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ABSTRACT

Plantar fascial disorder is comprised of plantar fasciitis and
plantar fibromatosis. Plantar fasciitis is the most common
cause of heel pain, especially for athletes involved in running
and jumping sports. Plantar fibromatosis is a rare fibrous hy-
perproliferation of the deep connective tissue of the foot. To
identify genetic loci associated with plantar fascial disorders,
a genome-wide association screen was performed using publi-
cally available data from the Research Program in Genes, Envi-
ronment and Health including 21,624 cases of plantar fascial
disorders and 80,879 controls. One indel (chr5:118704153:D)
and one SNP (rs62051384) showed an association with plantar
fascial disorders at genome-wide significance (p<5x1078)
with small effects (odds ratios =0.93 and 1.07 per allele, re-
spectively). The indel chr5:118704153:D is located within
TNFAIP8 (encodes a protein induced by TNF alpha) and
rs62051384 is located within WWP2 (which is involved in pro-
teasomal degradation). These DNA variants may be informative
in explaining why some individuals are at higher risk for plantar
fascial disorders than others.

Introduction

Plantar fasciitis and plantar fibromatosis are two types of heel pain
jointly referred to as plantar fascial disorders. Plantar fasciitis is the
most common cause of acquired sub-calcaneal heel pain in adults
with a prevalence of up to 20 % in the general population [1,11].
Resulting from overuse and repetitive microtrauma, plantar fasci-
itis affects a wide range of people including athletes of all ages
[1,11]. Itis particularly common among runners, accounting for
about 8 % of all running-related injuries [1]. Plantar fibromatosis,
also known as Ledderhose disease, is a relatively rare disorder
caused by the hyperproliferation of benign fibromas in the plantar
fascia.
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General risk factors for plantar fasciitis include increasing age,
high body mass index, a sedentary lifestyle, inadequate muscle
strength, and limited ankle dorsiflexion or posterior chain tight-
ness[1,2,26]. For athletes, excessive training, training errors, run-
ning on hard surfaces, poor biomechanics and inflexibility are ad-
ditional risk factors for plantar fasciitis [1]. In contrast, risk factors
for plantar fibromatosis are not well understood. Repetitive trauma
has been shown to contribute to plantar fibromatosis in its early
proliferative phase [29].

To our knowledge, the genetic basis for plantar fasciitis has not
been previously studied. Evidence for a genetic basis of plantar
fibromatosis stems from two cytogenetic studies; specifically,

Kim SK et al. Two Genetic Variants Associated ... Int | Sports Med 2018; 39: 314-321

Downloaded by: Stanford University. Copyrighted material.


mailto:stuartkm@stanford.edu

trisomies of chromosomes 8 and 14 were reported in one patient,
and a reciprocal translocation was observed in another patient
[4,28]. An unanswered question is whether there may also be ge-
netic differences that affect an individual’s inherent risk for plantar
fascial disorders.

To begin to address this question, we performed the first genet-
ic association study for plantar fascial disorders and thereby iden-
tified two DNA loci that show genome-wide significant associa-
tions.

Methods

A genome-wide association screen was performed for plantar fas-
cial disorders using data from the genotyped Genetic Epidemiol-
ogy Research on Adult Health and Aging (GERA) cohort of the
RPGEH. The data generation and data analysis pipeline have been
previously described in Roos et al. 2016 [27]. A complete descrip-
tion of the cohort and study design can be found in dbGaP (Study
Accession: phs000674.v1.p1).

Our analysis cohort (n=102,503) includes 59,737 females,
42,958 males, and 66 individuals of unknown sex. Moreover, our
analysis cohort is racially diverse, including 83,264 European-White
(EUR); 8,560 Latino (LAT); 7,518 East Asian (EAS) and 3,161 Afri-
can-American (AFR) individuals based on ancestry principle com-
ponents.

