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ABSTRACT

Osteonecrosis of the jaw (ONJ) is a rare but serious drug induced adverse event, mainly associated with the use
of antiresorptive medications, such as intravenous (IV) bisphosphonates (BPs) in cancer patients. In this review,
we evaluated all the pharmacogenomic association studies for ONJ published up to December 2018. To date, two
SNPs (CYP2C8 rs1934951 and RBMS3 rs17024608) were identified to be associated with ONJ by two genome-
wide association studies (GWAS). However, all six subsequent candidate gene studies failed to replicate these
results. In addition, six discovery candidate gene studies tried to identify the genetic markers in several genes
associated with bone remodeling, bone mineral density, or osteoporosis. After evaluating the results of these 6
studies, none of the SNPs was significantly associated with ONJ. Recently, two whole-exome sequencing (WES)
analysis (including one from our group) were performed to identify variants associated with ONJ. So far, only
our study successfully replicated discovery result indicating SIRT1 SNP rs7896005 to be associated with ONJ.
However, this SNP also did not reach genome-wide significance. The major limitations of these studies include
lack of replication phases and limited sample sizes. Even though some studies had larger sample sizes, they
recruited healthy individuals as controls, not subjects treated with BPs. We conclude that a GWAS with a larger
sample size followed by replication phase will be needed to fully investigate the pharmacogenomic markers of
ONJ.

1. Introduction

“Bisphosphonates Related Osteonecrosis of the Jaw” (BRONJ) was in-
itially used by the American Association of Oral and Maxillofacial

Pharmacogenomics, or the genetic/genomic determinants of drug
response and adverse effects, is a tool that has been useful in in-
dividualizing medication therapy in order to improve drug efficacy and
minimize adverse effects [1,2]. Osteonecrosis of the jaw (ONJ) is a rare
but severe drug induced adverse event, which is defined as the exposure
of jaw bone (mandible, maxilla, or both) with slow healing for > 8
weeks, or even no healing [3]. ONJ was first reported in 2003 among
cancer patients treated with high doses of intravenous (IV) bispho-
sphonates (BPs) (pamidronate and zoledronate) [4]. Hence, the term

Surgeons (AAOMS) to describe this drug induced complication. In
2009, the term BRONJ was replaced with “Antiresorptive Related Os-
teonecrosis of the Jaw” (ARONJ) because another class of anti-
resorptive agents, receptor activator of nuclear factor kappa-B ligand
(RANKL) inhibitor, denosumab (Prolia®, Xgeva®) was found to be as-
sociated with ONJ [5]. Later in 2014, the term “Medication Related
Osteonecrosis of the Jaw” (MRONJ) was introduced in light of the fact
that antiangiogenic therapies were also linked to this complication [6].
For simplicity, we will use the term ‘ONJ’ in this review.
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2. Potential mechanisms of ONJ

Although many risk factors of ONJ have been identified, the me-
chanisms of ONJ is still not clear. Based on the different potential
mechanisms of ONJ development, three main hypotheses have been
proposed [6]. The first hypothesis involves bone remodeling inhibition
i.e. disruption of bone formation and bone resorption induced by os-
teoblasts and osteoclasts, respectively. Both BPs and RANKL inhibitor
(denosumab) are antiresorptive agents which interfere with the bone
resorption process. The second hypothesis is angiogenesis inhibition
which results in bone necrosis secondary to prevention of the formation
of new blood vessels in the bone. Bevacizumab, an angiogenesis in-
hibitor, has been reported to be associated with ONJ [7]. The third
hypothesis is inflammation and infection. Studies showed that most
ONJ patients had record of tooth extraction (~50%) [8-10]. Lots of
bacteria live in human mouth with gum disease and they likely induce
inflammation/infection after tooth extraction and lead to ONJ.

Even though increasing numbers of medication classes have been
reported to be associated with ONJ, antiresorptive agents still show the
highest risk for ONJ. Studies have shown that the average incidence of
ONJ was around 1.8% and 1.3% for denosumab and BPs, respectively,
but the difference was not significant [11,12]. The risk of ONJ in cancer
patients treated with IV BPs is ~10 times higher than that in osteo-
porosis patients based on the higher doses or more frequent adminis-
tration in cancer patients. The incidence rates of ONJ range from 0.8%
to 18% depends on oral or IV route of administration [12-14]. For this
review, we will focus on ONJ related to BPs since all the pharmaco-
genomic association studies for the ONJ phenotype were for BPs-related
ONJ.

BPs, as stable analogue of pyrophosphate, contain two phosphonate
groups with a central carbon. The chemical structure also contains one
short side chain (R1) and one long side chain (R2), which determine the
chemical properties of BPs. The BP structure creates high affinity for
hydroxyapatite binding sites on the bone surface [15]. BPs are in-
corporated into osteoclasts cells when the bone mineral is resorbed by
osteoclasts through bone remodeling [16-18]. After embedding into the
osteoclasts, BPs induce osteoclasts apoptosis that leads to inhibition of
bone resorption. Based on the difference in the structure of the R2 side
chain, BPs are divided into two classes: nitrogen containing BPs and
non-nitrogen containing BPs. These two classes of BPs inhibit osteo-
clasts differentiation and induce osteoclasts apoptosis [19-21] through
different mechanisms. Nitrogen containing BPs, such as zoledronate
and pamidronate, inhibit bone resorption by binding and inhibiting
farnesyl pyrophosphate synthase (FPPS) in the HMGA-CoA reductase
pathway also known as mevalonate pathway [15,22]. This results in the
disruption of osteoclasts cytomembrane ruffles that lead to osteoclasts
apoptosis. On the other hand, non-nitrogen containing BPs, such as
etidronate and clodronate are metabolized in the cells to compounds
that replace the pyrophosphate moiety from ATP to form a non-func-
tional molecule. The accumulation of non-functional molecules (toxic
analog of ATP) leads to inhibition of protein synthesis through com-
petition with ATP in mitochondria [23], which then induces apoptosis
in osteoclasts. Based on the effect on osteoclasts, BPs are used as anti-
resorptive agents for treatment and prevention of osteoporosis. Studies
have shown that BPs significantly decrease the risk of fractures and
increase bone mass density (BMD) in osteoporosis patients [12,24-26].
Given their non-proliferative action, BPs are important and effective
medications for preventing bone loss in cancer patients [15,21,27]
especially used for patients with multiple myeloma (MM) and other
cancers which metastasize to the bone, to prevent skeletal related
events (SREs) [28].

Metastasis is one of the main properties of cancer cell [29]. Most
cancers with metastases have high morbidity and mortality. Bone is the
third common site for the metastasis that is observed in MM and many
other solid cancers, such as breast, lung, and prostate cancers [30].
Previous studies have shown that cancer cells from breast and prostate
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are most likely to migrate to bone during late-stage of these diseases
[31,32]. Based on the data from National Cancer Institute, almost 50%
of the breast and prostate cancer patients die due to bone metastases.
Bone metastasis occurring commonly in breast and prostate cancer re-
sults in the increase of osteoclasts cell growth and differentiation
[33,34]. The increasing osteoclastic activity leads to SREs, such as bone
pathological fractures and severe bone pain, which decreases the
quality of life of cancer patients.

