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Abstract

Background The pathophysiology of osteonecrosis of
the femoral head (ONFH) is poorly understood, and
the diagnosis is idiopathic in as many as 40% of
patients. Genetic and epigenetic etiologies have been
postulated, yet no single nucleotide polymorphisms
(SNPs) with intuitive biologic implications have been
elucidated.

Questions/purposes (1) Do individuals with ONFH share
common biologically relevant genetic variants associated
with disease development? (2) What is the mechanism by
which these SNPs may impact the expression or function of
the affected gene or protein?

Methods This retrospective genome-wide association
study (GWAS) evaluated participants from the Mayo Clinic
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Biobank and Mayo Clinic Genome Consortium between
August 2009 and March 2017. We included every patient
with atraumatic ONFH in each of these respective registries
and every control patient in a previous GWAS with an ac-
ceptable platform to perform statistical imputation. The
study was performed in two phases, with an initial discovery
cohort and a subsequent validation cohort. The initial dis-
covery cohort consisted of 102 patients with ONFH and
4125 controls. A logistic regression analysis was used to
evaluate associations between SNPs and the risk of ONFH,
adjusted for age and sex. Seven SNPs were identified in
a gene of biological interest, peroxisome proliferator-
activated receptor gamma (PPARG), which were then
evaluated in a subsequent validation cohort of 38 patients
with ONFH and 464 controls. Age, sex, race, and pre-
vious steroid exposure were similar between patients
with ONFH and controls in both the discovery and val-
idation cohorts. Separate from the two-phase genetic
investigation, we performed targeted pharmacosurveillance
to evaluate the risk association between the use of antidia-
betic thiazolidinediones, a class of PPARG agonists, and
development of ONFH by referencing 9,638,296 patient
records for individuals treated at Mayo Clinic.

Results A combined analysis of the discovery and vali-
dation cohorts revealed that seven SNPs were tightly
clustered adjacent to the 3’ end of PPARG, suggesting an
association with the risk of ONFH (p = 1.58 x 107%-5.50
x107%). PPARG gene-level significance was achieved (p =
3.33 x 10®) when all seven SNPs were considered. SNP
rs980990 had the strongest association with the risk of
ONFH (odds ratio [OR], 1.95; 95% CI, 1.46-2.59; p =
5.50 x 107°).

The seven identified SNPs were mapped to a region near
the PPARG gene and fell in a highly conserved region
consisting of several critical transcription factor bind-
ing sites. Nucleotide polymorphisms at these sites may
compromise three-dimensional chromatin organization
and alter PPARG 3’ end interactions with its 5’ promoter
and transcription start site. Pharmacosurveillance identi-
fied that patients who were exposed to thiazolidinediones
had an increased relative risk of developing ONFH of 5.6
(95% CI, 4.5-7.1).

Conclusions We found that disruption of PPARG regula-
tory domains is linked to an increased risk of ONFH.
Mechanistically, aberrant regulation of PPARG compromises
musculoskeletal differentiation because this master regulator
creates a proadipogenic and antiosteogenic state. Further-
more, PPARG alters steroid metabolism and vasculogenesis,
processes that are inextricably linked with ONFH. Pharma-
cologically, predisposition to ONFH was further exposed
with thiazolidinedione use, which upregulates the expression
of PPARG and is known to alter bone metabolism. Collec-
tively, these findings provide a foundation to perform con-
firmatory studies of our proposed mechanism in preclinical

models to develop screening diagnostics and potential ther-
apies in patients with limited options.
Level of Evidence Level 11, prognostic study.

Introduction

In the United States, osteonecrosis of the femoral head
(ONFH) occurs in an estimated 20,000 new patients ev-
ery year, predominantly in those younger than 40 years
[36,44,45]. ONFH occurs when trabecular bone osteo-
cytes undergo necrosis and fail to regenerate appropri-
ately [13,46]. Severe ONFH is marked by loss of bony
architecture, leading to subchondral collapse and progressive
degenerative joint changes [22]. The pathophysiology of
ONFH remains poorly understood; however, once the fem-
oral head has collapsed, patients often undergo THA for pain
relief and improvement in daily function. Importantly,
patients with ONFH typically undergo THA at a younger age
than is characteristic among patients with primary osteoar-
thritis, generating interest in improved diagnostics and ther-
apeutics [4,21,27.46].

Risk factors associated with ONFH include alcohol use,
coagulopathies, sickle cell disease, HIV, radiation expo-
sure, smoking, pregnancy, and autoimmune conditions
[7,8,24]. Although corticosteroid use has been identified as
perhaps the strongest primary risk factor, ONFH develops
in only a minority of patients using high-dose corticoste-
roid regimens [44,46]. Despite the multitude of etiologic
associations, the disease of up to 40% of patients is even-
tually classified as idiopathic [46]. This large proportion of
patients with idiopathic disease and the fact that ONFH
develops in only 6% of patients exposed to steroids indi-
cates that some patients may be genetically predisposed to
ONFH.

