprecipitate the 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 con-
trol region ~38 kb away.

Statistical analysis. Values are reported as the mean
and 95% confidence interval (95% CI), unless stated otherwise.
Power calculations were conducted based on the variation
observed in our previous study (4). Statistically significant differ-
ences between the groups were determined by Mann-Whitney U
test for comparisons of histologic grading, and by #-test for com-
parisons of average gene expression and spectrophotometric
quantification. P values less than 0.05 were considered statistically
significant.

RESULTS

Regulation of cholesterol homeostatic gene ex-
pression by HH signaling. To identify HH target genes,
we performed microarray analysis of human OA cartilage
samples obtained from patients undergoing total knee
replacement surgery. Articular cartilage explants were
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incubated overnight with an antagonist of HH signaling,
C31H4oN4Os, or a vehicle carrier as control (22). RNA
was extracted using an optimized protocol (13). Known
HH target genes were down-regulated in the treated
groups (results not shown), thereby confirming the modu-
lation of HH signaling in human OA articular cartilage.

Results from the Affymetrix Human Gene 1.0 ST
microarray including 3 independent biologic replicates
were analyzed. In comparing the HH antagonist-treated
group to the control group, differentially expressed genes
were filtered for those whose expression changed in the
same direction across all 3 data sets. This method of analy-
sis was chosen in an effort to control for the heterogeneity
that is inherent to human samples. Criteria requiring arbi-
trary values for the fold change or statistical cutoff were
not applied, in order to capture subtle changes across
entire gene networks. This approach is biologically relevant
for detecting small perturbations with effects that can accu-
mulate over time to cause progressive diseases such as OA.

Ingenuity Pathway Analysis was used as an
unbiased method for identifying signaling pathways,
molecular networks, and biologic processes that were
represented in the microarray gene list. After filtering for
all validated direct and indirect relationships according to
the Ingenuity Knowledge Base, we found that the choles-
terol biosynthetic pathway was the most significantly dys-
regulated (P =3.91 X 10~ %) (see Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39337/abstract).
Several genes known to be involved in cholesterol
homeostasis (23,24) were found to be up-regulated in
the human OA cartilage tissue with HH inhibition
(Figure 1A).

Although dysregulation of systemic cholesterol
has been previously associated with OA (9-12), intracel-
lular cholesterol homeostasis in OA 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 OA cartilage samples were
subjected to HH modulation and assayed for expression
of genes that are known to be involved in cholesterol
homeostasis (23,24). The results of real-time PCR validat-
ed the microarray findings by showing that HH inhibition,
as evidenced by down-regulation of GLII, resulted in up-
regulation of the cholesterol homeostatic genes HMGCR,
HMGCS1, DHCR7, LDLR, ABCAI, and INSIG1. Consis-
tent with this inverse relationship, HH activation, as evi-
denced by up-regulation of GLII, resulted in a trend
toward down-regulation of these same genes (Figure 1B).
The changes in expression were small but occurred across
multiple genes in the pathway. This finding recapitulates
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Figure 1. Hedgehog (HH) signaling regulates expression of cholesterol homeostatic genes. A, Results from Affymetrix Human Gene 1.0 ST micro-
array analysis of independent human osteoarthritic (OA) cartilage samples treated with an HH antagonist. Greater intensity of red represents
increased gene expression with HH inhibition. B, Results from real-time polymerase chain reaction analysis validate HH regulation of the cholester-
ol homeostatic genes identified by microarray. The human OA cartilage samples (n = 3) were treated with an HH antagonist (left) or an HH ago-
nist (right). Values are the mean fold change in gene expression (with 95% confidence intervals) relative to that in untreated controls (set at 1.0
[broken horizontal line]). * = P < 0.05 versus controls. C, Representative Western blot of INSIG1 protein expression in extracts from human OA
cartilage explants treated with an HH antagonist or vehicle control. Actin was used as a loading control.

the findings from microarray and is consistent with previ-
ously reported trends for changes in the expression of cho-
lesterol homeostatic genes (16).

