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Abstract

Objective—GDF5 and FRZB have been proposed as genetic loci conferring susceptibility to
osteoarthritis (OA); however, the results of several studies investigating the association of OA
with the rs143383 polymorphism of the GDF5 gene or the rs7775 and rs288326 polymorphisms of
the FRZB gene have been conflicting or inconclusive. To examine these associations, we
performed a large-scale meta-analysis of individual-level data.

Methods—Fourteen teams contributed data on polymorphisms and knee, hip, and hand OA. For
rs143383, the total number of cases and controls, respectively, was 5,789 and 7,850 for hip OA,
5,085 and 8,135 for knee OA, and 4,040 and 4,792 for hand OA. For rs7775, the respective
sample sizes were 4,352 and 10,843 for hip OA, 3,545 and 6,085 for knee OA, and 4,010 and
5,151 for hand OA, and for rs288326, they were 4,346 and 8,034 for hip OA, 3,595 and 6,106 for
knee OA, and 3,982 and 5,152 for hand OA. For each individual study, sex-specific odds ratios
(ORs) were calculated for each OA phenotype that had been investigated. The ORs for each
phenotype were synthesized using both fixed-effects and random-effects models for allele-based
effects, and also for haplotype effects for FRZB.

Results—A significant random-effects summary OR for knee OA was demonstrated for
rs143383 (1.15 [95% confidence interval 1.09-1.22]) (P = 9.4 x 1077), with no significant
between-study heterogeneity. Estimates of effect sizes for hip and hand OA were similar, but a
large between-study heterogeneity was observed, and statistical significance was borderline (for
OA of the hip [P = 0.016]) or absent (for OA of the hand [P = 0.19]). Analyses for FRZB
polymorphisms and haplotypes did not reveal any statistically significant signals, except for a
borderline association of rs288326 with hip OA (P = 0.019).

Conclusion—Evidence of an association between the GDF5 rs143383 polymorphism and OA is
substantially strong, but the genetic effects are consistent across different populations only for
knee OA. Findings of this collaborative analysis do not support the notion that FRZB rs7775 or
rs288326 has any sizable genetic effect on OA phenotypes.

Primary osteoarthritis (OA) is the most prevalent articular disorder and accounts for
substantial morbidity and disability, particularly among the elderly, with a considerable
health care burden in the developed countries. Its etiology is multifactorial. Many common
genetic variants have been proposed as being associated with the risk of OA, albeit with
inconsistent results among studies. Among them, 2 genes that have received extensive
attention in the recent literature are the growth differentiation factor 5 gene (GDF5) and the
Frizzled-related protein gene (FRZB). GDF5 has a role in the development and maintenance
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of bone and cartilage (1-5). FRZB is a key participant in the Wnt signaling pathway, which
has been considered to be important in OA since it can influence chondrocyte differentiation
and cartilage function (6-8).

With regard to GDF5, Miyamoto et al reported a strong association between the single-
nucleotide polymorphism (SNP) rs143383 and hip and knee OA in Asian populations (9):
the per-risk allele (T) summary odds ratio (OR) was 1.79 (P = 1.8 x 10713) in 2 Japanese
cohorts evaluated for associations with hip OA, and the ORs obtained in a Japanese and a
Chinese cohort evaluated for associations with knee OA were 1.30 (P = 0.0021) and 1.54 (P
= 2.8 x 107%), respectively. Several studies of Caucasian populations have yielded
conflicting results (10,11). Findings of an earlier meta-analysis (12) suggested that rs143383
is associated with a 1.21-fold increase in the risk of knee OA per risk allele copy, but
significance levels were modest by current standards (P = 0.0004 in the per-allele model). A
modest association was also observed for all cases combined (any joint involved [P =
0.006]); however, a large heterogeneity was observed (12 = 85%).

Several studies have also investigated the relationship between OA and 2 polymorphisms in
FRZB, rs7775 and rs288326 (7,13,14). Much like the findings with GDF5, studies have
yielded conflicting results (13-17). A preliminary meta-analysis of published data showed
no clear evidence of association between the rs7775 SNP and hip or knee OA (18). The
original proposed association was stronger at the haplotype level (7), but published data did
not enable evaluation of haplotype effects.