Participants were genotyped at over 650,000 SNPs on four an-
cestry group-specific Affymetrix Axiom genome-wide arrays opti-
mized for individuals of European (EUR), African-American (AFR),
East Asian (EAS), and Latino (LAT) ancestry group [12, 13]. The final
number of SNPs that were directly genotyped was 670,572 for EUR;
802,186 for LAT; 708,373 for EAS; and 878,176 for AFR arrays.

Genotypes were pre-phased with Shape-IT v2.r644 (https://
mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html;
accessed Feb. 2,2016) [17]. Then genotypes were imputed by using
a cosmopolitan reference panel consisting of all individuals from
the 1000 Genomes Project (Mar 2012 release) [16] using IMPUTE2
v2.2.2 (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html;
accessed Feb. 2,2016) [17] with a cutoff of R2>0.3 [15]. The qual-

> Table 1 Plantar fascial disorder phenotypes classified by ICD and/or CPT
codes.

Code? Code Description Nb

ICD-728.71 Plantar fasciitis/fibromatosis 21,130

ICD-M72.2 Plantar fascial fibromatosis 1,016

CPT-28060 Fasciectomy, plantar fascia; partial 10
(separate procedure)

CPT-28062 Fasciectomy, plantar fascia; radical 4
(separate procedure)

CPT-28119 Ostectomy, calcaneus; for spur, with 145
or without plantar fascial release

CPT-29893 Endoscopic plantar fasciotomy 27

aInternational Statistical Classification of Diseases and Related Health
Problems (ICD-9 or ICD-10) and Current Procedural Terminology
(CPT-4) codes extracted from KPNC electronic health records of
GERA cohort subjects.

bNumber of individuals. Some of the 21,624 patients had two or
more codes.
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ity of the imputed data was previously validated in Jorgenson et al.,
2015 [19]. The final number of imputed genetic markers accepted
for analysis was 31,085,734. Arrays were merged to create a single
file and then broken into smaller genomic chunks in the standard
IMPUTE2 probabilistic format with a corresponding PLINK family
file. The estimated R2 metric from IMPUTE2 estimates the correla-
tion between the true and imputed genotype and was used to fil-
ter SNPs in our GWA analyses [22].

Determination of genetic ancestry was performed by principal
component analysis (PCA), as previously described [27]. These an-
cestry principal components were used in the GWAS to adjust for
genetic ancestry.

Phenotype definition

Plantar fascial disorders were identified in the GERA cohort based
on clinical diagnoses and surgical procedures captured in the KPNC
Electronic Health Record system (> Table 1). The vast majority of
cases (98 %) had the ICD9 code 728.71 (plantar fasciitis/fibroma-
tosis) that does not allow differentiation of plantar fasciitis from fi-
bromatosis. The surgical procedure (CPT-28119, Ostectomy, cal-
caneus; for spur, with or without plantar fascial release) was used
for a relatively small number of cases, and predominantly includes
plantar fascial disorders but also some other types of foot pain. The
Electronic Health Record contains reported injuries over the entire
lifetime of the patients, including those that occurred prior to en-
rollment in KPNC as well as those that occurred after the genotyp-
ing analysis was performed, if reported by the patient and record-
ed by the physician.

Genome-wide association and meta-analysis

Genome-wide association analyses of the GERA cohort were per-
formed with a logistic regression model using allele counts for
typed and imputed SNPs in an additive genetic model for each of
the ancestry groups. The model was adjusted for genetic sex, age
atenrollmentinto the RPGEH cohort, ancestry group using princi-
pal components, and variations in genotyping protocol. The final
number of SNPs that were analyzed was 8,795,348 for EUR;
9,153,118 for LAT; 8,055,053 for EAS and 14,989,676 for AFR pop-
ulations. To account for inflation due to population stratification,
the genomic control parameter (A) was calculated: EUR (1.053),
LAT (1.018), EAS (1.028), AFR (1.007). Subsequently, p-values were
adjusted for A in each population. Results from each population
were combined by inverse-variance, fixed-effects meta-analysis as
previously described [27]. SNPs that did not contain data for EUR
were removed, because EUR comprises more than 80 % of the co-
hort. The highest DNA variant that was excluded because it lacked
data from the EUR ancestry group was an indel (chr11:22175009:1).
Thisindel had a p-value of 7 x 10~6 that was the 35t highest on the
list of DNA variants associated with plantar fascial disorders. The
final number of SNPs that was analyzed in the fixed-effects meta-
analysis was 9,322,588. To account for multiple hypothesis testing,
we set the threshold for statistical significance at p<5x10-8
[14,23,24]. Summary statistics for all SNPs from the fixed-effects
meta-analysis are available at NIH GRASP: https://grasp.nhlbi.nih.
gov/FullResults.aspx.

