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Abstract

This study reports on genetic susceptibility to ectopic calcification in the LG/J and SM/J advanced
intercross mice. Using 347 mice in 98 full-sibships, destabilization of medial meniscus (DMM)
was performed to induce joint injury. We performed quantitative trait locus (QTL) analysis to map
ectopic calcification phenotypes to discrete genomic locations. To validate the functional
significance of the selected QTL candidate genes, we compared mRNA expression between
parental LG/J and SM/J inbred strains. We found that joint destabilization instigated ectopic
calcifications as detected and quantified by micro-CT. Overall, we detected 20 QTLs affecting
synovial and meniscus calcification phenotypes with 11 QTLs linked to synovial calcification.
Functional and bioinformatic analyses of single nucleotide polymorphism identified functional
classifications relevant to angiogenesis (Myole, Kif26b, Nprl3, StabZ, Fam105b), bone
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metabolism/calcification (7/e3, Tgfb2, Lipc, Nfe2l1, Ank, Fam105b), arthritis (Stab2, Tbx21,
Map4k4, Hoxb9, Larp6, CollaZ, Adam10, Timp3, Nfe2ll, Trom3), and ankylosing-spondylitis
(Ank, Ponl, Il1r2, Tbkbpl) indicating that ectopic calcification involves multiple mechanisms.
Furthermore, the expression of 11 candidate genes was significantly different between LG/J and
SM/J. Correlation analysis showed that Aff3, Fam&81a, Syn3, and Ankwere correlated with
synovial calcification. Taken together, our findings of multiple genetic loci suggest the
involvement of multiple genes contributing to ectopic calcification.

ectopic calcification; QTL analysis; gene expression; genetics; advanced intercross line;
osteoarthritis

INTRODUCTION

Pathological mineralization of synovial connective tissues leads to chondromatosis or “loose
bodies” in the kneel: 2. Ectopic nodules appear as multiple intra-articular calcifications®: 3.
Their rupture and detachment can disturb the nutritive supply to the joint and can result in
mechanical injury ultimately leading to osteoarthritis (OA)3: 4,

Tissue mineralization is a complex phenomenon involving many physiological processes.
Normally, bones, teeth, and otoconia are the principal mineralized human tissues while non-
mineralized soft tissues are constantly awash in interstitial fluids supersaturated with
calcium and phosphate with mineralization inhibited®. Disturbance of inhibitory
mechanisms may permit pathological mineralization, e.g., atherosclerosis®, renal calculus
and gout’: 8, skin ossifications?, craniosynostosisi9, and OA-related ectopic calcification of
joints. Some evidence suggests that synovial chondromatosis has a genetically simple or
Mendelian basis!!: 12, Segregation has been reported in several pedigrees’3, while casual
loci have been mapped to human chromosomes 5p!! and 8q12. A monogenic cause for
ectopic calcification has been shown to be due to a segregating dominant allele of ANK on
chromosome 514, However, many cases appear to have a multifactorial basis. While it is
likely that environmental components of risk are substantial, recurrence rate among first-
degree relatives is 10-30%15, indicative of genetic components. Constituting the majority of
cases, genetic locations contributing to this polygenic form are unknown, let alone the
physiological processes the gene variants affect. Identification of important susceptibility
loci has highlighted disturbed physiological processes leading to calcification of joints and
other tissues such as heterotrophic mineralization of musculoskeletal tissues, skin and blood
vessels®: 9,

Here, we report the development of synovial and meniscal ectopic calcifications in response
to knee trauma in an F44 advanced intercross of LG/J and SM/J mice (Wustl:LG, SM-G44).
We mapped synovial and meniscal ectopic calcification phenotypes to discrete genomic
locations. For each positional candidate gene, we compared genetic sequence variations
between LG/J and SM/J alleles and performed functional, bioinformatic, and expression
analyses to gain insight into the mechanisms underlying these phenotypes.
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MATERIALS AND METHODS