The incidences of ONJ reported by European Association for Cranio-
Maxillo-Facial Surgery (EACMFS) and AAOMS are higher than those
reported in Japan [6,35,36]. MM shows a higher incidence in African-
American individuals, but ONJ cases in MM patients mostly occur in
those of European ancestry. Based on these, genetic factors likely con-
tribute to the development of ONJ. So far, multiple studies that have
been performed to assess the genetic determinants for ONJ [37-50].
This review evaluated all articles identifying genetic factors for ONJ
and recapitulated the current evidence on pharmacogenomics of ONJ.

3. Search strategy

Online literature searches were performed using PubMed databases
to retrieve the published studies. The search strategy was based on the
combination of the following separate terms: “genetic ONJ”, “phar-
macogenetics ONJ”, “pharmacogenomics ONJ”, “polymorphisms ONJ”,
“SNPs ONJ”, “GWAS ONJ”, “genome ONJ”, “exome ONJ” or “genome
wide ONJ”. These terms were serached again replacing “ONJ” with
“osteonecrosis of the jaw”.

4. Eligibility criteria

Literature was reviewed by two authors (GY, YC) independently.
Studies matching the following items were included: (1) Articles fo-
cusing on investigating the risk of ONJ; (2) Case control ONJ studies or
clinical studies comprising of baseline data; (3) Studies that included
genetic or SNPs analysis. Exclusion criteria were: (1) reviews or letters
about ONJ; (2) Studies that included ONJ but not genes or SNPs re-
search.

Based on the eligibility criteria, fifteen publications were included
in the review consisting of two genome-wide association study (GWAS)
[37,38], two whole exome sequencing analyses [39,40], and eleven
candidate gene studies [41-48,50-52] (Fig. 1).

5. Discovery candidate gene studies on ONJ

A total of six discovery candidate gene studies were published be-
tween 2010 and 2018 [43,46,47,50-52] (Table 1). These studies in-
vestigated the effects of variants in several genes, which had been se-
lected based on a potential role in BPs metabolism and/or ONJ
pathogenesis (e.g. bone turnover). Most of these studies genotyped only
a small number of variants and had small cohorts and are therefore
susceptible to limitations such as inadequate power. None of the single-
nucleotide polymorphisms (SNPs) tested in these studies reached sig-
nificance level after accounting for multiple comparisons.

The study by Di Martino et al [43] used Affymetrix DMET™ plus
platform [53], which genotyped a total of 1936 SNPs in 225 drug target
genes, to identify 8 SNPs with p-value < 0.05 located in 4 different
genes that are associated with development of ONJ (Table 1). This case-
control study comprised of 19 MM patient samples including 9 cases
suffering from ONJ induced by zoledronate and the other 10 MM pa-
tients were controls, who did not develop ONJ after treatment with
zoledronate. However, although this study genotyped total 1936 SNPs
which makes the Bonferroni corrected alpha as 2.5*10 >, none of 8
SNPs reached this alpha level. The top SNP rs1152003 was located on
PPARG (peroxisome proliferator-activated receptor gamma) gene with
the strongest p-value of 0.0064. PPARG is a compelling candidate gene
that is associated with bone remodeling [54-57], and is involved in
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database searching
Key words: ONJ AND (genetic, or
pharmacogenomics, or polymorphisms, or
GWAS, or genome, or exome)
(n= 19)

Additional records identified through
Pubmed database searching using
“osteonecrosis of the jaw” instead of
the term ONJ
(n= 60)

\
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Records after duplicates removed

(n=64)
, Excluded:
¢ Articles did not focus on ONJ
(n=34)
e Articles without full-text or
not original research papers
L (n=15)
Studies included in this
review
(n= 15)

Fig. 1. Flow diagram for the article selection process.

decreasing osteoblasts and increasing osteoclasts differentiation. Even
though this gene is a strong candidate for bone remodeling, the SNP
located at PPARG needs to be further replicated in other independent
studies.

The study by Arduino et al [50] included 30 breast cancer or MM
female patients with ONJ as cases, 30 breast cancer or MM women
without ONJ as controls. All these 60 patients were treated with zole-
dronate (mean of duration therapy: 17.1(cases) and 11.4 (controls)
months, respectively). This study also included 125 unrelated healthy
volunteers as healthy controls. Because BPs have the ability to inhibit
angiogenesis [58], the investigators hypothesized that vascular en-
dothelial growth factor (VEGF) may play an important role in devel-
opment of ONJ. Previous studies have identified 3 common functional
SNPs in VEGF (rs2010963, rs3025039, and rs699947) [59-61]. The aim
of this study was to test the effect of these 3 SNPs in VEGF gene on ONJ.
This study compared ONJ cases with BPs tolerant control or healthy
controls, respectively. Upon analysis, none of these three SNPs was
associated with ONJ development. However, the haplotype AC de-
termined by two SNPs rs2010963 and rs699947 was significantly as-
sociated with ONJ (corrected p-value = 0.024).

Studies have shown that estrogen plays an important role in bone
remodeling by inhibiting osteoclasts formation and differentiation [62].
Estrogen also increases the inhibitory activity of BPs on osteoclasts
[63], thereby inducing osteoclasts apoptosis. Based on these findings,
La Ferla, et al postulated that estrogen may be associated with devel-
opment of ONJ [52]. To test this hypothesis, they genotyped two es-
trogen SNPs (rs2234693 and rs9340799) and one aromatase SNP
(rs10046) using Tagman genotyping assay. Aromatase, also named es-
trogen sythetase, play a key role in the biosynthesis of estrogen. This
study included 20 ONJ cases and 53 controls. All samples were MM or
patients with metastatic cancer and treated with zoledronate. Results
showed that the aromatase SNP, rs10046, was significantly associated
with development of ONJ (p = 0.0439, OR = 2.83).

Marini F, et al showed that the FDPS intronic region SNP rs2297480
C allele showed lower response to serum osteocalcin by amino-bi-
sphosphonate therapy [64]. FDPS is farnesyl diphosphate synthase
gene, which encodes a key enzyme of the mevalonate pathway. Studies
have shown that FDPS plays a vital role in the mechanism by which BPs
affect osteoclasts survival [21,65,66]. They thus tested rs2297480 SNP
in the FDPS gene in 68 Caucasian MM or metastatic cancer patients who
received zoledronate treatment (34 ONJ cases and 34 non-ONJ
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controls) [51]. This study showed FDPS intronic region SNP,
152297480, was significantly associated with ONJ with a p-value of
0.03.