The inconclusive and conflicting results leave uncertainty with regard to the effects of these
polymorphisms. Single studies are hampered by small sample size and lack of power (19),
inconsistent definitions of OA phenotypes, difficulty in assessing haplotypes, lack of
standardization, and potentially selective reporting in the published literature (20). Meta-
analyses based on consortia may help overcome some of these limitations. Herein we report
the results of a collaborative meta-analysis of individual-level data, from 14 teams, on the
relationship of the GDF5 rs143383, FRZB rs7775, and FRZB rs288326 polymorphisms with
OA phenotypes. We synthesized standardized data on hip, knee, and hand OA according to a
common meta-analysis protocol.

METHODS

Study population

Groups from the Translational Research in Europe Applied Research in Osteoarthritis
(TREAT-OA) consortium and other groups that were known to have genotyped the GDF5
and FRZB SNPs in their OA cohorts were invited to participate in the present study.
Fourteen teams had generated such data (Table 1), 9 of which had already published these
data in the literature (7,10-13,17,18); 1 team had published only some of the data (14), and
4 (Nottingham, Twins UK, Kujala, and deCODE) had not published any of the data.
Thirteen teams studied populations of Caucasian descent (from Europe or the US), and 1
team studied a Japanese population (Table 1). Teams/studies are referred to below by the
same designations that appear in Table 1, i.e., name of study or principal investigator.
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Outcomes assessed

Three outcomes, i.e., hip OA, knee OA, and hand OA, were addressed separately. We
accepted phenotype definitions based on joint replacement, radiographic criteria, and
clinical criteria. For radiographic criteria, we preferred the Kellgren/Lawrence (K/L)
classification system (21), which is the most widely used scale for identifying and grading
OA (grades 0-4, with 0 representing normal findings and 4 representing severe OA). A
cutoff of K/L grade 2 was used to classify OA, unless the data had been generated with
another cutoff and the definition could not be revisited. For clinical criteria, we preferred the
American College of Rheumatology (ACR; formerly, the American Rheumatism
Association) criteria (22—24) but also accepted other definitions that may have been
preferred by local investigators, if information on ACR criteria was not available. The
phenotype definitions used in each study are shown in Table 1.

Participants with >1 affected joint were considered cases for each of the analyses pertaining
to OA phenotypes for which they had affected joints. Participants without any known
affected joint were included as controls. If information on controls was available for only 1
joint and information on the other joints was missing, the participant was counted as a
control only for the specific joint. Thus, for example, if an individual was considered as a
control for hip OA and there was no recorded information on knee and hand OA, he or she
was counted as a control only in the analysis of hip OA.

We also performed an analysis of associations with any OA regardless of site, but this was
considered, from the outset of our study, a secondary exploratory analysis given the very
large diversity in phenotype definitions. For this analysis, cases were subjects who had OA
in at least 1 joint (hip, knee, or hand), and controls were those who had no OA documented
in the joints assessed in each study, as per each study’s ascertainment procedures.

Genotyping procedures

Genotypes were determined by TagMan analysis in the Rotterdam, Chingford, and Gonzalez
studies, by other polymerase chain reaction methods in the Loughlin, Chapman, and Tsezou
studies and the Study of Osteoporotic Fractures (SOF), by mass spectrometry in the
Genetics, Osteoarthritis, and Progression (GARP) study and the Kujala study, and by
pyrosequencing in the Lories study. The genotypes in the deCODE study were determined
with the Centaurus platform. Twins UK study data were generated as part of ongoing
genome-wide association studies using the Illumina platform. Invader assay, TagMan, DNA
fragment analysis, or direct sequencing were used in the Ikegama study. All teams
performed random genotyping for quality controls, and the results were concordant.

Statistical analysis

Participants were stratified according to study and sex. Hardy-Weinberg equilibrium (HWE)
was assessed in the control group in studies of unrelated cases and controls and in the whole
cohort in population-based studies, by exact chi-square test. Deviation from HWE was
considered nominally statistically significant at the P < 0.05 level.
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For each phenotype of interest, allele-based natural logarithms of ORs and their respective
standard errors were estimated across all strata. Specifically, an effect estimate (natural
logarithm of the OR) and its standard error were estimated within each study separately for
each sex. ORs correspond to the risk conferred by each copy of the proposed risk allele of
each SNP; i.e., allele T for 143383, allele G for rs7775, and allele T for rs288326. In the
deCODE study, the ORs were calculated as implemented in the NEMO software package
(25). In studies that used familial designs (GARP, Twins UK) or had potential relatedness
among the participants due to the structure of the population (deCODE), adjusted standard
errors were computed to take into account the relatedness among the participants.