Transcription of cholesterol homeostatic genes is
ultimately governed by SRE binding transcription factor 2
(SREBF2) in an end-product feedback manner that is
dependent on regulators such as insulin induced gene 1
(INSIG1) (16,23). When the intracellular cholesterol level
is high, the INSIG proteins prevent cholesterol biosynthe-

sis, in part by tethering the SREBF proteins to the endo-
plasmic reticulum membrane and preventing transcription
of target genes. When the intracellular cholesterol level is
low, INSIG allows SREBF to be processed and to translo-
cate to the nucleus, thereby activating transcription and
restoring cholesterol homeostasis (16). In human OA car-
tilage, INSIGI gene expression has been found to be sig-
nificantly down-regulated (fold change —2.38; P < 0.05)
when compared to that in normal cartilage (25). In com-
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Figure 2. Hedgehog signaling regulates cholesterol biosynthesis in chondrocytes. Chondrocytes were obtained from mice with Gli transcriptional
reduction (Gli2*'"), Gli transcriptional activation (Col2al-Gli2), or Gli transcriptional reduction or activation and sterol accumulation (Insigl
double-knockout [InsigDKO]) (n =3 per group). Insigl(fl/fl);Insig2(—/—) mice were used as controls. A, Real-time polymerase chain reaction
analyses of change in Insigl expression according to genotype. Results are the mean fold change (with 95% confidence intervals) relative to
control. B, Spectrophotometric analyses for quantification of sterol and lipid accumulation in mouse chondrocytes. Results are the mean change
(with 95% confidence intervals) in oil red O staining intensity relative to the values for crystal violet staining as a control. In A and B,
# =P < (.05 versus controls. C, Cholesterol biosynthesis, as measured by *H-acetic acid sodium salt incorporation, in pooled primary mouse
chondrocytes. Results, measured in triplicate, are shown as the mean = SEM counts per minute relative to control. In A-C, control values were
arbitrarily set at 1.0. D, Representative images of primary mouse chondrocytes stained with oil red O (same as those shown in B) to illustrate

sterol and lipid accumulation. Bars = 100 pum.

paring more severely affected areas of human OA carti-
lage to less severely affected areas, expression of both
INSIG1 and INSIG2 was found to be down-regulated
(fold change —7.09 and —3.89, respectively) (results not
shown). Taken together, these data show that reduced
INSIG expression correlates with increased OA severity.

These findings suggest that cholesterol homeo-
stasis is perturbed, possibly as a result of the HH activa-
tion that is reported to accompany OA (4,8). We found
that when HH signaling was inhibited in OA cartilage,
INSIGI gene expression increased, and this translated
to an increase in the level of INSIG1 protein (Figure
1C). As a critical negative regulator of cholesterol
homeostasis, the inverse relationship between HH sig-
naling and INSIG1 expression suggests that inhibition
of HH signaling reduces cholesterol biosynthesis in
chondrocytes. This was further supported by our obser-
vations of the overall increase in transcription of choles-
terol homeostatic genes following HH inhibition, an
increase that typically occurs in response to reduced
intracellular cholesterol levels.

Regulation of cholesterol biosynthesis by HH
signaling in chondrocytes. To investigate the net effect
of HH signaling on cholesterol homeostasis in chondro-
cytes, we used genetically modified mice in which Gli-
mediated transcription was modulated. Previous studies

have demonstrated that Gli-mediated transcription is
reduced in Gli27* mice (designated Gli2™'~) by disrupt-
ing a single Gli2 allele (18), and Gli-mediated transcrip-
tion is increased in Col2al-Gli2 mice by overexpressing
Gli2 (17). Expression of both the Insigl gene and the
INSIG1 protein was increased in Gli2™'~ mouse carti-
lage and decreased in Col2a1-Gli2 mouse cartilage (Fig-
ure 2A and Supplementary Figure 1A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39337/abstract). This finding
confirmed that there is an inverse relationship between
HH signaling and INSIG1 expression in chondrocytes.

To assess the effects of modulated HH signaling on
total sterol and lipid levels, primary chondrocyte cultures
were established using cartilage dissected from mouse
knee joints, as previously described (14). Oil red O staining
for sterol and lipid accumulation showed lower levels of
sterol and lipid with Gli transcriptional reduction (repre-
sented in Gli2™'~ mice) and higher levels of sterol and lip-
id with Gli transcriptional activation (represented in
Col2a1-Gli2 mice) (Figure 2D). These differences in total
sterol and lipid levels were quantified in the chondrocytes
by spectrophotometry and found to be significant when
compared to those in control chondrocytes (Figure 2B).