Katz et al [46] investigated 10 SNPs in 7 candidate genes (CYP2CS,
COL1A1, RANK, OPN, MMP2, OPG and TNF) in total 78 MM patients
treated with zoledronate and/or pamidronate, including 12 ONJ cases
and 66 non-ONJ controls. All 7 genes were selected because they were
associated with bone remodeling, BMD, or osteoporosis. Upon analysis,
none of these SNPs were associated with ONJ (all p-values > 0.05).
However, this study constructed genotype scores for 5 candidate gene
(OPG, COL1A1, RANK, MMP2, and OPN) to study the potential com-
bined effect of all five SNPs located in these genes. Genotype score is a
method to estimate multiple SNPs or genes effects on complex diseases
[67,68]. For this study, the combined genotype of OPG, COLIAI,
RANK, MMP2, and OPN was significantly associated with ONJ devel-
opment with p-value = 0.0097 (OR: 11.2; 95% confidence interval (CI):
1.8-69.9).

Several clinical studies and animal studies have demonstrated that
inflammation/infection is associated with ONJ development [69-72].
Major histocompatibility complex (MHC) class II molecules are im-
portant in immune responses, and one study has shown that mice with
MHC class II deficiency were more susceptible to infection [73]. The
study of Stockmann et al [47] conducted so far the largest discovery
candidate gene study to investigate the effect of the SNPs of MHC class
IT on ONJ development. Total 204 MM or malignant cancer participants
treated with BPs were recruited, including 94 ONJ cases and 110 non-
ONJ controls. After Bonferroni correction, HLA haplotype DRB*15-
DQB1%06:02 (p-value = 0.032, OR 2.5, 95% CI 1.3-5.0), was sig-
nificantly associated with ONJ development. Moreover, DRB1*01H
and/or DRB1*15H (p-value = 0.0003, OR 3, 95% CI 1.7-5.5) were
even more significantly associated with ONJ.

6. Genome-wide association studies (GWAS) on ONJ

GWAS is a method for researchers to identify genetic variants as-
sociated with risk of disease or drug response to medications. GWAS
evaluate the entire genome for genetic polymorphisms and sequence
SNPs based on the linkage disequilibrium (LD). As of the time of writing
of this review, only two GWASs of ONJ have been published [37,38]
(Table 2). The study of Sarasquete et al [37] was the first GWAS on the
phenotype of ONJ. This study included 87 MM patients (22 cases and
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Table 2

Summary of genome-wide association studies for ONJ.

Replication

BPS Cases/controls SNPS Genes P-value OR (95% CI) Function
N)

Disease

Population

Authors

12.75 (3.7-43.5) Intronic No

1.07 *10-6
4.231%10-6

Multiple myeloma Pamidronate 22/65 rs1934951 CYP2C8
rs19934980
rs1341162

European
(Spanish)

Sarasquete ME, et al. (2008)

Intronic

13.88 (4.0-46.7)

CYP2C8
CYP2C8

Zoledronate

PMID:18594024

Intronic
5’ of CYP2C8

13.27 (3.5-49.9)

6.22*10-6

10.2 (3.2-32.1)
5.8 (3.0-11.0)

2.15*10-6
7.47*10-8

CYP2C8

1517110453
1517024608

No

Intronic

RBMS3

Zoledronate 30/1743

Breast cancer

European

Nicoletti P, et al. (2012)

Osteoporosis

PMID: 22267851

BPs: bisphosphonates; OR: odds ratio; 95% CI: confidence interval.
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65 controls) treated with pamidronate or zoledronate. This study
identified 4 CYP2C8 SNPs (rs1934951, rs19934980, rs1341162 and
rs17110453) to be associated with ONJ. However, only one SNP,
rs1934951, showed a significant association with ONJ development
after the Bonferroni correction (corrected p-value = 0.02). T allele of
this SNP showed a higher risk of ONJ development with OR of 12.75
(95% CI: 3.7-43.5). CYP2C8 enzyme plays an important role in drug
metabolism and synthesis of cholesterol, steroids and other lipids [74].
So far, the underlying mechanism of the association of CYP2C8 with the
development of ONJ is still not clear.

Another GWAS was published in 2012 by Nicoletti et al [38]. This
study included 30 breast cancer patients who developed ONJ after
treatment with zoledronate as cases, and 17 breast cancer patients who
did not develop ONJ after treatment with BPs, as the control group. In
addition, this study included 1726 healthy population controls to in-
crease the power. A RBMS3 gene SNP, rs17024608, was identified to be
significantly associated with ONJ (p-value: 7.47*10 %, OR = 5.8, 95%
CI: [3.0-11.0]). This study further showed that there was an interaction
between RBMS3 and ZNF516 which affects bone mineral density [75].
RBMS3 encodes an RNA-binding protein, which is associated with up-
regulation of collagen type I [76], which an important component of
the bone matrix.

Lack of replication was the biggest limitation of both these studies.
Moreover, both of these studies had limited sample sizes and the p-
value for GWAS did not reach genome-wide significance level of
5¥1078.

7. Replication studies

So far, five candidate gene studies have attempted to replicate the
results of GWAS of Sarasquete ME, et al [41,42,45,46,48] (Table 3).
These studies investigated the effect of CYP2C8 SNP, rs1934951, on the
development of ONJ in other independent cohorts. All five studies
failed to demonstrate significant association between SNP rs1934951
and ONJ development (p-value > 0.05). Balla B, et al investigated the
effect of CYP2C8 rs1934951 on ONJ development in 270 Hungarian
subjects, including 46 ONJ cases and 224 healthy unrelated Hungarian
controls. Their study showed SNP rs1934951 to be significantly asso-
ciated with the localization of ONJ among the affected patients (p-
value < 0.05). Heterozygous genotype A/G of this SNP had the higher
risk for mandibular ONJ as compared to the maxilla or both locations
together. Homozygote G/G showed no significant difference ONJ lo-
calization. However, this study did not show association between this
SNP and ONJ development. Kastritis et al [45] genotyped CYP2C8 SNP
rs1934951 in 140 subjects treated with zoledronate, including 36 ONJ
cases and 104 controls. This study showed no significant difference
between ONJ cases and non-ONJ controls for the allele frequency this
SNP. However, this study found that the dose of zoledronate was as-
sociated with ONJ development. Higher dose of zoledronate was as-
sociated with higher risk of ONJ development. Longer use of zole-
dronate was associated with higher risk for ONJ development. This
study also attempted to replicate the result of Di Martino et al [43] by
genotyping the PPARG gene SNP rs1152003. This SNP also showed no
significant association with ONJ. The study of Katz et al [46] failed to
show that CYP2C8 SNP rs1934951 was associated with ONJ develop-
ment in 78 MM patients (p-value = 0.63). English et al [41] failed to
replicate the result of first GWAS performed by Sarasquete ME, et al. in
prostate cancer patients with p-value > 0.47 (OR = 0.63, 95% CI:
0.165-2.42). Such et al [42] tried to use similar samples and medica-
tion conditions as the study by Sarasquete ME, et al to replicate the
effect of CYP2C8 SNP rs1934951 on ONJ development, but they also
failed to replicate this association.