Mice and knee injury model

All experiments were approved by the Animal Studies Committee. The F44 advanced
intercross differs in a wide-range of traits and is a model for studying the genetics of
complex traits segregating many interacting genes of small effect!6-1°. The F,4 sample
included 347 mice in 98 full-sibships. All mice were raised at our mouse facility operating at
constant temperature of 21°C and on a 12-hour light/dark cycle at high standards of
sanitation. Offspring were housed with their mothers until weaning at 3-weeks of age, and
then separated into sex-specific cages of 4-5 mice/cage with each cage individually
ventilated. All mice were fed on irradiated rodent chow (Purina 5053, Purina Mills St. Louis,
MO) with food and water provided ad /ibitum.

OA was induced through DMM surgery in which the medial meniscotibial ligament
(MMTL) was transected in 10-week old mice as described by us?® and others2l. Mice were
anesthetized using an intra-peritoneal injection of rodent cocktail (100 mg/kg ketamine, 20
mg/kg xylazine and 10 mg/kg acepromazine) before their right knee MMTL was resected to
displace the medial meniscus. The contralateral left knee served as a sham, receiving the
exact same surgery as DMM but without severing the MMTL. The primary reason for using
the contralateral sham knee in these experiments is because we are using F44 generation
families and the control knee must have exactly the same genotype as the DMM knee. Mice
were sacrificed by CO» asphyxiation at indicated time points. Knees were harvested and
subjected to histological and micro-CT analyses. After surgery, mice were transferred to
their original cages with original inmates in a group of 4-5 mice. All mice were weight
bearing after 2 hours when they recovered from anesthesia. No running wheels or casts were
provided therefore all the mice experienced equal levels of activity. All surgeries were
performed by one surgeon.

Micro-CT analysis and phenotypic scoring

Ectopic calcifications were visualized by micro-computed tomography (micro-CT) scanner
(Scanco-Medical) as described previouslyZ®. Each mouse was scored for presence/absence
of synovial and/or meniscal ectopic calcifications as well as according to a graded scale: 0 =
no nodules, 1 = <5 nodules, 2 = =5 nodules (Fig 1). We coded meniscal and synovial
calcifications as separate phenotypes for the following reasons: The mouse meniscus is
normally partially calcified, to a degree sufficient to render them visible on micro-CT. So, in
this case, we are scoring the extent of normal calcification. The synovial tissue, on the other
hand, is normally un-mineralized soft tissue. Hence it is quite possible that the two
phenotypes are mechanistically unrelated, de novo calcification versus enhanced
calcification. Further, measured phenotypes for meniscus calcifications and synovial
calcifications are uncorrelated in a chi-square test of association (Cramer’s V = 0.040, p =
0.905, 3 df); they are distributed as independent traits.

Histological analysis

Harvested knees were fixed overnight in 4% paraformaldehyde and methacrylate embedded.
For proteoglycan detection, 10-um coronal sections were stained with Alcian blue and
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Safranin-O, and counterstained with fast green. Mineralization was detected with 1% silver
nitrate as per the von Kossa method. For immunohistochemistry of collagen types | and
collagen type 11, knees were fixed in 10% neutral buffered-formalin, decalcified with 10%
formic acid in 5% formaldehyde for 48-hours, and embedded in paraffin. Coronal sections
(5-um in thickness) were taken through the joint and evaluated for immunofluorescence as
described elsewhere?2,

QTL mapping

Individuals of the F44 and their F43 parents were genotyped at 4,588 single nucleotide
polymorphisms (SNPs) distributed across the 19 autosomes of the mouse genome23. A
genetic map was constructed based on the physical ordering of SNPs along each autosome
(Supplementary Table 1) according to NCBI build 37/mm9 (http://genome.ucsc.edu/) using
R/qtl. Using the Hapi software24, ordered heterozygous genotypes were estimated twice
from family data. Heterozygous genotypes were input initially as “LG/J:SM/J” and then
“SM/J LG/J”. Loci with discrepant calls between the two analyses were treated as having
missing phase information.

