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Abstract

Objective—The genetic contributions to the multifactorial disorder osteoarthritis (OA) have been
increasingly recognized. Our goal was to use OA-related biomarkers of severity and disease
burden as quantitative traits to identify genetic susceptibility loci for OA.

Methods—In a large multigenerational extended family (CARRIAGE family, n=350), we
measured five OA-related biomarkers: HA (hyaluronan), COMP (cartilage oligomeric matrix
protein), PILANP (type I1A collagen N-propeptide), CPII (type Il procollagen carboxy-
propeptide), and C2C (type Il collagen cleavage neoepitope). SNP markers (6,090) covering the
whole genome were genotyped using the Illumina HumanLinkage-12 BeadChip. Variance
components analysis as implemented in SOLAR was used to estimate heritabilities of the
quantitative traits, and to calculate two-point and multi-point LOD scores using a polygenic
model.

Results—Four of the five biomarkers showed significant heritability (p<0.01 age and sex
adjusted h2r: PIIANP 0.57, HA 0.49, COMP 0.43, C2C 0.30). Fourteen of the 19 loci with multi-
point LOD scores >1.5 were near or overlapped previously reported OA susceptibility loci. Four
of these loci were identified by more than one biomarker. The maximum multi-point LOD scores
for the heritable quantitative biomarker traits were LOD 4.3 for PIIANP (chromosome 8p23.2);
LOD 3.2 for COMP (chromosome 8g11.1); LOD 2.0 for HA (chromosome 6g16.3); LOD 2.0 for
C2C (chromosome 5g31.2).
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Conclusions—We report the first evidence of genetic susceptibility loci identified by OA-
related biomarkers in an extended family. Serum concentrations of PIIANP, HA, COMP and C2C
have substantial heritable components and identified several genetic loci potentially contributing
to the genetic diversity of OA.
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Introduction

Osteoarthritis (OA) is the most common joint disorder worldwide and the most common
cause of disability in Western countries with significant socioeconomic consequences (1).
Although many studies have shown that OA has a strong genetic component (2—4), with an
estimated heritability ranging from 39 to 74% based on the pattern of joint involvement (5),
the genetic and phenotypic heterogeneity of OA present challenges in the ongoing attempt to
identify the genetic contributions to this complex disease (6). Over the last decade the
whole-genome linkage scan approach has led to mapping of a number of susceptibility loci
for OA. These findings were all based on phenotyping by radiograph, clinical examination,
or clinical history (total joint replacement) (7-15). However, the hallmark of OA is cartilage
loss; reflected on radiographs as the joint-space width, it is a fairly late stage manifestation
of disease with poor sensitivity for OA initiation (16). An alternative approach, the use of
intermediate biomarker traits, has been used successfully for genetic analyses of other
diseases [anti-cyclic citrullinated peptide in rheumatoid arthritis (17) and YKL-40 in asthma
(18)], but never in OA. Existing OArelated biomarkers have the potential to detect disease
earlier than is possible by radiograph (19), and to reflect not only OA severity but also total
body burden of disease (20). Moreover, OA is clearly not only a cartilage disorder (21, 22)
but rather a disease of the whole joint organ consisting of cartilage, bone, synovium,
meniscus and tendon.

We hypothesized that we could replicate known OA susceptibility genes, and identify
additional OA-related genes and shared genetic determinants through monitoring of the
turnover of the whole joint organ through a biomarker approach, thereby potentially
providing data that could augment existing knowledge of OA etiologic pathways and
progression. Based on the strength of previous validation evidence (23), we chose to analyze
five serum OA-related biomarkers in this study: hyaluronan (HA), cartilage oligomeric
matrix protein (COMP), type IlA collagen N-propeptide (PIIANP), type Il procollagen
carboxy-propeptide (CPII), and type Il collagen neoepitope (CoC). Each of these markers
has data to support their classification (24, 25) in at least two categories of the BIPED (26)
biomarker classification scheme (Burden of disease, Investigational, Prognostic, Efficacy of
therapy, and Diagnostic markers): HA — categories B, P; COMP - categories D, B, P;
PIIANP — categories B, P, D; CPII — categories P, E, D; and C,C — categories P, E, D.