In primary human chondrocytes, stimulation of
the HH pathway with the agonist purmorphamine
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Figure 3. Intracellular cholesterol accumulation in mouse chondrocytes induces osteoarthritic (OA) changes. A, Representative histologic sec-
tions of the knees of Insigl double-knockout (InsigDKO) mice compared to Insigl (fl/fl);Insig2(—/—) control mice at age 6 months, showing Saf-
ranin O staining for proteoglycan. Arrows indicate loss of proteoglycan (red) and cartilage defects in InsigDKO mice compared to controls.
Bars =100 um. B, Representative radiographic images (lateral views) of the knees of the mice at age 4 months. Arrows indicate areas of sub-
chondral sclerosis (whitening) in InsigDKO mice compared to controls. C, Results of real-time polymerase chain reaction analyses of OA
markers in cartilage microdissected from the knees of InsigDKO mice (shaded bars) and control mice (solid bars) at age 6 months (n=4 per
group). Results are the mean fold change (with 95% confidence intervals) in InsigDKO mice relative to controls (set at 1.0). * =P < 0.05 versus con-
trols. D, Representative histologic sections of articular cartilage from the femur of mice at age 6 months, showing staining for Coll0al (brown). Arrow
indicates increased staining of hypertrophic chondrocytes in InsigDKO mice compared to controls. Bars = 100 um.

resulted in a 3.70-fold increase in oil red O staining as
compared to that in untreated chondrocytes. This dem-
onstrated 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 the chondrocytes. There are 2 mammalian Insig
genes, Insigl and Insig2, and these genes functionally com-
pensate for each other in the regulation of sterol biosynthe-
sis (16,26). In the absence of these genes, mice accumulate
cholesterol and triglycerides in a robust manner. To induce
cholesterol accumulation in the chondrocytes, we crossed
Insigl (fI/f1);Insig2(—/—) mice (16) with Col2al-Cre—trans-
genic mice (15,27) (see Supplementary Figure 1B, available
on the Arthritis & Rheumatology web site at http://onlineli-
brary.wiley.com/doi/10.1002/art.39337/abstract). Analy-
ses were performed by comparing Insigl double-
knockout mice (designated InsigDKO) with control lit-
termates (Insigl[fl/fl];Insig2[—/—]). To modulate HH
signaling, InsigDKO mice were crossed with Gli2*/~
mice and Col2al-Gli2 mice, to generate Gli2"~;
InsigDKO mice and Col2al-Gli2;InsigDKO mice, re-
spectively (see Supplementary Figure 2, available on the

Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39337/abstract).

Using oil red O staining of primary mouse chon-
drocyte cultures, we confirmed that InsigDKO mouse
chondrocytes had robust sterol and lipid accumulation.
Despite the absence of Insigl, Gli-mediated transcrip-
tion still modulated sterol and lipid accumulation in the
chondrocytes. Gli transcriptional activation (in Col2al-
Gli2;InsigDKO mice) increased accumulation, and Gli
transcriptional reduction (in Gli2*'~;InsigDKO mice)
decreased accumulation (Figures 2B and D).

To refine the potential sterol intermediates con-
tributing to this accumulation, we took a candidate
approach to determine changes to cholesterol. Radio-
tracer studies were conducted to measure cholesterol
production from *H-acetic acid in primary mouse chon-
drocyte cultures. The results were consistent with those
from spectrophotometric quantification with oil red O
staining, showing that levels of cholesterol were positively
modulated by HH signaling in primary mouse chondro-
cytes (Figure 2C). By examining changes to the cholesterol
level in both Insigl-expressing mice (Gli2*'~ and Col2al-
Gli2 mice) and Insigl-knockout mice (InsigDKO, Col2al-
Gli2;InsigDKO, and Gli2"/ ~;InsigDKO mice), we deter-
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mined that HH signaling could alter the cholesterol level
in the absence of Insigl, showing that additional regula-
tors are involved in this process.

Exacerbation of OA by intracellular cholesterol
accumulation in chondrocytes. Since InsigDKO mice
exhibited robust sterol accumulation in the chondro-
cytes, we evaluated the knees of 6-month-old mice for
markers of OA, to determine whether intracellular ste-
rol accumulation contributes to disease development.
Compared to control littermates, InsigDKO mice
showed characteristic signs of OA. Histologic analyses
revealed loss of proteoglycan and thinner articular carti-
lage in InsigDKO mice (Figure 3A). This was accompa-
nied, and potentially mediated, by increased expression
of the proteases MmplI3 and Adamts5 in the cartilage
(Figure 3C). Expression of the hypertrophic marker
Coll0al was also increased and shown to be concentrat-
ed at the surface of the eroding cartilage in InsigDKO
mice (Figures 3C and D).