Based on each individual’s marker genotypes, we utilized Haley-Knott regression?® to
impute additional genotypes every 1 centimorgan (cM), assigning additive, dominance, and
imprinting genotypic scores at each marker and imputed position!8. Then two mapping
models were compared using the Mixed Procedure in SAS v9.1 (SAS Institute, Cary, NC).
The full-model included sex plus genomic location effects and their interactions with sex as
fixed effects, and family assignment and its interaction with sex as random effects. The -2
In(likelihood) of the reduced and full-models were compared to a null-model including a sex
effect but no specific genetic effect, using XZ test with 3 and 6 degrees-of-freedom,
respectively. Probabilities were transformed into LPR = —log1o(Pr). Bonferroni-adjusted
genome-wise and chromosome-wise significance thresholds were calculated (Supplementary
Table 1). Since meniscal and synovial calcifications were scored twice according to our
binary and graded classifications, QTLs of a given full- or reduced-model were considered
valid only when they achieved at least chromosome-wise significance on one scale and at
least point-wise significance at 10% level on the other scale. For loci significant under the
full mapping model and with interaction terms significant at the point-wise level (LPR=1.3),
the data were partitioned by sex and refitted to the reduced-model. We used the standard of a
peak LPR score £1 LPR to define 95% positional support intervals. When two QTLs for the
same phenotype appeared on the same chromosome within 50 cM of each other, the two
positions were considered individually and jointly. A 2-QTL model was accepted if it fitted
better at 5% significance than the best 1-QTL model using a likelihood ratio test.

SNP analysis

Using UCSC genome browser annotations of the NCBI37/mm9 assembly (http://
genome.ucsc.edu/), we identified SNPs in the exons, introns, and untranslated regions of
each candidate. SNPs occurring within 2500 base-pairs up- and down-stream of transcription
start and stop sites were considered. Evolutionary conservation scores for each SNP were
obtained from the PhastCons30Placental table (UCSC browser). Nonsynonymous SNPs

J Orthop Res. Author manuscript; available in PMC 2016 October 01.


http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://genome.ucsc.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rai et al. Page 5

were evaluated for potential functional significance by PolyPhen-2, SIFT, and LRT
algorithms19: 26-29,

Candidate genes and functional classifications

We analyzed candidate genes by GeneGo MetaCore (https://portal.genego.com) to assess the
gene ontology. We then performed a PubMed search for each candidate using its name plus
these terms joined by the Boolean operator OR: arthritis, bone, calcification, cartilage,
mineralization, osteocyte, synovium. Search results were perused for relevance to OA
processes or skeletal tissue physiology. Further information regarding the molecular
function, cellular component, and biological process were probed using Mouse Genome
Informatics (MGI) gene ontology database (http://www.informatics.jax.org). We also used
gene expression omnibus (http://www.ncbi.nlm.nih.gov/geo) to search for mutant alleles of
our positional candidates with effects on skeletal tissues and to examine information
regarding their expression patterns.

Enrichment ankylosing spondylitis-associated genes

We tested whether our QTL support intervals were enriched for candidates with human
orthologs associated with ankylosing spondylitis. We compiled a list of 213 genes associated
with ankylosing spondylitis using the Genotator database (http://
www.genotator.hms.harvard.edu/geno). For each actual QTL detected, we positioned a
support interval of equal size randomly in the mouse genome without resampling positions,
counting the number of genes within intervals that occur on the disease association list. The
process was repeated 1,000 times to arrive at the expected number of such occurrences.