We examined the level of heterogeneity between ancestry
groups using two measures: 1) the |12 statistic, which measures the
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percentage of variability across ancestry groups that is due to het-
erogeneity, where a lower value indicates more consistent results
across ancestry groups, and 2) Cochran’s Q statistic, which meas-
ures whether observed differences in results between different an-
cestry groups are due to chance alone, where a low associated p-
value indicates heterogeneity [5, 10]. The 95 % confidence interval
for 12 was calculated using the heterogi module for STATA.
Further bioinformatics investigation of the top genome-wide
significant loci from the meta-analysis was conducted. The genom-
ic context of each SNP was investigated using RequlomeDB web
tools (http://regulomedb.org/; accessed July 1, 2016) [3]. Wheth-
er each SNPis an expression quantitative trait locus (eQTL) was que-
ried using the NCBI eQTL Browser (http://www.ncbi.nIm.nih.gov/
projects/gap/eqtl/index.cgi; accessed July 1,2016) and the Geno-
type-Tissue Expression (GTEx) Portal (http://www.gtexportal.org/
home/; accessed July 1, 2016) [7]. Location of SNPs within tran-
scription factor binding sites or DNAse | hypersensitive regions was
queried using data from ENCODE (https://www.genome.
gov/10005107/encode-project/; accessed July 1,2016) [6].

Ethical considerations

This study analyzed stored data from RPGEH subjects who consent-
ed to genomic testing and use of their genomic data, as well as
health data from the KPNC Electronic Health Record, for future re-
search studies. The health and genotype data for the subjects were
de-identified. All study procedures were approved by the Kaiser
Foundation Research Institute Institutional Review Board. This paper
conforms to the ethical standards established by this journal [9].

Results

Study population and genotype information

We performed a logistic regression for SNPs associated with plan-
tar fascial disorders using genotype and medical data from 102,503
individuals that included 21,624 cases and 80,879 controls from
each of four ancestry groups: European, Latin-American, African-
American and East Asian. A description of the sex and ancestry
group of the cases and controls is shown in > Table 2. The Interna-
tional Classification of Diseases (ICD) 9 and 10 as well as Current
Procedural Terminology (CPT) codes used to identify cases from
the electronic medical records are shown in > Table 1. Overall, the
period prevalence of plantar fascial disorders was 21.1 %.

We combined the data from each of the ancestry groups to gen-
erate an overall p-value. » Fig. 1 shows an overview of the analysis
for this genome-wide association study. We compared the ob-
served p-values from the meta-analysis to the distribution of p-val-
ues that would be expected by chance in a Q-Q plot (> Fig. 2). We
saw deviation from the null hypothesis for many SNPs with ob-
served p-values below 10~3. This observation indicates that there
are more SNPs with low p-values than would be expected by
chance;i. e., the deviation from the red line in the upper right por-
tion of » Fig. 2 is caused by SNPs showing weak associations with
plantar fascial disorders.