Radiographic analyses revealed irregularity of the
bone contour and increased sclerosis in the subchondral
bone of InsigDKO mice (Figure 3B). Histomorphometry
analyses indicated that the bone volume was reduced in
both the tibia and the femur of InsigDKO mice (see
Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39337/abstract). Whether the subchon-
dral bone changes preceded changes to the articular car-
tilage or were a consequence of changes to the articular
cartilage remains unclear, but the contribution of sub-
chondral bone to OA progression is well recognized
(28,29). Following surgical induction of OA, InsigDKO
mice showed osteophyte-like protrusions that were 15%
larger by volume than those in the control littermates (see
Supplementary Figure 4, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.39337/abstract).

Blinded grading of the mouse knee joints for OA
severity was conducted using the ICRS Visual Histologi-
cal Assessment Scale. This grading scale, in which lower
scores represent more severe OA (20), was chosen
because it accounts for changes to the subchondral
bone, whereas other scoring systems may minimize this
feature (21,30). InsigDKO mice showed overall ICRS
scores that were reduced in comparison to control mice
(mean IRCS score 11.3 in InsigDKO mice versus 17.3 in
control mice; P < 0.05) (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39337/abstract).
OARSI grading, in which higher scores represent more
severe OA (21), confirmed this finding (mean OARSI
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score 2.1 in InsigDKO mice versus 1.4 in control mice;
P < 0.05).

There were no sex-dependent differences in the
overall ICRS scores (results not shown), but for the
grading of OA severity on the cartilage surface category,
male mice showed a more severe phenotype than female
mice (mean =95% CI ICRS score 1.5+ 1.0 in male
mice versus 3.0 = 0.0 in female mice) at 6 months of
age. This is consistent with the findings from previous
studies indicating that male mice develop a more severe
OA phenotype than female mice (31).

To determine whether the cholesterol accumula-
tion in InsigDKO mice was exacerbating OA by activat-
ing HH signaling, we examined expression of HH target
genes in the mouse cartilage. Because there was no
change in expression of Glil, Ptchl, and Hhip, this phe-
notype cannot be attributed to changes in Gli transcrip-
tional activity in InsigDKO mouse chondrocytes (see
Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.39337/abstract). These results demon-
strate that intracellular sterol accumulation in chondro-
cytes exacerbates the severity of OA in mice.

Attenuation of OA by pharmacologic cholester-
ol inhibition in cartilage. To assess whether inhibition
of cholesterol production could mitigate the progression
of OA, mice were treated with 3 mg/kg/day lovastatin.
Drug pellets were placed adjacent to the synovial mem-
brane of the knees of Col2al-Gli2 mice in which HH sig-
naling was activated, the knees of InsigDKO mice in
which cholesterol accumulation occurred, and the knees
of mice in which OA was induced by medial meniscec-
tomy (4). Lovastatin treatment increased the expression
of HMGCR by 25% in mouse chondrocytes (P < 0.05;
n=23) (see Supplementary Figure 5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/d0i/10.1002/art.39337/abstract), which is the
typical response observed in relation to lowered intracel-
lular cholesterol levels. In all cases, lovastatin treatment
reduced cartilage fibrillation and thinning (Figure 4).

This finding was reflected by improvements in
the overall ICRS scores for OA severity (20). For exam-
ple, in InsigDKO mice with OA induced by medial
meniscectomy surgery, the mean overall ICRS scores
were 11.3 in the placebo group and 16.7 in the lovastatin
group (P < 0.05) (see Supplementary Table 2, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/d0i/10.1002/art.39337/abstract).
Furthermore, in Col2al-Gli2, InsigDKO, and Col2al-
Gli2;InsigDKO mice, treatment with lovastatin attenu-
ated chondrocyte hypertrophy, as indicated by changes
to Coll0al staining in the cartilage (see Supplementary
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Figure 4. Pharmacologic cholesterol inhibition attenuates osteoarthritic (OA) changes in mice. Representative histologic sections show hematox-
ylin and eosin staining of the knee joints of 4-month-old mice after implantation with a slow-release placebo (top panels) or statin pellet (bottom
panels). Methods for inducing OA included Gli transcriptional activation by hedgehog signaling (Col2al-Gli2), cholesterol accumulation (Insigl
double-knockout [InsigDKOY]), or both (Col2al-Gli2;InsigDKO), as well as surgical excision of the medial meniscus (+ surgery) in either control
or InsigDKO mice. Arrows indicate hypertrophic chondrocytes and cartilage fibrillation in placebo-treated mice. Bars = 100 pm.