Validation of candidate genes in parental LG/J and SM/J inbred strains

To validate the functional significance of the selected QTL candidate genes, we set out to
compare mRNA expression levels in knee joint tissues between parental LG/J and SM/J
inbred strains for 78 candidate genes. Using five mice from each parental strain, we
performed DMM in the right knees as described above. At 8-week post-surgery, knees were
harvested and scanned to evaluate ectopic calcification by the aforementioned micro-CT
analysis. The knee joints were fixed in 10% neutral buffered formalin and decalcified using a
mixture of 10% formic acid and 5% formaldehyde solution for 2-days at 4°C. Then the
joints were incubated in 0.01 M ethylenediaminetetraacetic acid for another 6 hours at room
temperature. Samples were paraffin embedded, mounted in blocks, and sagittally sectioned
at 5 um intervals using standard methods. The sections were mounted on polylysine-coated
slides (Fisher Scientific, Silver Spring, MD) before staining. We used the Affymetrix
QuantiGene Plex assay (Panomics Inc., Fremont, CA) to measure the mRNA expression in
tissue lysate prepared from formalin-fixed paraffin embedded histological sections2®.
Briefly, 25 sections of sham- and DMM-operated knees were macrodissected to collect the
entirety of the knee capsule tissues including subchondral bone of the tibia and femur, while
removing excess paraffin and extraneous long bone material, prior to tissue homogenization.
Tissue homogenates were prepared in a mixture of homogenizing solution and proteinase K.
The mRNA expression of candidate genes was measured in tissue lysates by the Affymetrix
QuantiGene Plex assay (Panomics Inc., Fremont, CA) as described previously?®. The
expression of candidate genes was normalized by obtaining their residuals from a multiple
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regression using Gapahand Hprt readings as independent variables. Residuals from
replicates were then averaged to obtain normalized readings from each knee per individual
mouse. LG/J and SM/J gene expression levels were compared using correlated t-tests in
which the expression level of the sham-operated knee was subtracted from the DMM-knee
of each individual. We also computed the Pearson’s correlation coefficients between ectopic
calcification scores and levels of gene expression for those candidate genes whose
expression levels were significantly different between LG/J and SM/J at the <10% level of
significance.

Phenotypic analysis

Ectopic nodules were analyzed at 8-weeks post-injury. Micro-CT analysis revealed calcified
nodules around joint capsule, synovium, or meniscus only in the knees that underwent
DMM surgery (Fig. 2B and 2D). No nodules were present in sham-operated knees (Fig. 2A
and 2C). It was shown that LG/J mouse strain developed significantly more ectopic
calcification in the right operated knee compared to contralateral left sham-operated knee as
well as when compared to the DMM-operated knee of SM/J mouse strain (Fig. 2E and 2F).
Our histological analysis confirmed the mineralized nature of ectopic nodules as was evident
by von Kossa staining (Fig. 3A-B). These nodules stained positively for Alcian blue and
Safranin-O, indicating abundant expression of glycosaminoglycan substituted proteoglycan
components (Fig. 3C-D) of the type primarily present in cartilage along with collagen type
Il expression (Fig. 3E). These regions also stained positively for both collagen types | and Il
(Fig. 3F). The medial joint capsule of DMM-treated knees showed hypertrophy and
expressed higher type Il collagen compared to sham. Type 11 collagen expression was
predominately on the periphery of the nodules while type | collagen was expressed mainly in
the center.

QTL analysis

Overall, we detected 20 QTLs affecting synovial and meniscal calcification phenotypes with
11 QTLs linked to synovial calcification and 10 QTLs affecting meniscal calcification
(Table 1). Calcification QTLs are identified by C followed by two numbers separated by a
decimal. The first number indicates QTL’s chromosome; the second number identifies
particular QTLs on the same chromosome. Mouse chromosomes are acrocentric, and QTLs
on the same chromosome are numbered according to their relative position from the
centromere. Among all the QTLs, only C19.1 exerted a pleiotropic effect on both
phenotypes. While all other QTLs attained at least chromosome-wise significance, C1.2
affecting synovium achieved genome-wise significance with an LPR=4.35. In contrast, C8.1
was only tentatively accepted since it occurred in a proximal region on chromosome 8 in
which SM/J alleles were infrequent after 44 generations of genetic drift; so genotypic means
for homozygotes at this locus were estimated from very few individuals.

