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Abstract. The purpose of this study was to assess whether genetic variation is a
predictor for the development of medication-related osteonecrosis of the jaws
(MRONJ) in patients receiving bisphosphonate therapy for various conditions.

A systematic review based on the PRISMA guidelines was performed. A search
strategy was developed. Comprehensive searches of major databases were
conducted for studies published January 2003 through July 2018. The PICOS
strategy was used to develop the inclusion criteria. The analysis in each study was
performed primarily using single nucleotide polymorphism (SNP) frequency mean
values and odds ratios between cases and controls. A total of 3301 patients were
enrolled in the 15 included studies (two genome-wide association studies, n=1877;
10 candidate gene studies, n=1195; three whole genome/whole exome studies,
n=229). Multiple myeloma was the most prevalent primary disease (54.8%).
Zoledronate was prescribed in 68.8% of patients. No one SNP was definitively
identified as a risk factor for the development of MRONJ. To date, studies have
failed to show a single gene as a risk factor for MRONJ. Heterogeneity of case and
control populations may be contributory. Next generation sequencing studies may
help elucidate the role and interplay of genetic events in the development of
MRON]J.
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Medication-related osteonecrosis of the
jaws (MRONJ) is a problem for patients
who receive bisphosphonate therapy as
part of treatment for various malignancies,
including multiple myeloma, breast can-
cer, and prostate cancer, as well as for
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osteoporosis. Over the past two decades,
since the first paper describing osteone-
crosis of the jaw (ONJ) was published,
researchers have tried to elucidate the
underlying biological mechanism for this
disease’.

Genetic predisposition for MRONJ

Initially described as bisphosphonate-
related osteonecrosis of the jaws
(BRONJ), the disease was recently
renamed MRONJ by the American
Academy of Oral Surgeons (AAOMS;

© 2019 Published by Elsevier Ltd on behalf of International Association of Oral and Maxillofacial Surgeons.
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2014 position paper) due to the discov-
ery that the RANKL inhibitor denosu-
mab and new anti-angiogenic therapies
have also been found to trigger ONJ*.
Thus far, the jaws are exclusively in-
volved with this process of soft tissue
breakdown, bony exposure, and second-
ary infection.

MRON!I is a clinical diagnosis based
on signs and symptoms® . The incidence
can vary widely, ranging from 0% to
16%7°. Numerous studies have exam-
ined the role of systemic diseases, radio-
therapy, corticosteroids, associated anti-
angiogenic drugs, oral surgical proce-
dures, and genetic variability as potential
risk factors® %1012,

Many hypotheses have been raised con-
cerning the pathogenesis of MRONIJ.
While the cause is currently unknown,
pharmacogenetic studies have been devel-
oped to determine whether genetic differ-
ences influence the variability in patient
responses to these drugs. Many genome-
wide association studies (GWAS), candi-
date gene studies (CGS), and more recent-
ly whole genome/whole exome studies
(WGS/WES) have been performed with
the aim of better elucidating these genetic
differences'* ">

These types of genetic study utilize
single nucleotide polymorphisms (SNPs).
SNPs are single nucleotide changes in the
DNA sequence that occur in the human
genome. There are roughly 10 million
present within the human genome'®. They
are typically located in the DNA between
genes, causing minimal to no impact on
the generalized phenotype of the organ-
ism. When they do occur within the gene
or the regulatory regions nearby, they can
affect transcription patterns and gene
function. They have been theorized to
serve as risk predictors for the responses
of individuals to certain drugs and for the
development of several diseases, includ-
ing (most recently) nephrolithiasis, Alz-
heimer’s  disease,  psoriasis, and
tuberculosis'” *". The identification of re-
liable associated SNPs for MRONJ, while
not directly indicative of causation, may
lead to a better understanding of the patho-
physiology of this disease, and also to
better diagnostic tests that can predict
the development of this debilitating dis-
ease.

The purpose of this systematic review
was to investigate putative genetic mar-
kers and their association with the devel-
opment of MRONIJ in patients taking
bisphosphonates, incorporating recent
papers that have been published since
the last systematic review on this subject
matter.

Materials and methods

Literature search strategy and selection
criteria

A systematic review based on the Pre-
ferred Reporting Items for Systemic
Reviews and Meta-Analyses (PRISMA)
guidelines was used”'. A search strategy
was developed and a comprehensive
search of the major databases was con-
ducted (PubMed, Web of Science, Scien-
ceDirect, and Scopus) to find all pertinent
articles published on this topic from Janu-
ary 2003 through July 2018. Only articles
published in English were considered.

The PICOS strategy (population, inter-
vention, comparison, outcomes, study
type) was used to develop the inclusion
criteria: the population (P) consisted of
patients who had received a diagnosis of
MRONJ according to the AAOMS crite-
ria; the intervention (I) was the use of
bisphosphonates administered intrave-
nously (IV) or orally (PO) for the treat-
ment of an underlying malignancy or
condition; the comparison (C) was done
with patients using bisphosphonates with-
out any development of MRONJ and/or
healthy patients without a history of either
bisphosphonate use or a diagnosis of
MRONJ; the outcomes (O) were a genetic
association between bisphosphonate use
and MRONIJ measured through a statisti-
cally significant P-value (P < 0.05) and
an odds ratio (OR) with a 95% confidence
interval (CI); study types (S) were clinical
human studies evaluating the genetic pre-
disposition for MRONJ development
using CGS, GWAS, or WGS/WES, in-
cluding randomized controlled trials, con-
trolled clinical trials, retrospective studies,
and case—control studies.

The following exclusion criteria were
applied: case reports, technical reports,
animal or in vitro studies, review articles,
studies not published in English, studies
that did not report the data required to
perform a systematic review (P-values/
ORs), and studies that did not assess SNPs
as the basis of comparison.