Between-study heterogeneity was tested using Cochran’s Q statistic, which is considered
significant at P < 0.10. The extent of inconsistency across studies was quantified with the 12
statistic (26). We also computed the 95% confidence intervals (95% Cls) for 12 (27). The 12
ranges between 0 and 100%, and for operational purposes, values of 0-24%, 25-50%, 50—
75%, and >75% are considered low, moderate, large, and very large, respectively (28).
When there was very large or large (>50%) between-study heterogeneity, we used a
simulation algorithm to evaluate how many studies had to be removed for the 12 to reach
<25% (29).

The natural logarithms of the OR estimates were synthesized using fixed-effects models (30)
and random-effects models (31). Fixed-effects models assume that the true genetic effect of
the risk allele is constant among groups and the observed differences are due to chance. In
random-effects models the risk allele effects for the individual studies are assumed to vary
around some overall average effect, and they take into account the between-study
heterogeneity (32). In the absence of heterogeneity, fixed and random effects coincide.

As a main analysis, we synthesized separately the ORs for hip, knee, and hand OA. We also
synthesized information on all OA cases. Sex-specific subgroup analyses were also
undertaken. Heterogeneity between the sex-specific summary effects was calculated using
Cochran’s Q statistic. We also performed sensitivity analyses excluding studies in which
there was nominally significant deviation from HWE. Furthermore, we undertook sensitivity
analyses with only Caucasian-descent populations included.

For FRZB, we also performed an analysis of haplotypes. Haplotype reconstruction of rs7775
and rs288326 polymorphisms was performed using the population genotypic data separately
for cases and controls, and separately for each sex stratum in each study. The possible
haplotypes are CC, CT, GT, and GC (the first allele corresponds to the rs7775 and the
second one to the rs288326 polymorphism). Haplotypes were inferred performing 1,000
iterations for 5 times with different seed for the random number generator. The frequency
estimates were then checked to ensure consistency of the estimates across each run.

Nominal statistical significance is attributed using the traditional P < 0.05 level. However,
this may be too lenient a criterion for claiming that an association is credible. Therefore, we
also performed a calculation of the Bayes factors and credibility estimates for the observed
associations. For each nominally statistically significant summary effect, we estimated the
corresponding Bayes factor under a spike and smear prior, with average genetic effect, under
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the alternative corresponding to an OR of 1.2 (33,34). We also calculated the credibility of
the association based on these Bayes factors under various assumptions for prior credibility
(10% [strong prior based on biologic, functional, or other evidence], 0.1% [modest prior], or
0.0001% [agnostic prior]). Moreover, the nominally significant associations were graded
according to the Venice criteria, which take into account the amount of data, replication
consistency, and protection from bias (35). These indexes generate a composite assessment
of strong, moderate, or weak credibility. Specifically, grades of A, B, or C are assigned for
each of the above-mentioned criteria. An association with an assigned grade of C in any of
the composites is considered as having weak credibility, while an association with an
assigned grade of A in all 3 criteria is considered to have strong credibility.

All statistical analyses were performed with Stata 10 (StataCorp, College Station, TX).
Haplotype reconstruction was performed using Phase 2.1 (36,37).

Fourteen teams, 13 studying populations of Caucasian descent and 1 studying a Japanese
population, contributed data to the collaborative analysis. As far as the authors are aware, all
study teams that participate in TREAT-OA and that have genotype data available on the
GDF5 and FRZB polymorphisms were included in this collaborative analysis. Eleven teams
provided data on the GDF5 rs143383 SNP, and 10 teams contributed data on the FRZB
rs7775 and rs288326 SNPs. Summary descriptions of the data on the different OA
phenotypes (according to affected joints) are provided in Supplementary Table 1, available
in the online version of this article at http://wwwa3.interscience.wiley.com/journal/76509746/
home.

GDF5 rs143383

Eleven teams contributed cases and controls for study of the association of GDF5 rs143383
with OA in 1 or more affected joints (Supplementary Table 1). The allele contrast under
analysis was T allele versus C allele. In 1 study (Gonzalez), genotype distributions were not
consistent with HWE, in both sex-specific groups (P = 0.025 and P = 0.03 for men and
women, respectively).