Figure 6, available on the Arthritis & Rheumatology web that contains a conserved SRE binding site (Figures 5C
site at http://onlinelibrary.wiley.com/doi/10.1002/art. and D). Deletion of the SRE site diminished ADAMTS5

39337/abstract). promoter activity (see Supplementary Figure 8, avail-

To investigate the role of cholesterol inhibition in able on the Arthritis & Rheumatology web site at http://
human OA, articular cartilage explants from patients onlinelibrary.wiley.com/doi/10.1002/art.39337/abstract),
with knee OA were treated with 10 uM lovastatin. Treat- suggesting that ADAMTSS5 is a target of the SREBF
ment with lovastatin induced increased HMGCR expres- transcription factors. Since cholesterol levels regulate
sion in the chondrocytes from human OA articular processing of the SREBF proteins (34), these data sug-
cartilage (see Supplementary Figure 7, available on the gest that cholesterol accumulation can impact OA, at

Arthritis & Rheumatology web site at http://onlinelibrary. least in part, by modulating expression of ADAMTSS5.
wiley.com/doi/10.1002/art.39337/abstract), as expected in

response to lowerf?d intracellular. ch.o.lesterol levels. Fur- DISCUSSION

thermore, lovastatin treatment significantly reduced the

expression of MMPI13 (32,33) and ADAMTSS, and also In this study, we show that HH signaling regu-

decreased ADAMTSS promoter activity, in human OA lates the cholesterol homeostatic pathway in human and

chondrocytes (Figures SA and B). mouse cartilage. In genetically modified mice, the level
Results of the ChIP assay showed binding of of Gli-mediated transcription positively correlates with

SREBF2 to the proximal promoter of ADAMTSS, a region the level of intracellular cholesterol accumulation and
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Figure 5. Pharmacologic cholesterol inhibition attenuates ADAMTSS5 expression in human osteoarthritic (OA) cartilage. A, Results of real-time
polymerase chain reaction (PCR) analyses in human OA cartilage explants, showing a reduction in expression of the OA markers MMPI3 and
ADAMTSS in samples treated with statin (shaded bars) as compared to vehicle control (solid bars) (n =4 per group). Results are the mean fold
change (with 95% confidence intervals) relative to controls (set at 1.0). * =P < 0.05 versus controls. B, Luciferase activity from the ADAMTSS5
promoter construct after transfection into primary human OA chondrocytes with or without statin treatment. Results, measured in triplicate, are
the mean = SEM relative light units (RLU). C, Enrichment of ADAMTSS5 gene expression in ATDCS5 cells. Chromatin immunoprecipitation was
performed in ATDCS cells with antibodies to SREBF2 (red bars) or IgG as a control (black bars). ADAMTS5 expression was assessed by real-
time PCR with primers designed in the proximal promoter region (Proximal) or a control region (Distal). Results are the fold change in
ADAMTSS expression with anti-SREBF?2 relative to IgG (set at 1.0), D, Schematic diagram of the ADAMTS5 promoter, showing a sterol regula-
tory element (SRE) consensus binding site (red) that is conserved in both mice and humans (results obtained from Mulan analysis; see http://

mulan.dcode.org). UTR = untranslated region.

the severity of OA. Furthermore, cholesterol blockade
reduces the severity of OA in Col2al-Gli2 mice with
HH activation. This demonstrates that intracellular cho-
lesterol biosynthesis at least partially mediates the effect
of HH signaling in chondrocytes in OA (4).