Previous investigations have shown derangements in
pathways potentially related to the development of ONFH.
Studies examining the effect of coagulation have noted that
up to 82% of patients with ONFH had at least one co-
agulation abnormality [28,29]. Likewise, polymorphisms
in genes regulating blood vessel tone, specifically endo-
thelial nitric oxide synthase [15-18,34], have been associ-
ated with ONFH. Genetic polymorphisms have also been
described in collagen production and the metabolism of
steroids and alcohol, two major risk factors of ONFH de-
velopment [5,32,39,60]. Although insightful, these early
studies were performed with older techniques, were limited
by small population sizes, and remain unvalidated.

Rapid advances have occurred in technologies capable of
probing the contribution of genetic variation to disease. One
such technique is genome-wide association study (GWAS),
which identifies single nucleotide polymorphisms (SNPs)
in the genome and establishes their relative association to a
particular phenotype [40]. Leveraging the power of this

{E}QWolters Kluwer

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



1802 Wyles et al.

Clinical Orthopaedics and Related Research®

technology for complex diseases can help elucidate patho-
physiology and provide a basis for more-targeted and se-
lective study [41,49]. In particular, GWAS has recently been
proposed as a critical early-stage investigation to un-
derstand the contribution of genetics to the potentiation of
musculoskeletal pathology [48]. In multifactorial and
largely idiopathic diseases such as ONFH, a GWAS gen-
erates an invaluable roadmap to lead investigators in the
right direction during the initial study. SNPs often impact
the expression levels of the genes they are located adjacent
to or within. By identifying SNPs associated with a spe-
cific phenotype, researchers are provided with signposts
throughout the genome that mark areas and genes of in-
terest for further investigation. SNPs detected via GWAS
are germline variations at the DNA level; therefore, they
remain consistent throughout every cell within an individual
and do not change over time. Thus, GWAS provides several
advantages over other global “omics” approaches such as
mRNA- or ChIP sequencing because these assays assess
metrics that are highly variable between cell types and be-
come less informative when extracted from whole tissues
(such as bone). Additionally, GWAS can be conducted on
easily accessible, peripheral sources of DNA (such as
blood), which lends itself well as a diagnostic tool. Other
approaches require that specimens be collected directly from
the tissue of interest and may not always be feasible. We
believe GWAS can help us narrow our search for an un-
derlying molecular mechanism of ONFH and therefore
chose to begin our studies with a GWAS. Using this road-
map, we might subsequently turn our attention to specific
locations and genes within the genome to inform the use of
other diagnostic tools such as RNA sequencing and ChIP
sequencing. Identification of genetic variants associated
with the risk of ONFH could provide valuable insight for
disease pathophysiology, risk-stratification screening tests,
and targeted interventions for at-risk patients.

We performed a large discovery cohort screening GWAS
that identified several SNPs related to the gene peroxisome
proliferator-activated receptor-y (PPARG). This gene
was a potentially attractive target, given its known roles in
the differentiation of musculoskeletal tissue, metabolism of
steroids and lipids, and vasculogenesis. It is also a phar-
macologic target for a class of diabetes drugs known as the
thiazolidinediones (TZD), which have been linked to an
increased proclivity for fractures. Given the potential bi-
ological implications of this gene in relation to the patho-
physiology of ONFH, we performed a second-phase
targeted validation analysis of SNPs related to PPARG.
Herein, we report this process and subsequent analyses
used to determine the mechanistic relationship of PPARG
to ONFH.

In this study, we used GWAS to ask: (1) Do individuals
with ONFH share common biologically relevant genetic
variants associated with disease development? (2) What is
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the mechanism by which these SNPs may impact the ex-
pression or function of the affected gene or protein?

Methods

This institutional review board-approved study was a two-
stage retrospective GWAS using participants enrolled in the
Mayo Clinic Biobank and Mayo Clinic Genome Consor-
tium from August 2009 to March 2017. The Mayo Clinic
Biobank is a tissue database of more than 50,000 volunteers
or patients prescheduled for medical examination in the
divisions of community internal medicine, family medicine,
or general internal medicine [47]. The Mayo Clinic Genome
Consortium is a database of approximately 10,000 patients
who were part of a historical GWAS at Mayo Clinic [3]. A
power analysis was not performed for this study. We in-
cluded every patient with atraumatic ONFH in each of these
respective registries and every control patient in a previous
GWAS performed on an acceptable platform, to perform
imputation as detailed below.