For these analyses, we studied a unique extended family, the CARRIAGE (CARolinas
Region Interaction of Aging, Genes and Environment) family. The CARRIAGE family is
one of the most extensively pedigreed existing families in the United States comprising 10
generations with 3327 pedigreed members, and originating from one founder born in the
1700s. The ethnic origin of this family is primarily African and Native American. Linkage
analysis in this single founder lineage provides many advantages for mapping complex traits
due to the reduction of genetic heterogeneity and confounding by population stratification
(27). This family was selected for study because of its size and strong genealogical records
and was not selected for a particular condition or disease, including OA. Nevertheless, as we
have previously documented, this cohort had a prevalence of clinical hand OA of 17% and
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clinical knee OA of 30% based on American College of Rheumatology criteria (28). This
prevalence of knee OA is modestly elevated over that of a Dutch population but the hand
OA prevalence is consistent with estimates for individuals of mean age 55 years (the mean
age of the ascertained CARRIAGE family members) (29). We have also observed an
association of hand OA phenotypes in this cohort with serum OA-related biomarkers (30).
Here, we report the first evidence for genetic linkage in OA using these biomarker traits in
this large extended family.

Family Cohort

Pedigree data for the CARRIAGE family were obtained from three sources: 1) a book
detailing the genealogy of the descendents of this forefather; 2) family history
questionnaires distributed by mail and completed during three family reunions over 4 years
(2002, 2004 and 2006); and 3) genealogy data collected by a family member. These data
were combined using Progeny®© software (www.progenygenetics.com) for genetic database
and pedigree management. We were able to successfully document 3327 family members
from the nine generations, with 2795 family members completely connected to the original
founder. This family came to be studied in the context of health fairs conducted at several
large family reunions. Detailed ascertainment of 350 family members (mean age 54 years)
was accomplished during the three family reunions. Further details are provided in previous
reports (28, 30). Written informed consent was obtained from each participant, and the study
was approved by the Duke Institutional Review Board. All information and work was
conducted under a Federal Certificate of Confidentiality to ensure the privacy of each
participating member’s clinical and genetic data.

Analyses of Serum Biomarkers Related to OA

Serum was isolated, aliquoted and stored within 4 hours of blood collection at —80°C until
biomarker analyses were performed. Serum biomarker analyses were repeated as necessary
for samples with a >15% coefficient of variation (CV). We measured five OA-related serum
biomarkers: two type Il collagen biomarkers indicative of collagen synthesis (PIIANP,
CPII); a type Il collagen biomarker indicative of collagen degradation (C,C); a glycoprotein
biomarker (COMP) originating from cartilage, synovium and tendon, which is associated
with spine and knee OA (31) and impacted by synovitis (31, 32); and a high molecular
weight polysaccharide (HA), an excellent indicator of total body burden of OA including
osteophyte and cartilage loss (20). When serum for a given individual was available from
more than one reunion, the most recent sample was used.

PIIANP (type 1A collagen N-propeptide), a marker of a fetal form of collagen Il
recapitulated in OA, was measured by competitive ELISA (LINCO Research, St. Charles,
MO, USA). The minimum detection limit is 17.2 ng/ml. Intra-assay and inter-assay CVs
were < 6.6% and < 7.8%, respectively. CPII (type Il procollagen carboxy-propeptide), a
marker of the adult form of collagen Il synthesis, was measured by competitive ELISA
(IBEX, Montreal, Quebec, Canada). The minimum detection limit is estimated to be 35.1
ng/ml. Intra-assay and inter-assay CVs were < 3.7% and < 9.1%, respectively. C,C (type Il
collagen cleavage neoepitope), a competitive ELISA (IBEX) was used to measure the
neoepitope produced by the cleavage of type Il collagen (C,C). The minimum detection
limit is reported to be 7.3 ng/ml. Intra-assay and inter-assay CVs are < 2.4% and < 9.5%,
respectively. COMP (cartilage oligomeric matrix protein) was measured with an in-house
sandwich enzyme-linked immunosorbent assay (ELISA) as previously described (33, 34),
using monoclonal antibodies 17C10 (epitope in the epidermal growth factor—like domain)
and 16F12 (epitope in the NH2-terminal domain) against human COMP (35). The minimum
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detection limit is 120 ng/ml. Intra-assay and inter-assay CVs were < 5.8% and < 8.7%,
respectively. HA (hyaluronan) was measured by enzyme-linked binding protein assay
(Corgenix Inc. Westminster, Colorado, USA). The assay uses enzymeconjugated hyaluronic
acid binding protein (HABP) from bovine cartilage to specifically capture HA from human
serum. The minimum detection limit is established at 10 ng/ml. Intra-assay and inter-assay
CVs were < 4.7% and < 7.0%, respectively.