Another replication candidate gene study focused on VEGF gene was
published by Choi H, et al in 2015 [44]. This study genotyped VEGF
SNPs rs699947, rs2010963, and rs3025039 in a total of 45 patients (26
cases and 19 controls). The results showed that rs699947 and
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Table 3
Summary of replication candidate gene studies for ONJ.
Authors Population Disease BPS Cases/ SNPS Genes  P-value OR (95% CI) Function
controls
N)
English BC et al. Caucasian Prostate cancer Zoledronate 17/83 rs1934951 CYP2C8 > 0.05 0.63 (0.165-2.42) Intronic
(2010) African
PMID: American
21151627 Hispanic
Asian
Such E, et al. (2011) European Multiple Zoledronate 42/37 rs1934951 CYP2C8 0.13 NA Intronic
PMID: myeloma
21685474
Katz J, et al. (2011) White Multiple Zoledronate Pamidronate 12/66 rs1934951 CYP2C8 0.63 0.68 (0.14-3.22) Intronic
PMID: African myeloma rs1934980 CYP2C8 0.66 0.70 (0.15-3.36) Intronic
21396799 American rs1800012 COL1A1 0.55 1.69 (0.30-9.70) Intronic
Hispanic rs12458117  RANK 0.38 2.14 (0.39-11.71)  Intronic
Other 15243865 MMP2 0.11 3.49 (0.75-16.18) Intronic
rs2073618 OPG 0.38 2.16 (0.38-12.23)  Missense
rs3102735 OPG 0.75 0.79 (0.19-3.34)  Intergenic
rs11730582 OPN 0.21 2.97 (0.53-16.55) Intergenic
1528357094 OPN 0.41 0.51 (0.10-2.59) Intergenic
rs1800629 TNF 0.67 0.68 (0.12-3.95)  Intergenic
Balla B, et al. (2012) Hungarian Osteoporosis Alendronate Pamidronate 46/224 rs1934951 CYP2C8 0.015 NA Intronic
PMID: Multiple Zoledronate Ibandronate
22339777 myeloma Risedronate Clodronate
Breast cancer
Cervix cancer
Prostate cancer
Renal cancer
Choi H, et al. (2015) Korean Surgical Alendronate 26/19 rs2010963 VEGF 0.04 17.66 5-UTR
PMID: intervention Ibandronate rs3025039 0.03 (1.17-267.25) 3’-UTR
26086871 0.17 (0.04-0.81)
Kastritis E, et al. European Multiple Zoledronate 36/104 rs1152003 PPARG < 0.05 NA Intergenic
(2017) myeloma 1s1934951 CYP2C8 Intronic
PMID:
28604257

BPs: bisphosphonates; OR: odds ratio; 95% CI: confidence interval.

rs2010963 were nominally associated with ONJ development
(p = 0.04, p = 0.03, respectively). However the haplotype AC de-
termined by two SNPs rs2010963 and rs699947 was not significantly
associated with ONJ (p = 0.126), even though these two SNPs have
high LD (r* = 0.96).

There are some potential reasons for the failure of the replication
efforts. Firstly, there were differences in the population that was used
for replication in the candidate gene studies. The first GWAS by
Sarasquete ME, et al was conducted in individuals of Spanish ancestry
whereas none of other replication efforts used subjects of Spanish an-
cestry, even though some studies used European patients. Secondly, the
GWAS was conducted in MM patients treated with zoledronate and/or
pamidronate. However, only two of the replication studies focused on
MM patients. Moreover, subjects in these two studies were treated with
zoledronate only.

The discovery candidate gene study for VEGF used patients of
European ancestry, but replication effort for this gene was undertaken
using patients of Korean ancestry. HaploReg v4.1 [77] shows that the
LD (r?) for SNP rs699947 and rs2010963 is 0.45 in Europeans, but 0.96
in Asians.

8. Whole-exome sequencing analysis

Whole-exome sequencing (WES) determines the sequence of all
protein-coding genes in human genome. This method covers < 2% of
human genome, but contain > 85% of known disease-related variants
[78]. Based on above mentioned, WES is a cost-effective alternative to
whole-genome sequencing.

So far, two WES studies have been published [39,40] (Table 4). Kim
et al [40] identified four genes (ARSD, SLC25A5, CCNYL2, and PGYM)
associated with ONJ with the lowest p-value (p-value < 0.05) using
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WES and Gene set enrichment analysis (GSEA) methods. GSEA is a
computational method that investigates genetic variants in a group of
genes to elucidate the gene differences between cases and controls. This
was the first study that combined WES and GSEA methods to in-
vestigate the function of SNPs between ONJ patients and non-ONJ
participants.

The WES from our group [39] was the first study that performed
both discovery and replication followed by meta-analysis so far.
Moreover, our study included not only MM but also other metastatic
solid cancers as cases and controls. The meta-analysis identified SIRT1
SNP rs7896005 and HERC4 SNP rs3758392 to be associated with ONJ
with the lowest p-value (3.9*1077) approaching genome-wide sig-
nificance. The HERC4 SNP rs3758392 had the same p-value as
157896005 because of high LD (r? = 0.88). These two SNPs were both
expression quantitative loci (eQTLs) for SIRTI. SIRT1 was a very
compelling candidate gene of bone remodeling. Studies had shown that
SIRT1 plays a vital role in bone remodeling by affecting the Wnt sig-
naling pathway [79-82] and RANK/RANKL/OPG pathway [83,84].

9. Conclusion

ONJ is a rare but serious drug induced adverse event, which criti-
cally increases discomfort and reduces quality of life in patients. Studies
have shown that the risk of ONJ development is higher in patients of
European ancestry than other populations [12,14,85]. Investigators
believe that genetic factors play an important role in ONJ development.
Candidate gene studies have focused on investigating the association
between genetic variations within certain genes of interest and ONJ.
However, the selection of candidate genes is limited by priori knowl-
edge. WES approach identifies potentially functional genetic variations
through sequencing protein-code region of genes in the human genome.
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Table 4
Summary of Whole-exome sequencing studies for ONJ.
Authors Population Disease BPS Cases/controls SNPS Genes P-value OR (95% CI) Function Replication
)
Kim JH, et al. (2015) Oriental Tooth extraction  Alendronate 16/126 Not reported ~ ARSD < 0.05 Not reported No
PMID: 25668207 Implant surgery  Zoledronate SLC25A5
Risedronate CCNYL2
PYGM
Yang G, et al. (2018) European ancestry Multiple myeloma Zoledronate 39/22 157896005 SIRT1 3.9%10-7 0.07 (0.01-0.46) Intronic Yes
PMID: 28856724 Breast cancer Pamidronate 153758392 HERC4  3.9*10-7 0.07 (0.01-0.46) Intronic

Cervix cancer
Prostate cancer
Renal cancer

BPs: bisphosphonates; OR: odds ratio; 95% CI: confidence interval.