Sex effects were important, with 13 loci demonstrating significantly different effect sizes
dependent on sex. An additive effect is half the difference between the means calcification
scores of the two homozygotes. To compare effect sizes across phenotypes, we standardized
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them by dividing by their respective standard deviations (SD) obtained via one-way analysis
of variance with sex as the independent factor. LG/J at C1.1 conferred the largest additive
protective effect with a/SD = —1.223. This effect was only significant in males and was the
largest overall effect. C5.1 conferred the largest additive increase in susceptibility with a/SD
= 0.589 and affected both sexes equally. Among homozygotes at C8.1, the LG/J allele
protected males (a/SD = -0.625) but increased ectopic calcifications in females (a/SD =
0.331). Of 14 significant additive effects, the LG/J allele was found to be protective against
developing ectopic calcification at eight QTLs and susceptible to it at six locations (Table 1).

We detected 13 significant dominance effects (describing the difference between
calcification score of heterozygotes and homozygotes), 10 of which reduced calcification
scores indicating the general dominance of protective alleles. The largest reduction of
susceptibility was conferred on males by C1.2with d/SD = -0.502. In terms of dominance,
females were most susceptible at C1.6 (d/SD = 0.893). Males were protected at CZ0.1 (d/SD
=-0.469), while females were more prone to develop ectopic calcifications (d/SD = 0.345).

Given our experimental design, we were able to investigate imprinting effects at
heterozygous loci, which measured phenotypic differences between heterozygotes receiving
their LG/J and SM/J alleles from parents of opposite sex. We observed 10 cases of
significant imprinting, similar in number to additive and dominance effects that are more
commonly tested in genetic studies. Inheriting the LG/J allele from the dam reduced
susceptibility in six of 10 cases of significant imprinting, most notably for males at C14.1
(i/SD = -0.460). At C1.3, inheriting LG/J from the sire protected females (i/SD = —0.334)
but made males more susceptible (i/SD = 0.511).

Candidate gene nomination and prioritization

The average QTL support interval size was 1.15 megabases, containing on average seven or
eight genes in the F44 advanced intercross line. From 141 positional candidates clustered in
20 QTL regions (Supplementary Table 2), we compiled two lists of priority candidate genes.
An initial list of 35 candidates was determined through bibliographic searches to be
associated with normal or disease states affecting skeletal tissues or to be involved in ectopic
mineralization of soft tissues. A second list of 66 candidates was based on genes containing
non-synonymous SNPs and/or highly conserved SNPs at noncoding positions (Table 2). Of
these, 25 candidates harbored nonsynonymous SNPs and were further scrutinized using
predictive algorithms for the likelihood that the resulting amino acid changes have functional
consequences. The following genes contained the greatest number of coding SNPs in their
respective QTL intervals: Aff3(C1.1), I11r/2(C1.2), Zfp648(C1.3), Rrp15(C1.5), Hipl
(C5.2), Uaca (C9.1), Stab2 (C10.1), Oxgrl (C14.1), Fam105a(C15.1), and Sorcsl (C19.1)
(Table 2; Supplementary Table 3). Stab2, Oxgr1, and Fam105a were predicted by either
LRT, PolyPhen-2, and/or SIFT algorithms as encoding amino-acid polymorphisms of likely
functional consequence, and as such were among the most highly ranked candidates. //1r/2
and Stab2 are also distinguished by carrying numerous nonsynonymous SNPs, six and 14,
respectively. MGI databases indicated that Aff3is expressed in the axial skeleton, with one
known mutant producing malformed vertebrae. Similarly, one mutant form of HjjpI caused
axial malformations but yielded no specific arthritic phenotypes in joints of the appendicular
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skeleton. Of the other nonsynonymous SNP-carrying candidates, very little information is
available regarding expression and functional roles in skeletal tissues. Fifty-eight genes from
our list of 66 candidates contained only highly conserved noncoding SNPs. According to the
MGI database, Ras/11bis expressed in pelvic skeletal tissue, Poni and PonZ2 are expressed
in the femur, and Gmds is expressed in appendicular skeleton. QTL interval C4.1 contained
no known genes, and its phenotypic effects were likely due to regulatory sequences.