Hip OA—Eight teams contributed data for the analysis of GDF5 rs143383 and hip OA.
There were data on 5,789 cases and 7,850 controls. The per-allele summary OR by random-
effects analysis was nominally statistically significant (OR 1.16, 95% CI 1.03-1.31) (Table
2); however, very large heterogeneity was observed when all data were included in the
analysis (12 = 75%) (Figure 1A). When applying a simulation algorithm for sensitivity
analysis of the heterogeneity, we found that the source of the variability was the Japanese
study. Indeed, the 12 became 0% when only Caucasian subjects were considered, and the
summary OR was 1.07 (95% CI 1.01-1.14) (P = 0.034). The summary effect remained
nominally significant (P = 0.026) when studies with deviation from HWE and non-
Caucasians were both removed from the analysis (OR 1.07 [95% CI 1.01-1.15]). The
summary ORs were not significantly different between men and women (P = 0.35).
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Knee OA—Ten teams had available data for the analysis of GDF5 rs143383 and knee OA,
contributing a total sample size of 5,085 cases and 8,135 controls. The random-effects
summary OR was 1.15 (95% CI 1.09-1.22) (Table 2). No significant heterogeneity was
detected (12 = 0%) (Figure 1B). Sensitivity analysis with only Caucasian participants and
excluding studies with deviation from HWE yielded almost identical results (OR 1.13 [95%
Cl 1.07-1.22]) (Table 2). The sex-specific effect estimates were 1.16 and 1.13 for women
and men, respectively; no statistically significant heterogeneity between the 2 estimates was
observed (P = 0.70).

Hand OA—Six teams contributed data for the analysis of GDF5 rs143383 and hand OA,
with 4,040 cases and 4,792 controls. A non-statistically significant summary OR (1.08 [95%
Cl 0.96-1.22]) with large heterogeneity was observed (Figure 1C). One group from 1 study
(the female subjects in the Rotterdam study, in which a very large effect had been found)
would have to be removed in order for any substantial reduction in heterogeneity to be
achieved (12 = 1%). The results were unaltered when sensitivity analysis excluding studies
without HWE was performed (Table 2). The estimates did not differ beyond chance between
men and women (P = 0.17).

All OA—OQverall, the summary OR for association between GDF5 rs143383 and OA as
assessed with random-effects models was not nominally statistically significant (OR 1.12
[95% C1 0.99-1.31]). Very large heterogeneity was observed (12 = 80%, 95% C| 68-88%).

FRZB rs7775 and rs288326

Ten teams provided data for the study of FRZB rs7775 and rs288326 in OA. All subjects
were of Caucasian origin. In 1 study (Chingford) there was a nominally significant deviation
from HWE in rs288326 (P = 0.003 and P = 0.0001 for knee OA controls and hip OA
controls, respectively). That study included only female subjects. The allele contrasts under
study were G versus C for rs7775, and T versus C for rs288326.

Hip OA—Overall 4,352 cases and 10,843 controls for rs7775 and 4,346 cases and 8,034
controls for rs288326 were available for the analyses of associations with hip OA. The
summary effect was nominally statistically significant for rs288326. Specifically, the
summary ORs assessed with random-effects models were 1.06 (95% CI 0.93-1.22) and 1.12
(95% CI 1.02-1.23) for rs7775 and rs288326, respectively (Table 3). There was moderate
heterogeneity observed for rs7775 (12 = 30%) and no significant heterogeneity for rs288326
(12 = 0%) (Figures 2A and 3A). Sensitivity analysis excluding the 1 study with HWE
deviation did not alter the calculated summary effect size for rs288326. Effects did not differ
significantly between men and women (P = 0.52 and P = 0.19 for rs7775 and rs288326,
respectively), but of note, the association with rs288326 reached nominal significance for
women (Table 3).

Knee OA—Eight teams contributed 3,545 cases and 6,085 controls for rs7775 and 3,595
cases and 6,106 controls for rs288326, for the analyses of associations with knee OA. For
both polymorphisms under study, the summary ORs computed with random-effects models
were not statistically significant and were very close to the null (summary OR 1.06 [95% CI
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0.95-1.19] and OR 1.06 [95% CI1 0.94-1.19]) for rs7775 and rs288326, respectively) (Table
3). No statistically significant between-study heterogeneity was seen, with 12 = 0% and 12 =
15% for rs7775 and rs288336, respectively (Figures 2B and 3B). There was no significant
difference between men and women for rs7775 (P = 0.48) or rs288326 (P = 0.064
[nonsignificant trend toward stronger effect in women]) (Table 3).