The study was performed in two phases with an initial
discovery cohort and a subsequent validation cohort
(Fig. 1). The discovery cohort was established in a stepwise
fashion. First, the Mayo Clinic Biobank was queried using
ICD-9 code 733.4 for patients with a history of ONFH. The
medical records of identified patients were reviewed to
determine the anatomical location of ONFH as well as
previous corticosteroid exposure and trauma history. In this
study, we did not assess each patient’s ONFH stage as a
variable against genetic association. Eighty-eight patients
with atraumatic ONFH were identified. Fifty of these
88 patients had a history of high-dose corticosteroid use
(= 20 mg/day x = 1 month) before ONFH was diagnosed.
Controls were also selected from the Mayo Clinic Biobank
and were 2:1 frequency matched (176 patients) to patients
based on age (= 5 years), sex, BMI (3 kg/m?), the patient’s
self-reported race (exact match), and previous steroid ex-
posure without subsequent development of documented
ONFH. Cryopreserved white blood cells from these patients
were then genotyped with the Illumina Omni 5.0 platform
(Illumina, San Diego, CA).

The discovery cohort’s data were then enriched with
institutional historical GWAS data from patients in the
Mayo Clinic Genome Consortium to increase the sample
size. Patients in this registry were identified in a similar
fashion to those from the Mayo Clinic Biobank. Fourteen
patients with atraumatic ONFH were identified. Seven of
those 14 patients had a history of high-dose corticosteroid
use before ONFH was diagnosed. Instead of matching
controls as we did with the Mayo Clinic Biobank patients,
we included all available control patients from the Mayo
Clinic Genome Consortium in a GWAS performed on
platforms suitable to perform imputation. This constituted
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Fig. 1 This schematic diagram outlines the phases of investigation including establishment
of the discovery and validation cohorts for genetic evaluation as well as the complementary
pharmacologic impact data from patient record review.

3954 patients, including 909 with a history of oral or in-
travenous corticosteroid use and no subsequent ONFH. All
patients with ONFH and controls identified in the Mayo
Clinic Genome Consortium were then combined with the
Mayo Clinic Biobank patients to arrive at the final cohort
for the discovery analysis, which included the following:
102 patients with ONFH (53 with a history of high-dose
corticosteroid use) and 4125 controls (1001 with a history
of corticosteroid use). The median age was 57 years, 56%
were women, and > 99% were white (Table 1).

Imputation was used to combine and compare data from
patient samples in the discovery cohort. Each GWAS plat-
form was assessed for standard quality-control metrics; only
platforms meeting thresholds for high-fidelity imputation
were included. We imputed each GWAS platform sepa-
rately using IMPUTE2 and the 1000 Genomes Project ver-
sion 3 (March 2012 release) reference panel.

The discovery cohort GWAS revealed that seven SNPs
were related to PPARG. Given the biological interest
in this gene, a cluster of seven SNPs became the focus

of a targeted validation cohort and subsequent inves-
tigations of potential mechanistic involvement with
ONFH (Fig. 1). For the validation cohort, we queried the
Mayo Clinic Biobank again for new patients with ONFH
and controls because the database had grown between the
discovery phase and the validation analysis. We identified
38 new patients with atraumatic ONFH who had a history
of steroid use and 464 controls with a history of ste-
roid use but who did not have symptomatic ONFH. DNA
from validation Mayo Clinic Biobank samples were iso-
lated from cryopreserved white blood cells and genotyped
using a Sequenom custom-designed panel to assess
the seven SNPs of interest that had been identified during
the discovery phase. In the validation cohort, the median
age was 64 years, 52% were women, and > 99% were
white (Table 1).

The evolutionary conservation of the newly identified
SNPs was assessed by viewing the 100 Vertebrate Conser-
vation Track using the Track Data Hubs Feature [53] on the
Human GRCh37/hgl9 Assembly in the UCSC Genome
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Table 1. Demographics of the discovery and validation cohorts

Discovery Discovery Validation Validation
Patient osteonecrosis control osteonecrosis control
characteristic (n =102) (n =4125) p value (n=38) (n = 464) p value
Age, years*
Median 65 57 < 0.001 62 64 0.063
Q1,Q3 56, 72 45, 67 45,70 53,74
Sex
Female 55 (54%) 2316 (56%) 0.655 15 (40%) 242 (52%) 0.133
Male 47 (46%) 1809 (44%) 23 (60%) 222 (48%)
Steroid use'
No 49 (48%) 3124 (76%) < 0.001 0 (0%) 0 (0%)
Yes 53 (52%) 1001 (24%) 38 (100%) 464 (100%)
Race*
Black 3 (3%) 6 (0.1%) 1 (2.6%) 1 (0.2%)
Asian 1 (1%) 1 (0.0%) 1 (2.6%) 2 (0.4%)
White 98 (96%) 4118 36 (94.7%) 461
(99.9%) (99.4%)

*Age at the time of sample analysis by Mayo Clinic Biobank or Mayo Clinic Genome Consortium;

tHistory of oral or intravenous steroid use;
$Self-reported

Browser (University of California Santa Cruz, Santa Cruz,
CA, USA) [33].