DNA isolation and quality control

DNA was isolated from buffy coat (derived from 5 ml fresh EDTA blood) (n=347) or 4 ml
saliva (n=3). Saliva samples were obtained by mail when available blood was insufficient
for DNA isolation but sufficient for serum biomarker analyses. DNA was extracted from
blood and saliva using the PUREGENE DNA Purification Kit (Gentra Systems Inc,
Minneapolis, Minn) per the manufacturer's instructions. DNA concentration was quantified
by Thermo Scientific NanoDrop™ spectrophotometry (Wilmington,DE). DNA quality was
verified on 0.8% agarose gels (0.8 g Seakem, 5 pl Ethidium Bromide in 100ml 1x Tris-
acetate-EDTA buffer), run at 90 V for one hour) using 0.5 pl aliquots of each sample. A
HindlIll digest of lambda DNA (New England Biolabs, N3012S) was used as a reference
ladder. DNA was scored 0 — 5 with score >4 indicating that a single high molecular weight
DNA band was clearly visible, and score <4 indicating that DNA degradation had occurred
and the single high molecular band was accompanied by a visible smear of smaller
fragments. Samples with a score >4 were used for whole-genome genetic mapping assays
(n=349).

Whole-genome genotyping

The Infinium Human Linkage-12 Genotyping BeadChip (lllumina, San Diego, CA) was
used for whole-genome genotyping by fluorescence-based methods. The BeadChip included
6,090 SNP markers with an average spacing of 0.58 cM across the genome. Two blinded
samplings of CEPH controls were genotyped for each plate as quality controls to insure
accuracy for these assays. The genotype assignments were determined by lllumina®
Beadstudio Genotyping (GT) module software. A total of 98.8% (6,015 SNPs) of the 6,090
SNPs met quality control benchmarks for the accuracy of genotype assignments based on
the duplicated genotypes and for genotyping efficiency based on proportion of samples with
high quality genotypes. Two blood-derived DNA samples were dropped from the analysis
because of low call rate (0.961-0.971). There was no difference in the success of genotyping
DNA derived from saliva and blood. The 3 saliva-derived DNA samples had high call rates
(average call rate 0.998), which did not differ from the 345 blood-DNA derived samples
(average call rate 0.999). The distance from the telomere was estimated using the deCODE
map.

Statistical analysis

Variance components analysis implemented in the Sequential Oligogenic Linkage Analysis
Routines (SOLAR, SFBR/NIH, San Antonio, TX)(36) was used for linkage analysis.
Heritability (H2r) was estimated by fitting a polygenic variance components model as
implemented in SOLAR. Both twp-point and multi-point genome-wide linkage scans using
five OA-related biomarkers as quantitative traits were performed. Linkage between each of
the biomarker traits and marker loci was tested by maximum-likelihood methods, as
advocated for multigenerational pedigrees, adjusted by age and gender, and according to the
concepts of the variance components approach (37).

The variance component method partitions each biomarker trait into unobserved QTL,
residual additive genetic, and residual non-genetic components. The phenotypic
variancecovariance matrix consists of parameters of the kinship coefficient and the identity-

Arthritis Rheum. Author manuscript; available in PMC 2013 June 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Results