However, since it only cover < 3% of human genome, WES may also
miss the important genetic markers that are potentially associated with
ONJ. Even though GWAS surveys the entire genome, it requires larger
sample sizes and replication phase. So far, none of the genetic poly-
morphisms reported in the ONJ GWAS studies have been replicated,
largely due to limited sample size and lack of validation. In summary,
after reviewing the ONJ Pharmacogenomics literature, no genetic
markers for ONJ have been replicated or functionally validated. We
conclude that a GWAS with larger sample size followed by replication
and functional validation will be needed to fully investigate the phar-
macogenomics of ONJ.

Contributions

All authors contributed to the conception, drafting, and critical re-
view of the manuscript and provided final approval.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Conflict of interest

The authors report no relationships that could be construed as a
conflict of interest.

References

[1] E.Y. Krynetski, H.L. Tai, C.R. Yates, M.Y. Fessing, T. Loennechen, J.D. Schuetz,

et al., Genetic polymorphism of thiopurine S-methyltransferase: clinical importance
and molecular mechanisms, Pharmacogenetics 6 (1996) 279-290.

A.R. Shuldiner, J.R. O'Connell, K.P. Bliden, A. Gandhi, K. Ryan, R.B. Horenstein,
et al., Association of cytochrome P450 2C19 genotype with the antiplatelet effect
and clinical efficacy of clopidogrel therapy, JAMA 302 (2009) 849-857.

Advisory Task Force on Bisphosphonate-Related Ostenonecrosis of the Jaws
AeAoOaMS, American Association of Oral and Maxillofacial Surgeons position
paper on bisphosphonate-related osteonecrosis of the jaws, J. Oral Maxillofac. Surg.
65 (2007) 369-376.

R.E. Marx, Pamidronate (Aredia) and zoledronate (Zometa) induced avascular ne-
crosis of the jaws: a growing epidemic, J. Oral Maxillofac. Surg. 61 (2003)
1115-1117.

A.T. Stopeck, A. Lipton, J.J. Body, G.G. Steger, K. Tonkin, R.H. de Boer, et al.,
Denosumab compared with zoledronic acid for the treatment of bone metastases in
patients with advanced breast cancer: a randomized, double-blind study, J. Clin.
Oncol. 28 (2010) 5132-5139.

S.L. Ruggiero, T.B. Dodson, J. Fantasia, R. Goodday, T. Aghaloo, B. Mehrotra, et al.,
American Association of Oral and Maxillofacial Surgeons position paper on medi-
cation-related osteonecrosis of the jaw—2014 update, J. Oral Maxillofac. Surg. 72
(2014) 1938-1956.

C.L. Estilo, M. Fornier, A. Farooki, D. Carlson, G. Bohle, J.M. Huryn, Osteonecrosis
of the jaw related to bevacizumab, J. Clin. Oncol. 26 (2008) 4037-4038.

M. Urade, N. Tanaka, K. Furusawa, J. Shimada, T. Shibata, T. Kirita, et al.,
Nationwide survey for bisphosphonate-related osteonecrosis of the jaws in Japan, J.
Oral Maxillofac. Surg. 69 (2011) e364-e371.

O. Filleul, E. Crompot, S. Saussez, Bisphosphonate-induced osteonecrosis of the jaw:
a review of 2,400 patient cases, J. Cancer Res. Clin. Oncol. 136 (2010) 1117-1124.

[2]

[3]

[4]

[5]

[6]

71
(8]

[9

—

81

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]
[32]

[33]

[34]

T. Shibahara, T. Morikawa, K. Yago, H. Kishimoto, Y. Imai, K. Kurita, National
survey on bisphosphonate-related osteonecrosis of the jaws in Japan, J. Oral
Maxillofac. Surg. 76 (2018) 2105-2112.

A.T. Stopeck, K. Fizazi, J.J. Body, J.E. Brown, M. Carducci, I. Diel, et al., Safety of
long-term denosumab therapy: results from the open label extension phase of two
phase 3 studies in patients with metastatic breast and prostate cancer, Support Care
Cancer 24 (2016) 447-455.

1.S. Hamadeh, B.A. Ngwa, Y. Gong, Drug induced osteonecrosis of the jaw, Cancer
Treat. Rev. 41 (2015) 455-464.

S. Kiihl, C. Walter, S. Acham, R. Pfeffer, J.T. Lambrecht, Bisphosphonate-related
osteonecrosis of the jaws—a review, Oral Oncol. 48 (2012) 938-947.

X. Zhang, 1.S. Hamadeh, S. Song, J. Katz, J.S. Moreb, T.Y. Langaee, et al.,
Osteonecrosis of the jaw in the United States Food and Drug Administration's ad-
verse event reporting system (FAERS), J. Bone Miner. Res. 31 (2016) 336-340.
M.T. Drake, B.L. Clarke, S. Khosla, Bisphosphonates: mechanism of action and role
in clinical practice, Mayo Clin. Proc. 83 (2008) 1032-1045.

K.B. Farrell, A. Karpeisky, D.H. Thamm, S. Zinnen, Bisphosphonate conjugation for
bone specific drug targeting, Bone Rep. 9 (2018) 47-60.

B. Frediani, A. Giusti, G. Bianchi, L. Dalle Carbonare, N. Malavolta, L. Cantarini,
et al., Clodronate in the management of different musculoskeletal conditions,
Minerva Med. 109 (2018) 300-325.

S. Bernardi, M. Di Girolamo, S. Necozione, M.A. Continenza, T. Cutilli,
Antiresorptive drug-related osteonecrosis of the jaws, literature review and 5 years
of experience, Musculoskelet. Surg. 103 (2019) 47-53.

J. Bagan, C.C. Sheth, J.M. Soria, M. Margaix, L. Bagan, Bisphosphonates-related
osteonecrosis of the jaws: a preliminary study of salivary interleukins, J. Oral
Pathol. Med. 42 (2013) 405-408.

E.L. George, Y.L. Lin, M.M. Saunders, Bisphosphonate-related osteonecrosis of the
jaw: a mechanobiology perspective, Bone Rep. 8 (2018) 104-109.

L. Gong, R.B. Altman, T.E. Klein, Bisphosphonates pathway, Pharmacogenet.
Genomics 21 (2011) 50-53.

R.M. Fliefel, S.A. Entekhabi, M. Ehrenfeld, S. Otto, Geranylgeraniol (GGOH) as a
mevalonate pathway activator in the rescue of bone cells treated with zoledronic
acid: an in vitro study, Stem Cells Int. 2019 (2019) 4351327.