Sterols have been shown to modulate HH signal-
ing (35-38), 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 ligands (39). Key
regulators of HH signaling contain conserved sterol-
sensing domains, suggesting that their behavior may be
affected by sterols (40). Perturbations in either HH sig-
naling or cholesterol homeostasis produce similar cen-
tral nervous system abnormalities, facial dysmorphisms,
and skeletal defects (41,42). These parallels point to a
mutual regulatory relationship between HH signaling
and cholesterol homeostasis.

A previous study by Engelking et al noted the
phenotypic similarity between total InsigDKO mouse
embryos and mouse embryos with modulated HH signal-
ing (26). Engelking et al hypothesized that the sterol
accumulation in InsigDKO mice caused HH activation,
but that study did not find differences in gene expression
levels of Shh, Smo, Ptchl, or Glil in the palate tissues at
13.5 days postcoitum (26). 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 carti-
lage. It is possible that HH signaling is modulated in sur-
rounding tissues due to altered ligand trafficking, or is
modulated in cartilage by sterol intermediates other than
cholesterol (24). The potential mutual regulatory rela-
tionship between HH signaling and sterol homeostasis
merits further investigation.

Given that OA is a degenerative disease, it con-
ceivably results from the culmination of small changes
over time. The magnitude of the changes to both gene
expression and cholesterol accumulation, as reported
herein, represent relatively small perturbations that
accumulate over time, causing progressive cartilage
degeneration and subchondral bone abnormalities. The
resulting OA phenotype is mild, but reflective of early
disease presentation in humans. Although it is possible
that this phenotype could be attributed, in part, to
developmental alterations or to structural changes to
the joints, the rescue we observed with 8 weeks of statin
treatment demonstrates at least a partial contribution of
cholesterol dysregulation to the phenotype.

Studies examining the relationship between ster-
ols and the occurrence of OA have been largely epide-
miologic (9,11,43,44). One limitation of those studies is
the assumption that systemic sterol levels are represen-
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tative of intraarticular sterol levels. Prete et al measured
total cholesterol levels in patients with OA in compari-
son to control subjects, and showed that plasma levels of
total cholesterol were comparable whereas the synovial
fluid levels were markedly increased in patients with
OA (range 4-169 mg/dl in OA patients versus 7-8 mg/dl
in control subjects) (45). This finding suggests that any
pharmacologic cholesterol inhibitor should target the
synovial joint specifically (46).

Gierman et al reported that rescue of the OA
phenotype could be achieved with statin treatment, but
not with ezetimibe treatment (47), suggesting that reduc-
tions in intracellular cholesterol production (by statin),
and not reductions in serum cholesterol (by ezetimibe),
are required to attenuate OA progression. In support of
this finding, the changes we observed in OA could be
attributed to chondrocyte-specific cholesterol accumula-
tion. These changes were attenuated by statin treatment
administered locally to the knee in vivo, which was effec-
tive in altering cholesterol homeostasis in the chondro-
cytes, thereby rescuing the OA phenotype.

We showed that statin treatment reduced the
expression of proteases in human OA cartilage in vitro,
including the promoter activity of ADAMTSS, the major
protease responsible for cartilage degradation in OA (31).
Our results indicate that activation of HH signaling in the
chondrocytes induces cholesterol accumulation, the levels
of which govern processing of SREBF?2 transcription fac-
tors. We also show that ADAMTSS contains a conserved
SRE binding site to which SREBF2 binds, making it a puta-
tive target of SREBF2 and subject to regulation by intracel-
lular cholesterol levels. This is one mechanism through
which cholesterol levels can regulate OA progression.

Alternate mechanisms include induction of chon-
drocyte hypertrophy by cholesterol-mediated activation
of the lipid regulator retinoic acid receptor-related
orphan nuclear receptor « (48), or cartilage degradation
by proteases that are regulated by protein geranylgera-
nylation, which requires intermediates from the choles-
terol biosynthetic pathway (32). Furthermore, statins
have been shown to reduce inflammation (49) and
induce anabolic effects in cartilage (33,46,50), and
therefore additional studies are required to elucidate
the exact mechanism through which sterol levels impact
cartilage biology.

Identifying intracellular cholesterol as a mediator
of OA reinforces the importance of chondrocyte homeo-
stasis in this disease, and puts forth a mechanism by which
HH signaling exacerbates OA. Cholesterol biosynthesis is
identified as a novel downstream pathway that is regulat-
ed by HH signaling, a relationship that may be relevant to

ALI ET AL

both the physiologic and pathologic processes of
cartilage.
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