Page 5

by-descent (IBD) probability at a given marker locus between each pair of individuals (38).
Due to the complexity of the CARRIAGE pedigree, the IBD probabilities were computed
using the Markov chain Monte Carlo algorithm as implemented in Loki (39). The Loki IBD
files were converted into SOLAR format for subsequent linkage analysis of the full
pedigree. The whole-genome linkage used IBD values calculated for 6,015 SNP markers.
Biomarker data for all family members (including unaffected members) were included in the
QTL analysis with the exception of seven participants: two with known rheumatoid arthritis
to avoid confounding by other forms of arthritis; and five individuals younger than 25 years
of age to avoid confounding by high cartilage biomarker concentrations due to cartilage
growth plate turnover from skeletal immaturity. OA-biomarker concentrations were
logarithmically transformed to achieve a normal distribution for SOLAR analyses. For those
biomarkers (CPII, HA) with residual kurtosis (RK) >1, outliers were removed that exceeded
3 standard deviations from the mean. The resulting residual kurtosis (RK) for each
biomarker was <0.7. Due to low trait standard deviations, the values for CPII, C2C and
COMP were multiplied by a scaling factor (2.6, 3.8 and 2.4 respectively) to increase the
standard deviation above 0.5. The polygenic model that the QTL was built upon was
adjusted for age and sex. For all biomarkers, linkage was considered significant if the LOD
score exceeded 3.0. Results of LOD > 1.5, suggestive of linkage, are also reported (12).

Heritability of biomarkers

The ascertainment was available to any one attending one of the reunions and serum
biomarker analyses and genotyping were performed on all individuals for whom we had
biological samples; therefore there was no selection for individuals with OA. Heritability
estimates, which reflect effect sizes, were performed with age- and sex-adjustment for each
OA-related biomarker. After removing the outliers, biomarker and genetic marker data were
available on 333 family members for COMP, PIIANP and C,C; 330 family members for
CPII; and 327 family members for HA. The highest residual heritability (after the removal
of age and gender effects) was observed for PIIANP (57%), followed by HA (49%), COMP
(43%), and CoC (30%), all p<0.01; CPII was not significantly heritable (3%). The four
significantly heritable biomarker traits (Table 1), were used subsequently as quantitative
traits in genome-wide linkage analyses using two-point and multiple-point models.

Genome-wide linkage analyses

Two-point linkage analysis—A total of 39 markers with LOD >1.5 were identified by
two-point linkage analysis (Table 2). One marker exceeded a LOD score of 3. The
maximum LOD (3.1) was obtained at rs2780701 (chromosome 9q22.2) for PIIANP. The
next highest LOD score (2.7) was found at rs1563796 (chromosome 4q13.1) for PIIANP.
For COMP and HA, the maximum LOD scores were 2.23 at rs221924 (chromosome
14924.2) and 1.79 at rs1020782 (chromosome 1g25.3), respectively. No LOD scores >1.5
were achieved by two-point linkage with C,C.

Multi-point linkage analysis

Results of multipoint analysis of the genome-wide linkage scan are plotted separately for the
four highly heritable OA-related biomarkers (Figure 1). A total of 23 loci (from 19 separate
non-overlapping regions) with LOD >1.5 were identified (Table 3). Two significant linkage
peaks (LOD>3) were obtained for chromosome 8, with PIIANP and COMP as quantitative
traits (Figure 2A). The highest LOD score (4.33) was obtained using PIIANP, yielding
linkage to chromosome 8p23.2 (near marker rs3849827). The next most significant LOD
score (3.18) was obtained using COMP, yielding linkage to chromosome 8q11.1 (near
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marker rs7826304). Another high LOD score (2.5) was obtained using COMP vyielding
linkage to chromosome 8g24.2 at 149cM (near marker rs2282).

Chromosome 6 was notable for overlapping regions of linkage (LOD 1.69-2.25) in the
interval 38-52 cM identified by PIIANP and HA (Figure 2B). This region corresponds to a
report of linkage in a female UK cohort with hip OA (40). Chromosome 14 was notable for
overlapping regions of linkage (LOD 1.57-2.57) in the interval 59-82 cM identified by
COMP and HA (Figure 2C). This region corresponds to a report of linkage in a UK cohort
with hand OA (13). Overall, PIIANP yielded three overlapping regions with HA, C,C, and
COMP on chromosomes 6, 13, and 15 respectively. For HA and C,C, the highest LOD
scores were obtained for additional regions on chromosomes 6q16.3 (LOD 1.96 for HA) and
5931.2 (LOD 1.98 for C,C). In addition to identifying previous reported OA candidate
genes within or near our linkage peaks on chromosome 6, 8 and 14 (Figure 2A-C), we also
list potential candidates based on their potential biological relevance.