J.C. Frith, J. Monkkonen, G.M. Blackburn, R.G. Russell, M.J. Rogers, Clodronate
and liposome-encapsulated clodronate are metabolized to a toxic ATP analog,
adenosine 5’-(beta, gamma-dichloromethylene) triphosphate, by mammalian cells
in vitro, J. Bone Miner. Res. 12 (1997) 1358-1367.

U.A. Liberman, S.R. Weiss, J. Broll, H.W. Minne, H. Quan, N.H. Bell, et al., Effect of
oral alendronate on bone mineral density and the incidence of fractures in post-
menopausal osteoporosis. The alendronate phase III osteoporosis treatment study
group, N. Engl. J. Med. 333 (1995) 1437-1443.

C.H. Chesnut, M.R. McClung, K.E. Ensrud, N.H. Bell, H.K. Genant, S.T. Harris, et al.,
Alendronate treatment of the postmenopausal osteoporotic woman: effect of mul-
tiple dosages on bone mass and bone remodeling, Am. J. Med. 99 (1995) 144-152.
D.M. Black, P.D. Delmas, R. Eastell, I.R. Reid, S. Boonen, J.A. Cauley, et al., Once-
yearly zoledronic acid for treatment of postmenopausal osteoporosis, N. Engl. J.
Med. 356 (2007) 1809-1822.

R.J. Milner, J. Farese, C.J. Henry, K. Selting, T.M. Fan, L.P. de Lorimier,
Bisphosphonates and cancer, J. Vet. Intern. Med. 18 (2004) 597-604.

J.R. Gralow, J.S. Biermann, A. Farooki, M.N. Fornier, R.F. Gagel, R.N. Kumar, et al.,
NCCN task force report: bone health in cancer care, J. Natl. Compr. Cancer Netw. 7
(Suppl. 3) (2009) S1-32 (quiz S3-5).

J. Robert, Biology of cancer metastasis, Bull. Cancer 100 (2013) 333-342.

A.T. Mancino, V.S. Klimberg, M. Yamamoto, S.C. Manolagas, E. Abe, Breast cancer
increases osteoclastogenesis by secreting M-CSF and upregulating RANKL in
stromal cells, J. Surg. Res. 100 (2001) 18-24.

A. Maurizi, N. Rucci, The osteoclast in bone metastasis: player and target, Cancers
(Basel) 10 (2018).

T.B. Dorff, N. Agarwal, Bone-targeted therapies to reduce skeletal morbidity in
prostate cancer, Asian J. Androl. 20 (2018) 215-220.

A. Sutherland, A. Forsyth, Y. Cong, L. Grant, T.H. Juan, J.K. Lee, et al., The role of
prolactin in bone metastasis and breast cancer cell-mediated osteoclast differ-
entiation, J. Natl. Cancer Inst. 108 (2016).

C.S. Shemanko, Y. Cong, A. Forsyth, What is breast in the bone? Int. J. Mol. Sci. 17
(2016).


http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0005
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0005
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0005
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0010
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0010
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0010
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0015
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0015
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0015
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0015
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0020
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0020
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0020
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0025
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0025
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0025
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0025
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0030
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0030
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0030
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0030
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0035
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0035
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0040
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0040
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0040
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0045
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0045
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0050
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0050
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0050
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0055
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0055
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0055
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0055
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0060
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0060
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0065
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0065
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0070
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0070
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0070
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0075
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0075
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0080
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0080
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0085
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0085
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0085
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0090
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0090
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0090
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0095
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0095
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0095
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0100
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0100
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0105
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0105
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0110
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0110
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0110
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0115
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0115
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0115
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0115
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0120
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0120
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0120
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0120
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0125
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0125
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0125
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0130
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0130
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0130
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0135
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0135
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0140
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0140
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0140
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0145
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0150
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0150
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0150
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0155
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0155
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0160
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0160
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0165
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0165
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0165
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0170
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0170
http://www.ncbi.nlm.nih.gov/pubmed/25668207
http://www.ncbi.nlm.nih.gov/pubmed/28856724

G. Yang, et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]
[571

[58]

[59]

T. Mavrokokki, A. Cheng, B. Stein, A. Goss, Nature and frequency of bispho-
sphonate-associated osteonecrosis of the jaws in Australia, J. Oral Maxillofac. Surg.
65 (2007) 415-423.

T. Yoneda, H. Hagino, T. Sugimoto, H. Ohta, S. Takahashi, S. Soen, et al.,
Bisphosphonate-related osteonecrosis of the jaw: position paper from the Allied
Task Force Committee of Japanese Society for Bone and Mineral Research, Japan
Osteoporosis Society, Japanese Society of Periodontology, Japanese Society for Oral
and Maxillofacial Radiology, and Japanese Society of Oral and Maxillofacial
Surgeons, J. Bone Miner. Metab. 28 (2010) 365-383.

M.E. Sarasquete, R. Garcia-Sanz, L. Marin, M. Alcoceba, M.C. Chillén,

A. Balanzategui, et al., Bisphosphonate-related osteonecrosis of the jaw is associated
with polymorphisms of the cytochrome P450 CYP2C8 in multiple myeloma: a
genome-wide single nucleotide polymorphism analysis, Blood 112 (2008)
2709-2712.

P. Nicoletti, V.M. Cartsos, P.K. Palaska, Y. Shen, A. Floratos, A.I. Zavras,
Genomewide pharmacogenetics of bisphosphonate-induced osteonecrosis of the
jaw: the role of RBMS3, Oncologist 17 (2012) 279-287.

G. Yang, I.S. Hamadeh, J. Katz, A. Riva, P. Lakatos, B. Balla, et al., SIRT1/HERC4
locus associated with bisphosphonate-induced osteonecrosis of the jaw: an exome-
wide association analysis, J. Bone Miner. Res. 33 (2018) 91-98.

J.H. Kim, Y.J. Ko, J.Y. Kim, Y. Oh, J. Hwang, S. Han, et al., Genetic investigation of
bisphosphonate-related osteonecrosis of jaw (BRONJ) via whole exome sequencing
and bioinformatics, PLoS One 10 (2015) e0118084.

B.C. English, C.E. Baum, D.E. Adelberg, T.M. Sissung, P.G. Kluetz, W.L. Dahut, et al.,
A SNP in CYP2C8 is not associated with the development of bisphosphonate-related
osteonecrosis of the jaw in men with castrate-resistant prostate cancer, Ther. Clin.
Risk Manag. 6 (2010) 579-583.

E. Such, J. Cervera, E. Terpos, J.V. Bagan, A. Avaria, I. Gomez, et al., CYP2C8 gene
polymorphism and bisphosphonate-related osteonecrosis of the jaw in patients with
multiple myeloma, Haematologica 96 (2011) 1557-1559.