The p-value for every SNP from the meta-analysis is shown in a
Manhattan plotin » Fig. 3. To account for multiple hypothesis test-
ing, we set the threshold for statistical significance at p<5x10-8
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(indicated by the red line) [14, 23, 24]. There are two independent
DNA variants associated with plantar fascial disorders with p-val-
ues that are genome-wide significant. The first genetic variant is
anindel (chr5:118704153:D) on chromosome 5 with a p-value of
3.04x 1078 (> Table 3). Additionally, there are 14 more SNPs in the
same linkage disequilibrium block that are correlated with
chr5:118704153:D (using R2>.7 as a cutoff). As expected, these
14 linked SNPs also show associations with plantar fascial disorders,
albeit at weaker levels (Supplemental Table 1). Hence, these 15
genetic variants on chromosome 5 represent one association sig-
nal from a linkage disequilibium block, with chr5:118704153:D
being the most significant.

The second DNA variant, rs62051384, is on chromosome 16 and
is associated with plantar fascial disorders with a p-value of
2.47 %1078, This SNPis in a region that contains 43 linked SNPs that
also show associations with plantar fascial disorders at weaker lev-
els (Supplemental Table 1). Hereafter, we refer to the two regions
on chromosomes 5 and 16 using the sentinel genetic variants
chr5:118704153:D and rs62051384.

Almost none of the DNA variants in the loci on chromosomes 5
or 16 were directly genotyped on the Affymetrix chips, but rather
their genotype data was imputed (Supplemental Table 1). The R?
value was 0.93 for chr5:118704153:D and 0.99 for rs62051384.
The RZvalues for the other linked SNPs on chromosomes 5 and 16
were similarly high, indicating that their genotypes were deter-
mined fairly accurately using imputation (Supplemental Table 1).

For chr5:118704153:D, the TGC allele is associated with de-
creased risk and the T allele is associated with increased risk for
plantar fascial disorders. The frequency of the protective allele
(TGC) ranged between 13.6 % in the African-American controls to
40.7 % in the East Asian controls. For rs62051384, T is the risk al-
lele and Cis the protective allele for plantar fascial disorders. The
frequency of the risk allele (T) ranged between 33.2 % in the Afri-
can-American controls to 47.5 % in the Latin-American controls.
The overall allelic odds ratios for chr5:118704153:D and rs6205
1384 were 0.93 (95% C1=0.91-0.96) and 1.07 (95% Cl=1.04-
1.09), respectively.(> Table 3).

For chr5:118704153:D, individuals that carried one (genotype
TGC/T) protective allele had 5.5 % decreased chance of plantar fas-
cial disorders compared to individuals lacking a protective allele
(genotype T/T). Individuals that contained two (genotype TGC/
TGC) protective alleles had a 9.7 % decreased chance of plantar fas-
cial disorders (> Table 4). For rs62051384, individuals carrying two
(genotype T/T) or one (genotype T/C) risk alleles had 10.8 % and
3.9% increased risk compared to individuals lacking a risk allele
(genotype C/C), respectively (> Table 4).

The GWAS results were analyzed to determine whether the as-
sociation with plantar fascial disorders for either chr5:118704153:D
orrs62051384 was stronger in some ancestry groups than in oth-
ers, a phenomenon known as heterogeneity [18]. » Table 5 shows
the p-values and odds ratios for these two genetic variants for each
of the ancestry groups. For both genetic variants, the smallest p-
value was observed for the European population, which is expect-
ed because 81 % of the cohort was European. The odds ratios for
each ancestry group were in the same direction and of similar mag-
nitude. Using 12 and Cochran’s Q to assess heterogeneity, we saw
no evidence of heterogeneity for either genetic variant (> Table 5).
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> Table 2 Demographic factors used in genome-wide association analyses of plantar fascial disorders.