The location of protein binding sites was determined
using the Human GRCh37/hgl9 Assembly in the UCSC
Genome Browser [33] with the Transcription Factor Chip
Track [14,61,62] overlaid using the Track Data Hubs
Feature [53].

The chromatin structure was assessed using the 15-state
chromatin model within the Roadmap Epigenomics Project
[35] on the Human hg19 assembly. The three-dimensional
chromatin structure was assessed on the same gene track
using experimental HiC data collected in HEK293 cells [66].

Datasets curated by The Genotype-Tissue Expression
(GTEx) Project [19] were used to assess the functional im-
pact of the newly identified SNPs on gene expression in
varying tissues. The expression data and boxplots described
here were obtained from the GTEx Portal (GTEx Analysis
Release V7 [dbGaP Accession phs000424.v7.p2]).

When PPARG emerged as a potential candidate for in-
volvement in the pathogenesis of ONFH, we used the
Mayo Clinic electronic medical record and data abstraction
interfaces to evaluate the clinical records of 9,638,296
individuals treated at Mayo Clinic (Fig. 1).

Risk association was tested between the use of antidia-
betic thiazolidinediones, a class of PPARG agonists, and the
development of ONFH. Specifically, the drugs rosiglitazone
and pioglitazone were captured by validated medicine rec-
onciliation platforms and evaluated against subsequent de-
velopment of atraumatic ONFH as determined by ICD9 and
ICD10 codes (Fig. 2D).
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Population stratification was assessed using STRUC-
TURE (Stanford University, Palo Alto, CA) software. We
used a logistic regression within Plink to test for an asso-
ciation with ONFH, assuming a log-additive genetic model
adjusting for age, sex, subject source, and the top three
principal components. We performed a gene-based level
analyses using SNPs within PPARG. All genotyped and
imputed SNPs were tested within PPARG (defined by its
gene boundaries per Genome Browser +/- 75 kb) using
sequence kernel association tests [25] with an unweighted
linear kernel implemented in the sequence kernel associa-
tion test package v1.0.9 [55]in R v3.1.1 [52]. Then, the top
seven significant PPARG SNPs were used to form hap-
lotypes. Associations between the haplotypes and ONFH
were tested with logistic regression implemented in the
haplo.stats package v1.6.11 [57] in R v3.1.1. The package
locusZoom v1.3 [51] was used to visualize the single SNP
GWAS results in the PPARG gene region. Logistic re-
gression was also used in the validation cohort, but age and
sex were the only covariates included in the models be-
cause the subjects were drawn from a single source (Mayo
Clinic Biobank). Continuous covariates were compared
using the Wilcoxon rank sum test and categorical cova-
riates were compared using the Pearson chi-squared test.
Data from the discovery cohorts and validation cohorts
were analyzed separately as well as in aggregate through a
meta-analysis of the two cohorts. For all three analyses,
gene-level significance was set at p < 3.33 x 10 and in-
dividual SNP significance was set at p <5 x 10°%, consistent
with standard GWAS definitions [49].
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Fig. 2 The GWAS and clinical cohort assessment associate modulation of PPARG with in-
creased ONFH risk is shown. (A) The schematic shows the location on chromosome 3 and
-log,o(p value) for the seven SNPs of interest with respect to the 3’ end of the PPARG locus
with cumulative PPARG gene-level significance indicated below the graph. (B) Plot outlining
the respective OR for ONfh development in patients harboring the indicated SNP. (C) The
percentage of patients in the control or ONFH group found to have the indicated combi-
nations of “Protective” (OR < 1) or “Risk” (OR > 1) alleles. (D) Table outlining the increased risk
of ONFH with the use of TZD drugs that are PPARG agonists for diabetes management.

Results
Genetic Variants Associated with ONFH

In the discovery cohort, we identified a cluster of seven SNPs
related to PPARG that were associated with the differential
risk of ONFH (Fig. 2A). These seven SNPs were in the top
1000 most genetically different SNPs on chromosome 3.
Individual p values for these seven SNPs ranged from 1.03 x
10° to 1.56 x 10; thus, no SNP achieved significance
(cutoff p < 5 x 10®). Gene-level analysis of PPARG
achieved a p value of 3.33 x 10°®, which was significant after
whole-genome Bonferroni correction (cutoff=p<3.33x 10
%) (Fig. 2A). Thus, although no single SNP met the genome-
wide significance cutoff of 5 x 10, PPARG showed con-
siderable variance associated with disease (Table 2).