M.T. Di Martino, M. Arbitrio, P.H. Guzzi, E. Leone, F. Baudi, E. Piro, et al., A per-
oxisome proliferator-activated receptor gamma (PPARG) polymorphism is asso-
ciated with zoledronic acid-related osteonecrosis of the jaw in multiple myeloma
patients: analysis by DMET microarray profiling, Br. J. Haematol. 154 (2011)
529-533.

H. Choi, J.H. Lee, H.J. Kim, W. Park, J.H. Kim, Genetic association between VEGF
polymorphisms and BRONJ in the Korean population, Oral Dis. 21 (2015) 866-871.
E. Kastritis, P. Melea, T. Bagratuni, I. Melakopoulos, M. Gavriatopoulou,

M. Roussou, et al., Genetic factors related with early onset of osteonecrosis of the
jaw in patients with multiple myeloma under zoledronic acid therapy, Leuk.
Lymphoma 58 (2017) 2304-2309.

J. Katz, Y. Gong, D. Salmasinia, W. Hou, B. Burkley, P. Ferreira, et al., Genetic
polymorphisms and other risk factors associated with bisphosphonate induced os-
teonecrosis of the jaw, Int. J. Oral Maxillofac. Surg. 40 (2011) 605-611.

P. Stockmann, E. Nkenke, M. Englbrecht, T. Schlittenbauer, F. Wehrhan, C. Rauh,
et al., Major histocompatibility complex class II polymorphisms are associated with
the development of anti-resorptive agent-induced osteonecrosis of the jaw, J.
Craniomaxillofac. Surg. 41 (2013) 71-75.

B. Balla, M. Vaszilko, J.P. Késa, J. Podani, I. Takécs, B. T6bias, et al., New approach
to analyze genetic and clinical data in bisphosphonate-induced osteonecrosis of the
jaw, Oral Dis. 18 (2012) 580-585.

P.L. Fung, P. Nicoletti, Y. Shen, S. Porter, S. Fedele, Pharmacogenetics of bispho-
sphonate-associated osteonecrosis of the jaw, Oral Maxillofac. Surg. Clin. North Am.
27 (2015) 537-546.

P.G. Arduino, E. Menegatti, M. Scoletta, C. Battaglio, M. Mozzati, A. Chiecchio,

et al., Vascular endothelial growth factor genetic polymorphisms and haplotypes in
female patients with bisphosphonate-related osteonecrosis of the jaws, J. Oral
Pathol. Med. 40 (2011) 510-515.

F. Marini, P. Tonelli, L. Cavalli, T. Cavalli, L. Masi, A. Falchetti, et al.,
Pharmacogenetics of bisphosphonate-associated osteonecrosis of the jaw, Front.
Biosci. (Elite Ed.) 3 (2011) 364-370.

F. La Ferla, E. Paolicchi, F. Crea, S. Cei, F. Graziani, M. Gabriele, et al., An ar-
omatase polymorphism (g.132810C > T) predicts risk of bisphosphonate-related
osteonecrosis of the jaw, Biomark. Med 6 (2012) 201-209.

J. Deeken, The Affymetrix DMET platform and pharmacogenetics in drug devel-
opment, Curr. Opin. Mol. Ther. 11 (2009) 260-268.

Y. Wan, PPARy in bone homeostasis, Trends Endocrinol. Metab. 21 (2010)
722-728.

L.A. Stechschulte, P.J. Czernik, Z.C. Rotter, F.N. Tausif, C.A. Corzo, D.P. Marciano,
et al., PPARG post-translational modifications regulate bone formation and bone
resorption, EBioMedicine 10 (2016) 174-184.

P.J. Marie, K. Kaabeche, PPAR gamma activity and control of bone mass in skeletal
unloading, PPAR Res. 2006 (2006) 64807.

C. Ackert-Bicknell, C. Rosen, The genetics of PPARG and the skeleton, PPAR Res.
2006 (2006) 93258.

G. Ferretti, A. Fabi, P. Carlini, P. Papaldo, P. Cordiali Fei, S. Di Cosimo, et al.,
Zoledronic-acid-induced circulating level modifications of angiogenic factors, me-
talloproteinases and proinflammatory cytokines in metastatic breast cancer pa-
tients, Oncology 69 (2005) 35-43.

C.J. Watson, N.J. Webb, M.J. Bottomley, P.E. Brenchley, Identification of poly-
morphisms within the vascular endothelial growth factor (VEGF) gene: correlation

82

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Bone 124 (2019) 75-82

with variation in VEGF protein production, Cytokine 12 (2000) 1232-1235.

W. Renner, S. Kotschan, C. Hoffmann, B. Obermayer-Pietsch, E. Pilger, A common
936 C/T mutation in the gene for vascular endothelial growth factor is associated
with vascular endothelial growth factor plasma levels, J. Vasc. Res. 37 (2000)
443-448.

Brogan 1J, Khan N, Isaac K, Hutchinson JA, Pravica V, Hutchinson IV. Novel
polymorphisms in the promoter and 5' UTR regions of the human vascular en-
dothelial growth factor gene. Hum. Immunol. 1999;60:1245-9.

H.K. Védénéanen, P.L. Harkonen, Estrogen and bone metabolism, Maturitas 23 (1996)
S65-S69 Suppl.

D. Saintier, V. Khanine, B. Uzan, H.K. Ea, M.C. de Vernejoul, M.E. Cohen-Solal,
Estradiol inhibits adhesion and promotes apoptosis in murine osteoclasts in vitro, J.
Steroid Biochem. Mol. Biol. 99 (2006) 165-173.

F. Marini, A. Falchetti, S. Silvestri, Y. Bagger, E. Luzi, A. Tanini, et al., Modulatory
effect of farnesyl pyrophosphate synthase (FDPS) rs2297480 polymorphism on the
response to long-term amino-bisphosphonate treatment in postmenopausal osteo-
porosis, Curr. Med. Res. Opin. 24 (2008) 2609-2615.

K. Ohgi, H. Kajiya, F. Okamoto, Y. Nagaoka, T. Onitsuka, A. Nagai, et al., A novel
inhibitory mechanism of nitrogen-containing bisphosphonate on the activity of Cl-
extrusion in osteoclasts, Naunyn Schmiedeberg's Arch. Pharmacol. 386 (2013)
589-598.

Y. Ishimi, The role of the mevalonate pathway in osteogenic cells, Clin. Calcium 12
(2002) 631-633.

S. Kathiresan, O. Melander, D. Anevski, C. Guiducci, N.P. Burtt, C. Roos, et al.,
Polymorphisms associated with cholesterol and risk of cardiovascular events, N.
Engl. J. Med. 358 (2008) 1240-1249.

J.B. Meigs, P. Shrader, L.M. Sullivan, J.B. McAteer, C.S. Fox, J. Dupuis, et al.,
Genotype score in addition to common risk factors for prediction of type 2 diabetes,
N. Engl. J. Med. 359 (2008) 2208-2219.