Cases? Controls Overall

Subjects (%) 21,624 (21.1%) 80,879 (78.9%) 102,503
Sex (%)

Male 8,256 (19.2%) 34,702 (80.8%) 42,958

Female 13,254 (22.3%) 46,125 (77.7 %) 59,379

Undetermined 11(1.5%) 55 (98.5%) 66
Ancestry Group (%)<

European 17,627 (21.2%) 65,637 (78.8%) 83,264

Latin American 2,044 (23.9%) 6,516 (76.1%) 8,560

East Asian 1,300(17.3%) 6,218 (72.7%) 7,518

African American 658 (20.8 %) 2,508 (79.2 %) 3,161
Aged 63.1(62.9-63.2) 62.4 (62.3-62.5) 62.6 (62.6-62.7)

a Cases with plantar fascial disorders

b Sex/gender as determined by an individual’s genetic data, reported as the number and percentage of total

¢ Ancestry groups as determined by principle components analysis

d Average age at subject enrollment (95 % Cl)

Kaiser Permanente Northern California cohort
21624 cases, 80 879 controls

European Latin American East Asian African American
ancestry group ancestry group ancestry group ancestry group
17627 cases 2044 cases 1300 cases 658 cases

Logistic regression for each ancestry group
Fixed effects meta-analysis to combine data

Two chromosomal regions with genome-wide significant associations
for plantar fascial disorders

Chromosome 16
43 linked DNA variants
Sentinel SNP = rs62051384

Chromosome 5
15 linked DNA variants
Sentinel variant = chr5:118704153:D

> Fig. 1 Overview of the workflow for the genome-wide association
study for plantar fascial disorders.

The indel chr5:118704153:D is located within an intron of
TNFAIP8 (TNF alpha-induced protein 8) (> Fig. 3). TNFAIP8 encodes
a protein with a death effector domain and its expression is induced
by the cytokine TNF alpha in thymocytes, which protects them
from undergoing apoptosis [8, 21]. We searched for a mechanism
whereby chr5:118704153:D or a linked SNP might affect the activ-
ity of TNFAIP8, possibly accounting for the association with plantar
fascial disorders. Any one of the 15 genetic variants in the locus on
chromosome 5 might be responsible for the association affecting
risk for plantar fascial disorders by affecting one or more of the
nearby genes (i. e., a weak mutation), with the remaining genetic
variants possibly having no effect on either gene function or phe-
notype (i. e., neutral polymorphism). None of the 15 genetic vari-
ants are in coding regions for TNFAIP8. All 15 of the SNPs are asso-
ciated with changes in expression of TNFAIPS (i. e., expression quan-
titative trait loci) [7]. For all genetic variants, the minor allele is
associated with higher expression of TNFAIPS; e. g., the TGC allele

Kim SK et al. Two Genetic Variants Associated ... Int | Sports Med 2018; 39: 314-321
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T T
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> Fig. 2 Quantile-quantile plot for genome-wide association
analyses of plantar fascial disorders. The expected versus observed
log-transformed values for the 9,322,588 p-values are graphed. The
observed p-values (black dots) are plotted on the y-axis and the
p-values expected by chance (red line) are plotted on the x-axis.

of chr5:118704153:D is protective for plantar fascial disorders and
also associated with higher expression of TNFAIP8 than the T allele.
Among the SNPs in this linkage disequilibrium block, rs1509142
has the best evidence for being a causal mutation that directly af-
fects expression of TNFAIP8 [3]. The rs1509142 SNP lies within a
region bound by three transcription factors: MAZ, NFIC and NFKB1
[6]. Allelic variation at rs1509142 might affect binding of one or
more of these transcription factors, thereby altering expression of
TNFAIPS.

Thers62051384 SNP is located within an intron of WWP2 (WW
domain-containing protein 2) gene, which encodes a ubiquitin-
protein ligase involved in proteasomal degradation (> Fig. 4) [25].
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9 10 11 12 13 14 15 16 17 1819202122 X

Chromosome

» Fig. 3 Manhattan plot for genome-wide association analyses of plantar fascial disorders. The -log; p-values for association with plantar fascial
disorders for SNPs from the meta-analysis are plotted by genomic position with chromosome number listed across the bottom. The y-axis shows the
-log;¢ p-value for association with plantar fascial disorders. The blue line represents suggestive genome-wide significance (p<1x10-5) and the red

line represents genome-wide significance (p<5x1078).

> Table 3 Genome-wide significant associations for plantar fascial disorders.