Ankylosing spondylitis-associated gene enrichment

From our QTL analysis, we found that four candidate genes have human orthologs that are
associated with ankylosing spondylitis (Ank, Ponl, Il1r2, TbkbpI). From our simulation
described above, we expect to observe on average 1.66 such genes by random chance. The
non-parametric probability of the result is P = 0.059, suggesting that whatever processes
underlie ankylosing-spondylitis in human are likely important in ectopic calcification in our
mouse model of knee injury.

Gene expression differences between parental LG/J and SM/J inbred strains

We observed that the expression levels of 11 candidate genes were significantly different
between LG/J and SM/J mice at the 10% level or lower: Aff3(P = 0.03), Gpatch2 (P = 0.07),
Pon2 (P = 0.06), Uaca (P = 0.10), Fam&1a (P = 0.02), Syn3 (P = 0.03), Copz2 (P = 0.07),
Skapl (P = 0.03), Mrp/10 (P = 0.04), Nfe2/1 (P = 0.05) and Ank (P = 0.09) (Table 3).
Correlation analysis showed that A3 (r = 0.56; P = 0.02), Fam&1a(r = 0.46; P = 0.06),
Syn3(r=0.43; P =0.08), and Ank (r = 0.40, P = 0.10) were correlated with synovial
calcification phenotype.

DISCUSSION

We performed genome-wide mapping of QTLs affecting synovial and meniscus
calcifications in an F44 advanced intercross line derived from LG/J and SM/J mice. We
mapped 20 QTLs in our experimental population affecting ectopic calcification with 11 and
10 QTLs respectively underlying synovial and meniscal calcifications. The LG/J allele
usually conferred an increased protective effect against ectopic calcification relative to the
SM/J allele. Sex-specific genetic effects predominated, with 13 loci demonstrating
significantly different effect sizes dependent on sex. At the expense of detection power,
advanced intercross lines provided a mapping advantage over F5 or backcross generations in
that QTL numbers and locations are more precisely localized. The average interval size was
1.15 megabases, typically containing 7-8 genes. We discuss candidate genes in terms of
functional classifications encompassing angiogenesis, bone metabolism, calcification,
arthritis, and ankylosing spondylitis.

Angiogenesis

Several genes associated with angiogenesis were identified in our QTLs intervals (Myole,
Kif26b, Nprl3, Stab2, Fam105b). Angiogenesis is associated with ectopic calcification in a
variety of tissues39 and exerts both direct and indirect effects on ectopic calcification
through a two-step process: firstly, angiogenic factors and cytokines released by endothelial
cells induce the differentiation of osteogenic progenitor cells and secondly, blood vessels
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provide oxygen and nutrients to initiate and augment bone growth3. While
chondrocalcinosis is not always associated with increased angiogenesis3?, it is believed that

synovial and osteochondral angiogenesis are both features of arthritis and occur in parallel.

Bone metabolism and calcification

Deposition of calcium crystals in cartilage and meniscus is often associated with higher risk
of OA33. Calcium crystals with a low propensity to induce acute inflammation may
contribute to chronic synovitis and angiogenesis in chondrocalcinosis.

Tle3(C9.1) varied at two highly conserved intronic SNPs, and is known to be involved in
osteoblast differentiation34. Likewise, Tgfb2(C1.5) is known to play significant roles in
bone metabolism and turnover3®, though alleles did not vary at evolutionarily conserved
sites. While Lipc (C9.2)is expressed in osteocytes, and is associated with bone mineral
density variation and coronary calcification3, it harbored no highly conserved SNPs. Nfe2/1
(C11.1), which contained six conserved noncoding SNPs, plays a role in bone
development3’.