All seven SNPs identified in the discovery cohort
demonstrated similar p values and odds ratios (ORs) for
disease when assessed in the validation cohort (Table 2).
Four of the seven SNPs were associated with an increased
risk of ONFH (OR, 1.43-1.94; p=1.58 x 102-5.50 x 10°°)
and three were associated with a decreased risk of ONFH
(OR, 0.49-0.53, p = 1.32 x 102-2.27 x 10”) (Table 2, Fig.
2B). Next, we analyzed patient genotypes at the individual
level to investigate the prevalence of SNPs associated with
increased versus decreased risk in the control and ONFH

populations. We noted that a higher proportion of patients
with ONFH (51%) possessed at least one SNP that was
associated with increased risk and no SNPs that were as-
sociated with decreased risk compared with controls (35%,
p <0.001). Conversely, we found that a greater number of
patients in the control group (33%) possessed at least one
SNP associated with decreased risk and had no SNPs as-
sociated with increased risk than did patients with ONFH
(16%, p <0.001) (Fig. 2C).

Possible Mechanism by Which PPARG May Impact the
Risk of ONFH

Given the strong association between PPARG genetic vari-
ance and ONFH development, a large institutional database
was evaluated to determine differences in the risk of ONFH
based on exposure to TZDs. These drugs are used widely for
managing diabetes with a primary mechanism of action as
PPARG agonists. In a database of nearly 10 million patients,
TZD use increased the risk of ONFH development by a
factor of 5.6 (95% CI, 4.5-7.1; p < 0.001) (Fig. 2D).
Although unexplored in relation to musculoskeletal
tissue, four of the seven SNPs demonstrated an association
with genes including PPARG in other tissues, suggesting their
presence or absence had functional consequences (see Figure,
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Table 2. GWAS analysis of significant SNPs in PPARy

MAF MAF Odds ratio

SNP Position (bp) A1 A2 Phase MAF patients  controls (95% ClI) p value
rs709159 12481203 @ A Discovery 0.2502 0.1716 0.2521 0.51 (0.21-0.34) 0.0014910
Validation 0.2639 0.1316 0.2748 0.43 (0.22-0.85) 0.0145900
Meta-analysis 0.49 (0.30-0.69) 0.0000676
rs13090265 12484985 G A Discovery 0.1165 0.1471 0.1158 1.94 (1.21-3.14) 0.0060970
Validation 0.1265 0.1447 0.125 1.16 (0.59-2.29) 0.6724000
Meta-analysis 1.64 (1.11-242) 0.0128400
rs13088214 12487827 C T Discovery 0.2705 0.3333 0.2689 1.54 (1.09-2.18) 0.0155800
Validation 0.2988 0.34221 0.2953 1.21 (0.73-2.20) 0.4611000
Meta-analysis 1.43 (1.07 - 1.90) 0.0158000
rs7618046 12488027 T C Discovery 0.4554 0.348 0.458 0.50 (0.35-0.71) 0.0001223
Validation 0.4512 0.3289 0.4612 0.62 (0.38-1.00) 0.0541200
Meta-analysis 0.53 (0.40-0.71) 0.0000227
rs9855622 12493347 T C Discovery 0.3895 0.4902 0.3865 2.22 (1.38-3.57) 0.0010170
Validation 0.4183 0.4868 0.4106 1.48 (0.78-2.79) 0.2297000
Meta-analysis 1.92 (1.31-2.80) 0.0008092
rs1185784 12494278 T C Discovery 0.1111 0.04902 0.1126 0.39 (0.19-0.78) 0.0083920
Validation 0.0996 0.07895 0.1013 0.74 (0.31-1.73) 0.4812000
Meta-analysis 0.50 (0.29-0.87) 0.0132100
rs9809905 12500651 G T Discovery 0.3895 0.4902 0.3865 2.22 (1.56-4.41) 0.0000103
Validation 0.4183 0.4868 0.4106 1.51 (0.93-2.46) 0.0965200
Meta-analysis 1.94 (1.46-2.59) 0.0000055