SNP Gene EA2 EAFb P-valuec OR (95% C1)d
chr5:118704153:D TNFAIP8 TGC 0.322 3.04x10°8 0.93(0.91-0.96)
rs62051384 WWwWP2 T 0.373 2.47x1078 1.07 (1.04-1.09)

a Effect allele. The other allele is listed in Supplemental Table 3

b Effect allele frequency in the control population

¢ P-value from fixed-effects meta-analysis. The cut-off for genome-wide significant association was p=5x10-8

d Allelic odds ratio with 95% confidence interval

The linkage block on chromosome 16 containing rs62051384 also
contains 42 tightly-linked genetic variants (R2>0.7)(Supplemen-
tal Table 1). Similarly to the tightly-linked variants in the chromo-
some 5 block, we investigated whether any of these 43 variants af-
fected the coding sequence or expression levels of nearby genes.
None of these 43 SNPs are located in a protein-coding region.
Among the SNPs located in this region, rs6499257 is a good can-
didate for causing changes in expression in WWP2. The G allele of
the rs6499257 SNP is associated with higher expression of WWP2
and increased risk for plantar fascial disorders [7]. ChIP-seq data
from the ENCODE project indicate that rs6499257 lies within a
DNAse | hypersensitive region, which marks regions bound by tran-
scription factors [6] (> Fig. 5).

Discussion

Plantar fascial disorders include both plantar fasciitis and plantar
fibromatosis. Plantar fasciitis is the most common cause of heel
painin adults, and afflicts athletes participating in sports involving
running or jumping [2]. Plantar fibromatosis, on the other hand, is
a relatively rare hyperproliferative disorder of the plantar fascia.

Very little is known about genetic risks in the etiology of either
plantar fasciitis or fibromatosis. Cytogenetic studies have identi-
fied a chromosome duplication and a reciprocal translocation in
two cases of plantar fibromatosis, suggesting that these chromo-
somal abnormalities contributed to the formation of the fibroma
[4,28].

By obtaining access to large-scale genotype and phenotype data
from the RPGEH, we were able to find the first evidence for specif-
ic genetic polymorphisms associated with these plantar fascial dis-
orders. The data contained information from 102,503 individuals
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of whom 21,624 were treated for a plantar fascial disorder. The data
from this study indicate that genetic differences appear to affect
an individual’s intrinsic risk for plantar fascial disorders.

Our results showed genome-wide significant associations for
chr5:118704153:D and rs62051384 with plantar fasciitis or fi-
bromatosis. As the ICD-9 (728.71) and ICD-10 (M72.2) codes in-
clude both diagnoses of plantar fasciitis and fibromatosis, we can-
not discern whether the genetic variants are associated with fasci-
itis, fibromatosis or both. The reason we analyzed plantar fasciitis
and plantar fibromatosis together was that they are combined in
the same ICD-9 code (ICD-728.71, Plantar fasciitis/fibromatosis).
Since we do not have access to the patients themselves, the cod-
ing set up by the International Statistical Classification of Diseases
and Related Health Problems committees constrained us to do the
analysis on the combined fasciitis/fibromatosis phenotypes. We do
not know if the etiology or underlying mechanisms are shared be-
tween plantar fasciitis and fibromatosis. If they were to share a
common underlying genetic mechanism, then combining the two
injuries would improve the statistical power of the analysis. If they
were to have different underlying genetic mechanisms, then our
analysis would most likely reveal DNA variants associated with plan-
tar fasciitis, which make up the majority of the cases coded with
ICD-728.71.