Hand OA—Ouverall, 4,010 cases and 5,151 controls for rs7775 and 3,982 cases and 5,152
controls for rs288326 were available from 5 teams, for the analyses of associations with
hand OA. For both SNPs the summary ORs were not statistically significant and close to the
null, with effect sizes of 1.02 and 1.08 for rs7775 and rs288326, respectively (Table 3). No
significant heterogeneity was observed for either polymorphism (Figures 2C and 3C). There
was no significant difference between men and women for rs7775 (P = 0.90) or rs288326 (P
=0.17).

All OA—The summary OR was not statistically significant for rs7775 or rs288326 when all
OA cases were considered; by random-effects analysis, the summary ORs were 1.04 (95%
Cl10.93-1.13) and 1.09 (95% CI 0.98-1.21), respectively. There was no between-study
heterogeneity for either SNP (12 = 80% [95% CI 0-58% and 0-42% for rs7775 and
rs288326, respectively]).

Analysis of FRZB haplotypes—No evidence of association was found when FRZB
haplotypes were considered. By random-effects analysis, in hip OA the summary ORs were
1.08 (95% CI1 0.92-1.26) (P = 0.34) and 1.10 (95% CI 0.96-1.27) (P = 0.18) for the CT and
GC haplotypes, respectively, with the CC haplotype as the reference. For knee OA, the
summary ORs were 1.02 (95% CI1 0.91-1.13) (P = 0.79) and 1.07 (95% CI 0.95-1.21) (P =
0.28) for the CT and GC haplotypes, respectively, with the CC haplotype as the reference.
For the same comparisons, the summary ORs were 1.07 (95% CI 0.95-1.20) (P = 0.28) and
1.02 (95% CI1 0.89-1.17) (P = 0.76) for hand OA.

The analysis of the GA haplotype that contains the rare alleles also showed no statistically
significant effects, but data were sparse compared with data on the other haplotypes.
Specifically, for hip OA the summary ORs were 0.96 (95% CI 0.41-2.24), 1.01 (95% ClI
0.49-2.08), and 0.94 (95%CI 0.42-2.15) compared with the CT, CC, and GC haplotypes,
respectively. The computed summary ORs for the same analysis for knee OA were 1.33
(95% CI 0.70-2.53), 1.31 (95% CI 0.68-2.54), and 1.26 (95% CI 0.60-2.62), respectively.
For hand OA the computed results were 1.62 (95% CI 0.62—-4.25), 1.63 (95% CI 0.65-4.10),
and 1.63 (95% CI 0.62-4.27), respectively.

We also analyzed the haplotype consisting of the rare alleles versus all of the other 3
haplotypes combined. The summary OR using random-effects calculations was 0.99 (95%
Cl 0.48-2.07), 1.31 (95% CI 0.67-2.53), and 1.63 (95% CI 0.65-4.12) for hip, knee, and
hand OA, respectively. When only women were considered, the summary OR was 1.70
(95% CI 0.82-3.50), 2.15 (95% CI 0.97-4.78), and 2.33 (95% CI 0.90-5.99) for hip, knee,
and hand OA, respectively.
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Bayes factors and credibility of significant signals

The estimated —log1g Bayes factor for the association between hip OA and GDF5 rs143383
was 0.60, and the credibility for the association to be true was 28%, 0.4%, and 0.0004% for
the strong, modest, and agnostic priors, respectively. For knee OA and GDF5 rs143383, the
estimated —log,g Bayes factor was 3.5, with the credibility for the association to be true
being 99.7%, 76%, and 0.31% for the strong, modest, and agnostic priors, respectively. For
the observed association between hip OA and FRZB rs288326, the estimated —log;¢ Bayes
factor was 0.46 and the credibility for the association to be true was 22%, 0.29%, and
0.0003% for these 3 priors, respectively.