MAF = minor allele frequency (frequency that the second most common allele is observed in the population being studied), BP =

base pair, A1 = minor allele, A2 = wild type allele

Supplemental Digital Content 1, http://links.lww.com/CORR/
A158) [19]. To better understand how newly identified SNPs
may be associated with the risk of ONFH, we observed their
location within the genome in depth. First, we mapped the
location of the variants in relation to evolutionarily conserved
regions among vertebrates (Fig. 3A). We noted that SNP 1
(rs709159) and SNP 7 (rs9809905) fall in highly conserved
regions. These regions share similar patterns of conservation
among ambulatory vertebrates but diverge in birds and
lower organisms (see Table, Supplemental Digital Content 2,
http:/links.lww.com/CORR/A 164, and Figure, Supplemental
Digital Content 3, http://links.Iww.com/CORR/A165).
Noting several evolutionary conserved regions proximal to the
3’ end of PPARG, next, we searched for the presence of
transcription factor binding domains in relation to our SNPs of
interest (see Figure, Supplemental Digital Content 4, http:/
links.lww.com/CORR/A166). This demonstrated a substantial
number of binding sites for the protein CTCF, an
important regulator that establishes domain boundaries
between accessible and non-accessible DNA in 3-D chro-
matin structures (Fig. 3B). We found that SNP 7 (rs9809905)
is in the center of a highly enriched CTCF and CEBPB
binding region (Fig. 3C). Because of the critical role of CTCF
in controlling 3-D chromatin organization, we used the

{=). Wolters Kluwer

Epigenomics Roadmap [35] to assess the chromatin structure
around the PPARG locus (Fig. 3D). In osteoblasts and bone
marrow-derived mesenchymal stromal or stem cells
(BMSCs), we observed regions of chromatin compaction
and quiescence. However, in adipose tissue, adipose tissue-
derived mesenchymal stromal or stem cells (AMSCs), and
AMSCs directed into the adipogenic lineage, we observe
regions of open chromatin and active transcription. Further-
more, HiC data show 3-D chromatin looping that links the 3’
end of PPARG, which contain the newly identified SNPs
with the 5° promoter region and transcriptional start site (Fig.
3D). Together, these observations suggest that the newly
identified polymorphisms may have a functional association
with the expression levels of PPARG. SNP 7 (1rs9809905) is
of particular interest because it has the highest OR of disease
(OR = 1.95) and lowest p value (p = 5.05 x 10°), and is
located in an evolutionarily conserved protein binding region
shown to be involved in 3-D chromatin interaction.

Discussion

ONFH is a complex hip disorder with many described risk
factors, yet up to 40% of patients are ultimately considered

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.
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Fig. 3 Evolutionary conservation of SNP loci and chromatin structure with three-di-
mensional organization of PPARG is shown. (A) UCSC Genome Browser display of the 3’
PPARG region with SNP locations indicated (blue = protective, red = risk). The 100 verte-
brate conservation track (green) and individual species conservation (black) is indicated
below. (B) SNP locations are indicated (blue vertical lines) and track colors correspond to
the chromatin state indicated at the bottom of the panel. UCSC Genome Browser display of
CTCF binding sites with respect to the PPARG locus and SNP locations are indicated (blue =
protective, red = risk). (C) An enhanced view of the 3’ end of PPARG depicting CTCF and
CEBPR binding sites is shown. (D) A chromatin state model for the indicated cell type (left)
and HiC long-range interaction in HEK293 cells with respect to the PPARG locus is shown.
Signal strength determined by ChIP assay and canonical binding motif regions are in-
dicated as specified (left).

to have idiopathic disease [22]. The large number of patients
with idiopathic disease is consistent with the concept we

loci governing the expression of PPARG and (2) pharma-
cologic modulation with common antidiabetic agents func-

validated in this study, that genetic susceptibility may play a
role in the pathogenesis of disease. GWAS was used as a
screening tool to identify loci within the genome that may be
linked with the risk of ONFH. GWAS is an ideal technology
for preliminary work of this nature and provides a founda-
tion for subsequent validation with complementary techni-
ques. The identification of PPARG in this study as a critical
modulator of the risk of ONFH is based on strong corrob-
orating lines of evidence, including (1) genetic variance in

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.

tioning through PPARG agonism. PPARG provides both a
novel genetic marker and a potential pathway-targeting
strategy for modulating disease progression.

This study must be interpreted in light of important
limitations. Most importantly, the sample size of ONFH
patients (n = 140) was prohibitive fora GWAS capable of
meeting individual SNP p value cutoffs <5 x 10 thought
to represent unequivocal whole-genome significance
[49]. Nevertheless, several SNPs achieved p values that
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are remarkable in the context of this initial cohort’s sample
size. On the contrary, PPARG achieved a high level of
significance even after Bonferroni correction, despite the
aforementioned modest sample size of patients, lending
further credence to the strength of these findings. Fur-
thermore, the results are supported by biologically intuitive
and relevant implications for the identified gene and strong
complementary clinical data confirming pharmacologic
risk is mediated through PPARG. Second, the GWAS
platforms from the discovery cohort were not uniform and
thus required imputation and rigid exclusion criteria. We
demonstrated excellent data quality through this process,
but increased caution must be exercised when variant SNPs
are identified through imputation at specific loci versus
through uniform genotyping. Third, the genetic component
of this study is restricted to GWAS evaluation. This
method has strengths as an initial screening tool, but
it lacks the capability to detect disease-related or SNP-
induced changes in gene expression or chromatin mod-
ifications. Now that we have used GWAS to focus our
search, we aim to use the advantages of RNA or ChIP
sequencing technologies in future studies to complement
the presented data. Furthermore, this study did not prove
our proposed mechanism. Additional corroborative evi-
dence will be required to substantiate these relationships.
Investigations of the expression of PPARG in the femoral
head tissue of patients with ONFH as well as cell line
manipulation and experimentation with animal models
are possible lines of exploration.