Ankylosing spondylitis

Arthritis

In our study, ANK;, which is associated with synovial chondromatosis in humans, was linked
to meniscus calcification at C15.1. Finding Ankin an interval is very intriguing, yet
according to our SNP criteria, it is outranked by Fam105b (associated with angiogenesis as
above), a gene about which little is known but among our most highly ranked candidates
based on SNP polymorphisms. Nonetheless, Arnk plays an important role in inorganic
pyrophosphate transport and inhibition of matrix mineralization38, and its human variants
have been associated with joint chondrocalcinosis and ankylosing spondylitis3.

Interestingly, in addition to Ank, we found three other candidates (Poni, //1r2, and Tbkbpl)
associated with human ankylosing spondylitis*0, OA and RA*L. Members of the /LI gene
cluster also play roles in growth plate and bone remodeling®2. We noted for //1r2and
Tbkbp1, and more generally for other candidates lacking conserved and/or nonsynonymous
SNPs, that we defined alleles to include transcribed sequences plus the flanking 2,500 base-
pairs linked but more distant regulatory sequences remain unexplored.

Though we did not find bibliographic evidence for its association with OA phenotypes,
Stab2 (C10.1) binds to hyaluronic acid in the extracellular matrix43. Between the LG/J and
SM/J, Stab2varied at 14 nonsynonymous positions. 76x21 (C11.1), differing at two highly
conserved intronic SNPs, plays a role in T-cell function underlying numerous autoimmune
disorders including rheumatoid arthritis (RA) and systemic sclerosis**. Map4k4 (C1.3)
contained six highly conserved intronic SNPs, and human variants have been associated with
RA and arterial calcification?. Hoxb9 (C11.1) is associates with human hip dysplasia and
OA? and varied at two conserved intronic and three downstream base positions. Larp6
(€9.1) functions in large part by directly binding to Co/Za2 during its translation4’, however,
both Colia2? (C6.1) and Larpé carried no significant SNPs. In contrast, Adam10(C9.2) a
member of aggrecanase family involved in proteolytic cleavage of protein ectodomains
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including those of Notch receptors*8, as well as aggrecan varied at a single conserved
intronic position. A role for metalloproteases was further implied by C10.1 candidate

7imp3, containing four conserved intronic SNPs, which interacts with metalloproteases*?
and plays a key role in inflammation and OA%0. Playing a role in normal bone development,
Nfe2l1 (C11.1) contains six conserved noncoding SNPs. In humans, NFEZ/1 is an important
transcription factor implicated in the regulation of genes differentially expressed between
normal and RA patients*!. 77om3is a calcium permeable channel associated with human
RA through dysregulated synoviocyte secretion of hyaluronic acid®?. It has one
nonsynonymous SNP in addition to 32 highly conserved intronic SNPs.

Despite the fact that several genes identified from calcification phenotype to be associated
with OA, to our knowledge, no QTL for OA in the mouse model have been reported other
than a single locus found in STR/ort mice®2, the main candidate being Sfrp1, a WNT
antagonist. This QTL is located on chromosome 4 in a region distinct from our QTL on
chromosome 4, C4.1.

To further address the functional relevance of candidate genes underlying post-traumatic
ectopic calcification, we measured calcification phenotypes and expression levels of several
candidate genes in the advance intercross parental strains, LG/J and SM/J. Our mRNA
expression analysis showed that the expression of 11 candidates was significantly different
between LG/J and SM/J, with four being correlated with the degree of ectopic calcification.
Given the predominant effect of sex in our analyses, we suggest future mechanistics studies
should have an explicit focus on the role of sex in modulating biological processes
underlying ectopic calcification. Thus, continuing this approach coupled with mechanistic
studies will further narrow the scope of our candidate genes toward the aim of identifying
precise physiological mechanisms underlying ectopic calcification of joints following
traumatic knee injury.