All 3 associations with nominal statistical significance are based on large-scale evidence (n
>1,000 minor alleles in cases and controls combined; grade A per the Venice criteria for
amount of evidence). The between-study heterogeneity was large for hip OA and GDF5
rs143383 (grade C per the Venice criteria), whereas no heterogeneity was observed for the
knee OA and GDF5 rs143383 association or for the hip OA and FRZB rs288326 association
(grade A per the Venice criteria for replication consistency). Excluding data from the first
study on each polymorphism and OA and studies with HWE deviation would result in loss
of the nominal significance for the hip OA and rs288326 association (OR 1.11, P = 0.052;
grade C for protection from bias per the Venice criteria). Therefore, only the association of
rs143383 would be graded as having strong credibility according to the Venice criteria.

DISCUSSION

In the present study, which is, to our knowledge, by far the largest study of genetics in OA
undertaken to date, we found strong support for the notion that the GDF5 rs143383
polymorphism is a determinant of risk of OA. The evidence is stronger and most consistent
for knee OA, but the magnitude of the effect seems considerably smaller than originally
proposed. Our meta-analyses used new or expanded data on 4 large studies compared with a
previous meta-analysis of GDF5 (12) and new or expanded data on 4 large studies compared
with a previous meta-analysis of FRZB (18), and the amount of available data is now more
than doubled for all phenotypes and polymorphisms. One of the new data sets (deCODE) is
the largest single study conducted on these polymorphisms. Also, in the previous meta-
analysis of FRZB, only 1 variant was addressed, haplotype analyses were not performed, and
data on hand OA were not included. Our results yield far more robust statistical support for
the association of GDF5 rs143383 with OA, for which previous statistical support was more
tenuous, even though the absolute magnitude of the effect (odds ratio) demonstrated in our
meta-analysis is smaller than previously thought. For FRZB rs7775 and rs288326, the
addition of more data demonstrates more conclusively that there is no overall effect, and
excludes modest overall effects (that would be pertinent to both women and men) that could
not have been excluded based on results of the previous meta-analysis.

Even for the strongest association signal we observed, that between GDF5 rs143383 and
knee OA, the effect size was very small, with an OR of only 1.15 overall (1.13 excluding the
Japanese study and studies with deviation from HWE). This is much smaller than the effect
of GDF5 originally proposed in the primary publication that addressed populations of Asian
descent (9). Diversity between populations of different racial descents may reflect different
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linkage disequilibrium patterns and may even indicate that this marker is not necessarily the
true or only culprit. Nevertheless, Miyamoto et al found functional evidence for a role of the
rs143383 polymorphism (9), and based on the findings of some previous studies, a
functional role of GDF5 in the pathogenesis of OA is plausible. In humans, GDFb5 is present
in adult articular cartilage and also stimulates proteoglycan synthesis in articular cartilage
explants (38). In addition, mutations in GDF5 have been implicated in disorders of skeletal
development, such as various forms of chondrodysplasia, synphalangism, and type C
brachydactyly (9,39). Findings in a mouse study by Masuya et al further support the notion
that GDF5 has a critical role in joint formation and OA development (40).

The more prominent effect sizes reported in earlier studies may have been inflated (41), and
the large number of samples now analyzed provides an estimate of genetic effect in knee OA
that is probably more realistic. Despite the very large sample size we accrued, our findings
are not conclusive with regard to an association between GDF5 rs143383 and OA of other
joints. Small effects with ORs in the range of 1.1-1.15 are certainly plausible for these sites
as well, but the evidence remains weak. These results highlight the need to perform
extremely large studies with very careful definitions and measurements in order to
understand the effects of common genetic variants on OA outcomes (42), and are consistent
with experience regarding the magnitude of genetic effects that is currently obtained with
high-throughput platform testing for various diseases (43). According to data in the HUGE
Navigator (44) as of December 2, 2008, there are at least 95 genes that have been proposed
to be associated with OA. However, the studies performed have almost always been too
small for the results to be conclusive, or even considerably suggestive, for validation of such
modest effects.

The ORs for FRZB gene polymorphisms rs7775 and rs288326 were very close to unity. In
the first study from which a role of these polymorphisms was proposed, Loughlin et al (7)
observed that the risk allele for rs7775 was responsible for a 1.5-fold increased risk of total
hip replacement. Min and colleagues (13) also found a strong association of rs7775 with
generalized OA. We observed only a nominally statistically significant association of
rs288326 with hip OA; however, the potential association of rs288326 with hip OA in
women should not be disregarded. One may argue that the anatomy predisposing to hip OA
may differ in men and women, and Wnt signaling may affect anatomy. A possible sex-
specific association may require further documentation, acknowledging that robust
documentation of significantly different effects between men and women would require
extremely large sample sizes (45).