Discussion

Our study represents the first linkage study to identify genetic loci associated with OA using
biological markers. In the previous five genome-wide linkage studies, OA phenotypes were
uniformly defined by X-ray evidence, physical examination, or joint replacement, which
detect late stages of OA (7-13). There have been few studies investigating the heritability of
OA biomarkers. In previous UK twin and GARP sibling-pair studies, the heritability of
COMP and PIIANP were significant, 40-70% and 62% respectively (41, 42). To our
knowledge, the heritability of serum HA, C2C, and CPII has not been assessed previously.
The genetic components were in agreement with our findings, despite different race and
study designs (41, 42). The genetic influence on OA-related biomarker levels may operate
through allelic variation or factors regulating expression of the gene encoding the biomarker
protein, or through effects on biologic pathways influencing cartilage metabolism and
degradation (41). The latter appears most likely given that the significant linkage regions did
not contain the genes encoding the biomarker used for the linkage.

The validity of our overall strategy was borne out by our replication of several previously
reported genetic associations with OA identified by other means of phenotyping (Table 3).
Overall, we identified 14 regions of linkage to OA-related quantitative traits that overlap or
are near (within 10 cM) regions with reported genetic association with OA in the current
literature. By two-point linkage, the maximum LOD (3.1) obtained for PIIANP, is within 2
Mb of the asporin (ASPN) gene and within 3 Mb of the cathepsin L (C7S5L) and
Osteoglycin (OGN) genes. The next highest LOD score (2.7) for PIIANP is close to the
insulin-like growth factor binding protein 7 (/GFBP7) and ADAMTS3 genes. For COMP
and HA, the maximum LOD scores of 2.23 and 1.79 are close to the type Il deiodinase
iodothyronine (D/02) gene (less than 10 Mb away), and the prostaglandin-endoperoxide
synthase 2 (P7GS2) gene (less than 5 Mb away), respectively.

In addition, this study provides evidence for two novel OA loci on chromosome 8 based on
PIIANP and COMP quantitative traits (PILANP on chromosome 8p23.2; COMP on
chromosome 8q11.1). Suggestive linkage (LOD 1.57 and LOD 2.56) overlapping two of
these regions has been reported by Grieg based on hand radiographic phenotypes (13), but
candidate genes have not yet to be identified for these regions. The COMP linkage to
chromosome 8q24.2 at 149cM overlaps a region of linkage previously reported to Wnt-1-
induced secreted protein 1 (W/SPI) based on a spinal OA radiographic phenotype in
postmenopausal Japanese women (43). The signals observed for the top genomic loci by
multipoint analysis (the PILANP chromosome 8p23.2 QTL; the COMP chromosome 8g11.1
QTL; and the HA chromosome 6g16.3 QTL), were also observed in the two-point analysis.
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Several of the OA-associated loci identified in this study were detected by more than one
biomarker trait. This supports our hypothesis that a panel of biomarkers could identify
shared genetic determinants. Loci identified by more than one OA-related biomarker may be
of particular interest for further study as they are less likely to represent false positives and
more likely to represent genes regulating the whole joint organ. We are aware that linkage
disequilibrium (LD) can inflate multipoint LOD scores. However, the genotyping platform
used was optimized for minimal LD. Inflation of LOD scores due to LD occurs only when
there are missing parental genotypes (44). In our own study, given the multigenerational
nature of the family pedigree, we had a large number of included parental genotypes (22
children had both parents genotyped, 73 children had 1 parent genotyped). Using our own
study data (examining LD between available married-in unrelated individuals), there was no
significant LD between SNPs in the top QTLs (defining LD by r2>0.4). Taken together,
these data suggest the LD between markers will have minimum impact on the LOD scores
reported here.

Of note, we did not detect significant or suggestive linkage peaks covering several genes
with known OA association including frizzled-related protein p (FRZB), growth
differentiation factor 5 (GDF5), and von Willebrand factor A domains (DVIWA); this may
be due to the lack of SNP markers covering these genes in the Infinium Human Linkage-12
BeadChip. All three of these proteins are related to skeletal morphogenesis and bone
morphogenetic cell signaling (15, 45, 46). Our biomarker panel did not include a primary
bone marker and so may have failed to account for the metabolic pathways impacted by
these genes. These seminal studies have been performed in Caucasian or Asian populations
while our study was performed in individuals of mixed African American and Native
American heritage; thus, ethnic variation in genetic etiologies of OA may in part account for
the failure to detect these loci in our cohort. Statistical power may also be an issue, as these
three studies included between 1696 and 4361 individuals. Finally, our study was conducted
in one large extended family, and it would not be reasonable to expect that every possible
genetic etiology of OA would be reflected in this one family.