Our findings of multiple genetic loci affecting ectopic calcification suggest the involvement
of multiple genes contributing to its pathogenesis. Our data also suggest pathogenic
mechanisms leading to post-traumatic calcification in the joint space versus the synovium
have distinct and overlapping components. As mentioned above, we coded meniscal and
synovial calcifications as separate phenotypes because they are mechanistically unrelated: de
novo calcification in one versus enhanced calcification in the other. In addition, these
phenotypes were found to be uncorrelated in a chi-square test of association. Considering
the distinct nature of these two tissue environments as well as the outcome from statistical
test, we coded meniscus and synovial calcifications as distinct phenotypes yielding a total of
20 QTL loci. We considered the possibility that the calcifications should be coded as a single
phenotype but their lack of phenotypic correlation and their distinct normal and pathological
states led us to treat them separately.

Lastly, we believe the present analysis to be the first detailed genetic examination of
meniscal or synovial calcification phenotypes resulting from knee-trauma in mice. We are
not aware of any studies that have examined these meniscal or synovial calcification
phenotypes in other mouse strains. However, we strongly believe that DMM surgery per se
is not the sole inducer of these phenotypes as our unpublished observations in some of the
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genetic mouse strains have shown that non-invasive compressive loading also results in the
formation of calcified nodules in the synovium and meniscus (MF Rai, D. Xin, LJ Sandell,
unpublished results. We have previously reported that certain LGXSM recombinant inbred
lines capable of healing ear wounds and repairing articular cartilage defects are protected
against induced knee OA2922, |nterestingly, the healer mice develop higher degree of ectopic
calcification than a mouse strain that does not repair above tissues and is susceptible to post-
traumatic osteoarthritis. Therefore, we suggest that formation of ectopic calcification is an
independent phenomenon and does not depend on the status of articular cartilage. Taken
together with the lack of effect of sham surgery, we interpret our experimental analysis to
reflect the calcifying response of the murine knee to generalized trauma and specifically
here to joint instability caused by meniscal destabilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Grading of synovial ectopic calcification

0 = no nodules 1 = less than 5 nodules 2 = more than 5 nodules

Grading of meniscal ectopic calcification

0 = no nodules 1 = less than 5 nodules 2 = more than 5 nodules

Fig. 1. Scoring scheme to evaluate ectopic calcification
We used binary and graded scoring schemes to evaluate the intensity of ectopic synovial (A—

C) and meniscal (D-F) calcifications. Knees with no nodules were scored as absent (A, D)
while knees with any calcification were scored as present (B, C, E, F) using binary scoring
scheme. In the graded scheme 0 means no nodules (A, D), 1 means <5 nodules (B, E) and 2
means =5 nodules (C, F).
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Synovial ectopic calcification
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Fig. 2. Typical phenotypic outcomes in sham and DMM knees
F44 advanced intercross line mice were subjected to DMM at 10-week of age. Micro-CT

analysis on the harvested knees was performed 8-week post-surgery. Micro-CT images
showed ectopic synovial (A-B) and meniscal (C-D) calcifications exclusively in the knees
subjected to DMM. No significant calcifications were observed in contralateral sham knees
(A, C). We observed that ectopic synovial calcifications were significantly higher in the
knees subjected to DMM of LG/J compared to contralateral sham-operated knee as well as
DMM-operated knee of SM/J strain (E-F).
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Fig. 3. Histological characteristics of ectopic calcifications
Lower magnification of anterior joint capsule stained with Von Kossa (A). Yellow arrows

indicate ectopic calcification. High magnification of ectopic calcifications stained with von
Kossa (B), Alcian blue (C), Safranin-O (D), and immunohistochemistry of type Il collagen
(E) are also shown. Immunohistochemistry of type | and Il collagen on medial knee joint
(sham and DMM) and ectopic calcification (arrows) are shown (F). F: Femur, M: Meniscus,
T: Tibia, and JC: Joint capsule.
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