Nevertheless, the overall epidemiologic credibility of this association is currently weak,
despite the supporting biology. Effects did not differ significantly across studies, and the
largest estimate of between-study inconsistency in the FRZB data was obseved for rs7775
and hip OA, but it was still not large (12 = 30%). It should be acknowledged that the
Loughlin study and the SOF investigated subjects with severe radiographic hip OA, defined
by findings equivalent to a K/L grade of =3 or total hip replacement, with these cases of
severe hip OA compared with controls with no radiographic hip OA (K/L grade of 0 [SOF]
or no signs or symptoms of arthritis or joint disease [Loughlin study]). The phenotype
definitions of radiographic hip OA and the severity of the disease varied across other studies
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included in the present meta-analysis. Additional studies with greater standardization of the
definition of severe OA in cases and more rigorous ascertainment of lack of even mild
disease in controls may be useful.

Very large collaborative studies would also be needed for better understanding of the
heterogeneity of genetic effects across different populations and settings. For example, no
significant heterogeneity was observed for the association of GDF5 rs143383 with knee OA;
however, the results must be interpreted with caution since the upper confidence interval of
12 was 49%. A large degree of heterogeneity was observed in many of the other GDF5
analyses. Part of this heterogeneity was attenuated when the only study of GDF5 in an Asian
population was excluded from the analysis.

In addition, similar to the above-described situation with regard to studies of FRZB, different
criteria were used for definition of cases in different studies of GDF5, and this phenotypic
heterogeneity may have led to heterogeneity in the magnitude of the genetic effects. Most of
the participating study teams defined OA radiographically, using the K/L classification
criteria. The K/L classification provides a composite estimate of osteophytes and joint space
narrowing, and the lack of focus on joint space narrowing has been considered to be a flaw
of that system (46) and might be the reason many different descriptions/definitions have
been used for determination of K/L grade (47). Another important issue is that differences in
radiographic assessment protocols across centers might have also introduced heterogeneity.
In particular, differences in the position of the knee in which the radiographs were obtained
yield different K/L grades (46). All of these issues underscore the fact that further consensus
is needed in order to achieve standardization of phenotype definitions in future studies of
OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Forest plot of study-specific estimates and random-effects summary odds ratio (OR)

estimates and 95% confidence intervals (95% Cls) for the association between the rs143383
polymorphism of the GDF5 gene and hip osteoarthritis (OA) (A), knee OA (B), and hand
OA (C). Diamonds represent the point estimate (center of each diamond) and the 95% Cls
(horizontal tips of each diamond). Dashed lines represent the summary OR estimate. Sizes
of the shaded boxes represent the weight of each study. Asterisks indicate that the data are
entirely new or expanded compared with what was included in a previous meta-analysis
(12). GARP = Genetics, Osteoathritis, and Progression study.
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Figure 2.
Forest plot of study-specific estimates and random-effects summary OR estimates and 95%

Cls for the association between the rs7775 polymorphism of the FRZB gene and hip OA
(A), knee OA (B), and hand OA (C). Diamonds represent the point estimate (center of each
diamond) and the 95% Cls (horizontal tips of each diamond). Dashed lines represent the
summary OR estimate. Sizes of the shaded boxes represent the weight of each study.
Asterisks indicate that the data are entirely new or expanded compared with what was
included in a previous meta-analysis (18). SOF = Study of Osteoporotic Fractures (see
Figure 1 for other definitions).
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Figure 3.
Forest plot of study-specific estimates and random-effects summary OR estimates and 95%

Cls for the association between the rs288326 polymorphism of the FRZB gene and hip OA
(A), knee OA (B), and hand OA (C). This polymorphism was not evaluated in a previous
meta-analysis (18). Diamonds represent the point estimate (center of each diamond) and the
95% Cls (horizontal tips of each diamond). Dashed lines represent the summary OR
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estimate. Sizes of the shaded boxes represent the weight of each study. SOF = Study of
Osteoporotic Fractures (see Figure 1 for other definitions).
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