A strength of this study is that it is based on data from a large extended family with a
pedigree spanning 300 years and 10 generations from a single founder. Statistical power can
be increased by the use of biomarkers as quantitative traits (47). Increased statistical power
may also come from minimizing genetic variability through study of a cohort from a single
founder. This family was not ascertained on having a large number of OA cases and thus
was also not ascertained for OA biomarkers, providing an opportunity to perform an
unbiased linkage analysis of the biomarker levels. Thus the strengths of this study stem from
the detailed biomarker analysis in a very large family, randomly selected with respect to OA
cases. A limitation of the study, however, was the inability to perform radiographic
phenotyping due to the health fair setting in which individuals were ascertained.
Nevertheless, our biomarker traits led to replication of several loci reported in previous OA
genetic studies that used radiographic phenotyping. Also, we have previously shown that
several of the OA biomarkers used here were associated with clinical OA phenotypes in this
large multigenerational family (30). In addition, all the biological markers (PIIANP, COMP,
C,C, HA and CPII) have been associated with OA in other studies (26).

In summary, we report the first evidence for OA linkage using quantitative biomarker traits
in a large extended family. We not only replicated several loci reported in previous OA
genetic studies, but also identified two significant novel loci on chromosome 8. Several of
the loci were identified by more than one OA-related biomarker. Further studies of the
candidate genes at these loci may provide new insights into the mechanisms of joint
metabolism, and OA initiation and progression.
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Figure 1. Quantitativetrait loci (QTL) mapping for the 4 highly heritable OA-related

biomarkersin 22 chromosomes (multipoint LOD scor es)

A. PIIANP (type I1A collagen N-propeptide); B. COMP (cartilage oligomeric matrix
protein); C. HA (hyaluronan); D. C,C (neoepitope from cleavage of Cll); significant linkage
if LOD >3.0 and suggestive of linkage if LOD >1.5. All figure panels were generated with

HaploView software.
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Figure 2. Potential OA candidate genes on chromosome 6, 8, and 14

Genes listed in bold over the peaks represent potential novel candidate genes associated with
biomarkers of OA in this study that have potential biological relevance for OA based on the
literature. Genes listed without bold type over the peaks represent candidate genes linked
previously to OA. The # sign indicates that the genes are less than 10 cM from the border of
the 1-LOD drop support interval. ANGPTZ2=angiopoietin 2; DEFB4=beta-defensin 4;
ANKI=ankyrin 1; PLAT=plasminogen activator, tissue; PLAGI= pleomorphic adenoma
gene 1; COL22A1=collagen, type XXII, alpha 1; W/SP1=wnt-1-induced secreted protein 1;
HFE=hemochromatosis; COL11A2=collagen, type XI, alpha 2; 7A/F=tumor necrosis factor;
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COL10A1=collagen, type X, alpha 1; ESR2=Estrogen receptor 2; DIO2=Type Il
iodothyronine deiodinase; FLRT2=Fibronectin leucine-rich transmembrane protein 2.
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Heritability (#2) of osteoarthritis-related serum biomarker quantitative traits.

Table 1

OA Number ~ Mean+SDof  po* p value
endophenotypes of Ln biomarker8 for
samples heritability
analyzed
COMP 333 7.39+0.45 0.43 0.001
HA 327 3.60£0.86 0.49 0.001
PIIANP 333 7.17+0.52 0.57 <0.001
CPII 330 7.06 £0.37 0.03 0.4
C,C 333 5.35+0.27 0.30 0.01

Adjusted for age and sex

COMP=cartilage oligomeric matrix protein, HA=hyaluronan, PILANP=type IIA collagen N-propeptide, CPlI=type Il procollagen carboxy-
propeptide, C2C=neoepitope from cleavage of Cll SD= standard deviation. Heritability and p value were calculated using SOLAR.

§Bi0marker concentrations were reported in ng/ml prior to natural log transformation.
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