GWAS is a powerful screening tool for understanding
the genetic contribution to disease. Although this tech-
nology may yield SNPs that are highly associated with a
particular condition, findings are often difficult to interpret
if the SNP is not related to a gene or pathway with known
biological activity. Although our study lacks statistical
power, a strength of our preliminary work lies in the mo-
lecular potential of the identified polymorphisms. PPARG
has multiple intuitive biologic implications for the patho-
physiology of ONFH (Fig. 4). First, PPARG functions in
conjunction with the WNT pathway and governs whether
mesenchymal stem cells differentiate toward adipose tissue
or bone [37,59,64]. When active, PPARG controls the
lineage allocation of stem cells by promoting adipogenic
differentiation and suppressing osteogenic differentiation.
This molecular ability is directly relevant to ONFH, which
results from a combination of sentinel necrosis followed by
an inability to regenerate trabecular bone [22,23,63]. Our
findings also provide insight into likely mechanisms by
which TZDs, as potent agonists of PPARG, increase the
risk of ONFH. These agents are PPARG-activating and
thus might shift the balance of the local regenerative cell
population toward formation of adipose tissue instead of
restorative bone [56]. Clinically, this principle was partly
demonstrated before our study in large-scale evaluations of

am—
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TZD use showing an elevated risk of atypical fracture
[6,20,30,31,42,65]. Animal and in vitro studies have fur-
ther confirmed that TZD use yields increased bone adi-
posity and decreased bone mineralization [2,43,54,58]. In
retrospect, these collective findings might suggest that the
earlier findings could be attributed to a previously un-
recognized ONFH-like syndrome secondary to TZDs.

Steroids are a primary risk factor of ONFH development.
PPARG has a high affinity for steroid receptors [26].
Therefore, it is possible that genetic- or pharmacologically-
induced alterations in PPARG cause patient-specific sensi-
tivity to steroids. Epigenetic modifications that depend on
PPARG may explain why an even greater proportion of
patients have ONFH and could impact the emerging land-
scape of individualized medicine for these patients. Fur-
thermore, PPARG is a key regulator of lipid metabolism
and vasculogenesis [1]. Previous reports have shown that
statins are protective for patients with ONFH, and avas-
cular lesions are pathognomonic for the disease [44,46,50].
These critical relationships warrant further investigation to
further clarify the extent of PPARG’s role in the patho-
physiology of ONFH.

Although a great deal of work is required to clarify
the role of PPARG in ONFH, we summarize our current
proposed mechanism as follows (Fig. 4). In a healthy
state, PPARG maintains low levels of expression, yield-
ing normal bone architecture. In ONFH, we suggest that
pathologic upregulation of PPARG, either through SNPs
or pharmacologic modulation with TZDs, may alter path-
ways leading to osteonecrosis in bone. In normal bone
physiology, PPARG is expressed at low levels, which
encourages a decreased adipocyte/osteoblast ratio for
healthy bone formation. However, upregulation of PPARG
leads to a high adipocyte/osteoblast ratio in the MSC lin-
eage and simultaneously acts on the hematopoietic line-
age to increase osteoclastogenesis; together, these
mechanisms yield net bone loss and increased adiposity
and edema. Substantial adiposity in bone may also lead to
increased pressure in the femoral head with a subsequent
“compartment-syndrome-like condition” and disruption
of the vascular supply. Furthermore, PPARG acts on a
variety of critical metabolic pathways that, if disrupted,
have intuitive biologic implications for the pathophysi-
ology of osteonecrosis. PPARG interacts with steroid
receptors, holding particular relevance because steroids
are the primary exogenous risk factor of the development
of osteonecrosis. PPARG also interacts with lipid metab-
olism, which has long been proposed as a critical pathway
for osteonecrosis susceptibility as evidenced by studies
demonstrating attenuated osteonecrosis progression with
the administration of statin drugs. PPARG also plays a
critical role in local vascular formation; indeed, “avascular
necrosis” is the historical term for this disease because
a disrupted vascular supply is uniformly responsible for
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Fig. 4 Proposed mechanisms for PPARG involvement in the pathophysiology of ONFH are
shown. (A) PPARG function in a healthy state with low levels of expression yielding normal
bone architecture. (B) Pathologic upregulation of PPARG, either through SNPs or pharma-
cologic modulation with TZD drugs, altering pathways leading to osteonecrosis in bone.

traumatic osteonecrosis and has been shown histologically
in a subset of patients with atraumatic disease.