T. Aghaloo, R. Hazboun, S. Tetradis, Pathophysiology of osteonecrosis of the jaws,
Oral Maxillofac. Surg. Clin. North Am. 27 (2015) 489-496.

A.A. Khan, A. Morrison, D.A. Hanley, D. Felsenberg, L.K. McCauley, F. ORyan,

et al., Diagnosis and management of osteonecrosis of the jaw: a systematic review
and international consensus, J. Bone Miner. Res. 30 (2015) 3-23.

D. Rosella, P. Papi, R. Giardino, E. Cicalini, L. Piccoli, G. Pompa, Medication-related
osteonecrosis of the jaw: clinical and practical guidelines, J. Int. Soc. Prev.
Commun. Dent. 6 (2016) 97-104.

J.I. Aguirre, M.P. Akhter, D.B. Kimmel, J.E. Pingel, A. Williams, M. Jorgensen, et al.,
Oncologic doses of zoledronic acid induce osteonecrosis of the jaw-like lesions in
rice rats (Oryzomys palustris) with periodontitis, J. Bone Miner. Res. 27 (2012)
2130-2143.

R.M. Rodrigues, N.M. Silva, A.L. Goncalves, C.R. Cardoso, R. Alves, F.A. Goncalves,
et al., Major histocompatibility complex (MHC) class II but not MHC class I mole-
cules are required for efficient control of Strongyloides venezuelensis infection in
mice, Immunology 128 (2009) e432-e441.

J.T. Backman, A.M. Filppula, M. Niemi, P.J. Neuvonen, Role of cytochrome P450
2C8 in drug metabolism and interactions, Pharmacol. Rev. 68 (2016) 168-241.
T.L. Yang, Y. Guo, J. Li, L. Zhang, H. Shen, S.M. Li, et al., Gene-gene interaction
between RBMS3 and ZNF516 influences bone mineral density, J. Bone Miner. Res.
28 (2013) 828-837.

D. Fritz, B. Stefanovic, RNA-binding protein RBMS3 is expressed in activated he-
patic stellate cells and liver fibrosis and increases expression of transcription factor
Prx1, J. Mol. Biol. 371 (2007) 585-595.

L.D. Ward, M. Kellis, HaploReg: a resource for exploring chromatin states, con-
servation, and regulatory motif alterations within sets of genetically linked variants,
Nucleic Acids Res. 40 (2012) D930-D934.

E.L. van Dijk, H. Auger, Y. Jaszczyszyn, C. Thermes, Ten years of next-generation
sequencing technology, Trends Genet. 30 (2014) 418-426.

G. Feng, K. Zheng, D. Song, K. Xu, D. Huang, Y. Zhang, et al., SIRT1 was involved in
TNF-a-promoted osteogenic differentiation of human DPSCs through Wnt/p-ca-
tenin signal, In Vitro Cell. Dev. Biol. Anim. 52 (2016) 1001-1011.

B. Subramaniyan, K. Jagadeesan, S. Ramakrishnan, G. Mathan, Targeting the in-
teraction of Aurora kinases and SIRT1 mediated by Wnt signaling pathway in col-
orectal cancer: a critical review, Biomed. Pharmacother. 82 (2016) 413-424.

Y. Zhou, Z. Zhou, W. Zhang, X. Hu, H. Wei, J. Peng, et al., SIRT1 inhibits adipo-
genesis and promotes myogenic differentiation in C3H10T1/2 pluripotent cells by
regulating Wnt signaling, Cell Biosci. 5 (2015) 61.

E. Abed, D. Couchourel, A. Delalandre, N. Duval, J.P. Pelletier, J. Martel-Pelletier,
et al., Low sirtuin 1 levels in human osteoarthritis subchondral osteoblasts lead to
abnormal sclerostin expression which decreases Wnt/[B-catenin activity, Bone 59
(2014) 28-36.

S.Y. Park, S.W. Lee, H.Y. Kim, S.Y. Lee, W.S. Lee, K.W. Hong, et al., Suppression of
RANKL-induced osteoclast differentiation by cilostazol via SIRT1-induced RANK
inhibition, Biochim. Biophys. Acta 1852 (2015) 2137-2144.

L.Y. Bourguignon, W. Xia, G. Wong, Hyaluronan-mediated CD44 interaction with
p300 and SIRT1 regulates beta-catenin signaling and NFkappaB-specific transcrip-
tion activity leading to MDR1 and Bcl-xL gene expression and chemoresistance in
breast tumor cells, J. Biol. Chem. 284 (2009) 2657-2671.

A. Barasch, J. Cunha-Cruz, F.A. Curro, P. Hujoel, A.H. Sung, D. Vena, et al., Risk
factors for osteonecrosis of the jaws: a case-control study from the CONDOR dental
PBRN, J. Dent. Res. 90 (2011) 439-444.


http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0175
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0175
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0175
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0180
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0185
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0185
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0185
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0185
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0185
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0190
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0190
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0190
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0195
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0195
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0195
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0200
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0200
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0200
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0205
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0205
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0205
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0205
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0210
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0210
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0210
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0215
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0215
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0215
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0215
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0215
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0220
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0220
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0225
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0225
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0225
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0225
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0230
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0230
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0230
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0235
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0235
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0235
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0235
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0240
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0240
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0240
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0245
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0245
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0245
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0250
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0250
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0250
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0250
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0255
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0255
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0255
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0260
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0260
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0260
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0265
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0265
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0270
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0270
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0275
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0275
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0275
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0280
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0280
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0285
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0285
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0290
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0290
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0290
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0290
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0295
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0295
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0295
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0300
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0300
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0300
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0300
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0305
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0305
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0310
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0310
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0310
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0315
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0315
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0315
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0315
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0320
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0320
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0320
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0320
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0325
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0325
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0330
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0330
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0330
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0335
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0335
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0335
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0340
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0340
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0345
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0345
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0345
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0350
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0350
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0350
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0355
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0355
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0355
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0355
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0360
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0360
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0360
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0360
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0365
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0365
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0370
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0370
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0370
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0375
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0375
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0375
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0380
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0380
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0380
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0385
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0385
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0390
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0390
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0390
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0395
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0395
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0395
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0400
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0400
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0400
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0405
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0405
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0405
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0405
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0410
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0410
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0410
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0415
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0415
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0415
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0415
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0420
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0420
http://refhub.elsevier.com/S8756-3282(19)30146-2/rf0420

	Pharmacogenomics of osteonecrosis of the jaw
	Introduction
	Potential mechanisms of ONJ
	Search strategy
	Eligibility criteria
	Discovery candidate gene studies on ONJ
	Genome-wide association studies (GWAS) on ONJ
	Replication studies
	Whole-exome sequencing analysis
	Conclusion
	Contributions
	Funding
	Conflict of interest
	References