Our cohort included people regardless of whether or not they
participated in a sport. It is unknown whether the statistical asso-
ciation of chr5:118704153:D and rs62051384 with plantar fascial
disorders derives predominantly from the subset of the population
thatis active in sports. Itis also possible that these genetic variants
act by increasing a known risk factor for plantar fascial disorders.
High body mass index is one of the risk factors for plantar fasciitis,
and the genetic basis for high body mass index has been studied
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extensively [3]. However, neither variant was found to be associat-
ed with increased body mass index in published studies, so it is un-
likely that these two DNA variants increase the risk for plantar fas-
cial disorders by increasing body mass index. Other risk factors for
plantar fasciitis include inadequate muscle strength, limited ankle
dorsiflexion and posterior chain tightness [1, 2, 26]. The genetic
basis for these risk factors is poorly understood, so it is possible that
the two DNA variants identified in this study act first by increasing
the risk for one of these factors and then by increasing the risk for
plantar fasciitis. Another explanation is that these polymorphisms
are associated with an increased propensity to exercise and per-
form sports that have a high risk of developing plantar fasciitis.
Theindel chr5:118704153:Dis located within TNFAIP8 on chro-
mosome 5. This gene encodes a protein induced by TNF alpha, and
is involved in protecting thymocytes from undergoing apoptosis

> Table 4 Genotype distributions for chr5:118704153:D and rs62051384.

chr5:118704153:D TGC| TGC|T? TT?
TGC?

Cases 1,838 7,751 9,015

Controls 7,537 30,139 32,519

Overall 9,375 37,890 41,534

Risk for plantar fascial 0.196 0.205 0.217

disorders

Relative risk for plantar 0.903 0.945 1.000

fascial disordersb

rs62051384 TT T/C CJC

Cases 3,275 9,775 7,968

Controls 11,288 36,450 31,276

Overall 14,563 46,225 39,244

Risk for plantar fascial 0.225 0.211 0.203

disorders

Relative risk for plantar 1.108 1.039 1.000

fascial disorders?

aNumber of individuals with that genotype

bRisk for plantar fascial disorders given that genotype compared to
the overall risk

[21]. The rs62051384 SNP is located within WWP2, which is in-
volved in proteasomal degradation [25]. Currently, the mechanis-
tic link between the biochemical functions for either of these pro-
teins and the onset of plantar fasciitis or fibromatosis is unclear.

None of the genetic variants in the linkage blocks on chromo-
some 5 or 16 that show an association with plantar fasciitis or fi-
bromatosis are located in coding regions. However,
chr5:118704153:D and rs62051384 (as well as other tightly-linked
genetic variants in the same linkage disequilibrium blocks) are as-
sociated with variation in expression of TNFAIP8 and WWP2, re-
spectively. It is not yet possible to discern which specific variant
within these blocks is responsible for variation in expression of
these two genes. Currently, data from the ENCODE project suggest
thatrs1509142 (on chromosome 5) is the most likely SNP for being
directly responsible for affecting expression of TNFAIP8, because
this SNP is located in the DNA region bound by three transcription
factors (MAZ, NFIC and NFKB1). For the chromosome 16 locus,
rs6499257 is the most likely SNP for being directly responsible for
affecting expression of WWP2. This SNPis located in a DNAse | hy-
persensitive region, which is typically bound by transcription fac-
tors [6]. One possibility is that allelic variation at these two loci
might affect binding of a transcription factor, thereby affecting ex-
pression of linked genes (e. g., TNFAIP8 or WWP2).

What is the clinical impact of these genetic markers on plantar
fascial disorders? For chr5:118704153:D, about 9% of individuals
were homozygous for the protective allele (TGC/TGC) in our study
population and had a 9.7 % decreased risk for plantar fascial disor-
ders compared to the 40 % of individuals that were homozygous
fortherisk allele (T/T). Forrs62051384, 14 % were homozygous for
therisk allele (T/T) and had a 10.8 % increased risk compared to the
38 % of individuals that were homozygous for the protective allele
(C/C). These genetic markers help predict the risk for a common
injury affecting about 21 % of the general population. Even a small
reduction in overall risk could benefit many people because the in-
juryis socommon. For the general population, the effect sizes from
these two SNPs (£ 10 % risk) are relatively small and would not war-
rant lifestyle changes. For elite athletes, however, a 10 % changein
risk for plantar fascial disorders may warrant attention with regard
to training regimen.