Multilevel molecular analysis of the chromosomal
regions in which the SNPs reside shows that our newly
identified SNPs are in a region that has many molecular
properties consistent with a crucial regulatory region for
controlling the expression of PPARG. Specifically, we
mapped SNP 7 (rs9809905) to an evolutionarily conserved
DNA region containing binding sites for the key regulators
CTCF and CEBPB. Previous studies have elucidated the
dynamic binding patterns of CTCF during adipogenesis and
identified it as a key regulator of PPARG transcriptional
activation [11,12]. Additionally, analysis of HiC 3-D chro-
matin interaction data demonstrates that this region is looped
back to the 5° promoter region of PPARG. CTCF has been
well-established as a mediator of chromatin looping between
regulatory and promoter regions [9], and augmented CTCF
binding has been shown to reactivate previously silenced
genes [10]. These data suggest that the increased OR asso-
ciated with SNP 7 (rs9809905) may stem from its functional
impact on the expression of PPARG. It is also important to

note the tissue and cell-specific variability of the chromatin
state near PPARG when considering the functional impact of
these SNPs. In bone or bone-derived cells (osteoblasts and
BMSCs), chromatin is compacted at both the 3’ and 5’ re-
gion, resulting in quiescent or weak transcription of PPARG.
Conversely, in adipose or adipose-derived cells, chromatin is
open and active at the 3” and 5’ regions of PPARG, resulting
in active gene transcription. This dichotomy in chromatin
states is reflected in the PPARG expression levels within
respective tissues. PPARG is well-described as a master
regulator of adipogenesis [38] that drives adipocyte differ-
entiation and development of fat tissue. Therefore, the ex-
pression of PPARG must be tightly regulated depending on
the cell phenotype. This is likely why we observed chromatin
compaction in nonadipogenic bone cells and open chromatin
in adipose-derived cells. Our results suggest that SNPs that
alter the appropriate regulation and expression of PPARG
could lead to improper differentiation of mesenchymal stem
cells, giving rise to ONFH. This could explain the combi-
nation of human and animal data showing atypical fractures
following TZD administration, marked by increased bone
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marrow adiposity and edema leading to fracture. We reason
that the location of SNP 7 (rs9809905) in a highly conserved
CTCF binding site may augment the binding of CTCF in this
region. In osteoblasts, this may lead to relaxation of an oth-
erwise compacted region of chromatin at the 3* end of
PPARG and promote looping to the 5’ promoter. In osteo-
blasts and preosteoblasts, which express low basal PPARG
mRNA levels, SNP-induced expression of PPARG may be
detrimental to proper cell differentiation or function, result-
ing in compromised bone integrity. Therefore, it is intuitive
that SNP 7 (rs9809905) has the highest OR for ONFH and
has the highest incidence among the diseased population.
Our followup pharmacosurveillance using the Mayo Clinic’s
electronic medical record yielded complementary results in
that patients receiving TZD (a PPARG agonist) had an in-
creased risk of ONFH development by a factor of 5.6 (95%
Cl, 4.5-7.1; p < 0.001). This finding confirms that elevated
PPARG expression is associated with ONFH. In light of this
finding, we reason that these newly identified SNPs, partic-
ularly rs980990, may have some association with the risk of
ONFH. Because PPARG is already capable of being ma-
nipulated pharmacologically with TZDs, theoretically, an
inhibitor of PPARG either locally or systemically, could
benefit patients with early-stage ONFH.

This study identified PPARG as a potential modulator of
the risk of ONFH through genetic variance and pharma-
cologic upregulation with TZDs. The primary mechanism
by which PPARG is known to function is through a shift
in mesenchymal stem cell differentiation towards the
formation of adipose tissue rather than bone formation.
Furthermore, known interactions of PPARG with the
well-established risk factors of ONFH—steroid use and
impaired vasculogenesis—provide further interest for a
possible role in the pathogenesis of ONFH. Nevertheless,
considerable additional investigation is needed to confirm
or refute these proposed relationships. RNA sequencing
of femoral head tissues with and without ONFH as well
as cellular manipulation and animal model recapitulation
of disease are potential avenues for exploration. Given
previous success with the pharmacologic modulation of
PPARG, therapeutic intervention and prevention of ONFH
may be possible for patients with this condition, who are
typically younger and often have limited options.
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