> Table 5 Association statistics for chr5:118704153:D and rs62051384 in individual ancestry groups.

Ancestry Group SNP EA? P-value© OR (95% C1)d 12 (95% CI)d Qe
EUR chr5:118704153:D TGC 3.52x1077 0.93 (0.9-.96) 0 (0-85) 0.80
LAT chr5:118704153:D TGC .034 0.91 (0.84-0.99)

AFR chr5:118704153:D TGC 37 0.91(0.74-1.12)

EAS chr5:118704153:D TGC .50 0.97 (0.88-1.06)

EUR rs62051384 T 1.3x10-6 1.06 (1.04-1.09) 58 (0-85) 0.65
LAT rs62051384 T .89 1.00 (0.94-1.08)

AFR rs62051384 T 9.1x1073 1.20(1.04-1.36)

EAS rs62051384 T 4.6 x 1073 1.13(1.04-1.23)

3ffect allele

bP-value adjusted for lambda genomic inflation factor

€0dds ratio (95 % confidence interval)

dPercentage of variability between ancestry groups that is due to heterogeneity (95 % confidence interval)

eCochran’s Q, p-value that the association is different between ancestry groups
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> Fig. 4 Regional association plot for chr5:118704153:D with
plantar fascial disorders. Tested SNPs are arranged by genomic
position on chromosome 5 (x-axis) in a 300 kb window around the
lead SNP chr5:118704153:D (purple diamond). The y-axis indicates
-log; p-values for association with plantar fascial disorders for each
SNP. chr5:118704153:D is located in an intron of TNFAIP8. The color
of dots of the flanking SNPs indicates their linkage disequilibrium
(R2) with the lead SNP as indicated in the heat map color key.
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> Fig. 5 Regional association plot for rs62051384 with plantar
fascial disorders. Tested SNPs are arranged by genomic position on
chromosome 16 (x-axis) in a 600 kb window around the lead SNP
rs62051384 (purple diamond). The y-axis indicates -log,o p-values
for association with plantar fascial disorders for each SNP.
rs62051384 is located within the gene WWP2. The color of dots of
the flanking SNPs indicates their linkage disequilibrium (R2) with the
lead SNP as indicated in the heat map color key.

There are several limitations to this study. First, the phenotypes
were defined from codes contained in the electronic health records,
which may be inaccurate. The accurate diagnosis of plantar fasciitis
is challenging due to the regional anatomy and the fact that it is
generally a clinical diagnosis obtained from history and physical
findings [20]. For example, in addition to plantar fasciitis and fi-
bromatosis, it is possible that ICD and CPT codes listed in > Table 1
might also include cases of heel pain due to neurological impinge-
ment or heel pad disorders. Furthermore, we are unable to differ-

320

entiate plantar fasciitis from fibromatosis by ICD code (though plan-
tar fasciitis is far more common than plantar fibromatosis). Second,
the number of individuals of Latin-American, African-American and
Asian ethnicity was relatively small, and hence the association re-
sults for these results are weaker than those from the European
group. Third, since this study was performed using the general pop-
ulation rather than athletes, the results reported here might be dif-
ferent than the results for a study using only participants that are
active in sports.

In the future, it will be important to replicate the gene associa-
tion results with plantar fascial disorders in an independent cohort.
It will also be interesting to perform the analysis on a population of
athletes competing in sports with high rates of plantar fasciitis or
fibromatosis, such as long-distance running or triathlons. The re-
sults from these studies may reveal that certain genetic polymor-
phisms, such as chr5:118704153:D or rs62051384, could be used
as diagnostic markers to predict which athletes are at higher risk
for injury. Preventative measures could then be taken to alleviate
that risk, thereby reducing the overall incidence. Finally, addition-
al studies are warranted to begin to illuminate the underlying bio-
logical mechanism for the association of variations near TNFAIP8
and WWP2 with plantar fasciitis or fibromatosis.
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