Data extraction and analysis

Data were extracted independently by the
review authors. The following information
was extracted from each study: first author
and year of publication; genetic study
design; primary disease diagnosis; demo-
graphic characteristics of case (ONJ) and
control  (bisphosphonate-using and/or
healthy) patients; sample size; populations
from which case and control patients were
selected; type of bisphosphonate(s) used;
SNPs analyzed; gene and chromosome

location of SNPs; and relevant statistical
data (P-values and ORs).

The analysis in each study was per-
formed using SNP frequency mean values,
linkage disequilibrium (for WGS/WES),
and the OR between cases and controls for
those SNPs being more or less prevalent in
the presence of MRONIJ.

Most included studies were at moderate
risk of selection bias through selecting a
subset of case patients from a treatment
facility, group, or country and then match-
ing the controls based on the case popula-
tion. Thus, these are subsets of patients
that may not be representative of the dis-
ease population as a whole®”. It must be
considered that any reported variations
could be population-specific variations
rather than an overarching finding. Addi-
tionally, only articles published in English
were considered, leaving the possibility
for selection bias on the part of the
authors.

Results

Literature search strategy and selection
criteria

The primary database searches yielded
376 studies, with three records supplied
from outside sources. Of these, 281
remained after duplicates were removed.
After the evaluation of the abstracts and
titles, 248 articles were removed, leaving
33 articles. Of these 33 articles, 18 did not
meet the inclusion criteria, leaving 15
articles for qualitative analysis (Fig. 1).

Data extraction and analysis

Studies varied in their focus in terms of
SNPs analyzed. The GWAS analyzed nu-
merous SNPs (Sarasquete et al., 500,568
SNPs; Nicoletti et al., 731,422 SNPs) and
reported only those that achieved statisti-
cal significance”>**. Sarasquete et al. uti-
lized the Affymetrix GeneChip Mapping
system, whereas Nicoletti et al. utilized
the Illumina OmniExpress BeadChip for
SNP analysis>***. These GWAS, particu-
larly that by Sarasquete et al., led other
investigators to evaluate SNP rs1934951
in gene CYP2C8 in an attempt to repro-
duce its significant association with
MRONJ, with mixed results®> >’

The CGS as a whole analyzed from one
gene to multiple genes and from one SNP
to multiple SNPs within each target gene.
Most CGS used the TagMan SNP geno-
typing assay to amplify and quantify the
SNPs. Analysis focused primarily on the
comparison of SNP frequency in case
patients relative to either bisphosphonate
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Fig. 1. Flowchart of the PRISMA literature search strategy.

controls, healthy controls, or both. There
was no uniformity among the 10 CGS
when it came to the control groups that
were evaluated.

The WGS/WES utilized the Illumina
OMNI SNP chip microarray (Kim
et al.), a Gene Expression Omnibus profile
(Sun et al.), or the Human Agilent exome
kit (Yang et al.)**°. Each focused on a
different number of genes and took differ-
ent approaches to the data analysis. Kim
et al. and Sun et al. chose to construct
protein function networks and enrichment
analyses, whereas Yang et al. focused on
allele frequency and linkage disequilibri-
um for their analysis®® . Refer to Tables
1-3 for the description of the genotyping
and amplification systems utilized.

A total of 3301 patients were enrolled in
the 15 included studies (two GWAS,
n=1877; 10 CGS, n=1195; three WGS/
WES, n=229). Several studies had incom-
plete demographic information, due to the
following: not reporting demographic in-
formation, reporting the initial demo-
graphic data as a combination of case

and controls, or reporting initial demo-
graphic information but then excluding
patients, thus rendering reported values
not indicative of the studied sample popu-
lations. The entire reported patient popu-
lation was 56.7% female and 43.3% male.
Multiple myeloma was the most prevalent
underlying disease (54.8%), followed by
breast cancer (17.9%) and prostate cancer
(17.4%). Zoledronate was prescribed in
68.8% of patients and was the most com-
monly used medication, followed by
pamidronate (14.0%) and alendronate
(6.8%). See Table 4 for complete listing
of demographic information for the case
and control patients in all included studies.

No one SNP was definitively identified
as a risk factor for the development of
MRONIJ. However, several SNPs were
hypothesized to be partially contributory
and achieved significant P-values within
the individual papers. Within GWAS (Ta-
ble 1), Sarasquete et al. found the SNP
rs1934951 (gene CYP2CS$) to be signifi-
cant (corrected P-value=0.02; OR 12.75,
95% CI 3.7-43.5)*. However, this was
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not definitively corroborated by subse-
quent candidate gene studies (Table 2).
English et al. (P= 0.47; OR 0.63, 95% CI
0.165-2.42) and Such et al. (P= 0.13)
both found insignificant evidence for
31934951 being contributory®=°. Nico-
letti et al. found SNP rs17024608 within
gene RBMS3 to be significantly correlated
among MRONIJ case patients (P=7.47
% 107®), with an increased OR of 5.8
(95% CI 3.0-11.0)**. This particular
SNP was not mentioned in the other stud-
ies analyzed in this review.

Balla et al. looked at SNP rs1934951
within the CYP2C8 gene and found sig-
nificance (P=0.02) and a 19.2-fold OR for
developing mandibular osteonecrosis’’.
Thus, including Sarasquete et al., two
studies have found significance and two
have failed to do so. Three of the four
studies looked at European populations of
mixed sex, whereas English et al. looked
only at ‘American men’. They all assessed
different primary diseases as well: Saras-
quete et al. and Such et al. looked only at
multiple myeloma patients, English et al.
assessed only prostate cancer, and Balla
et al. looked at six different primary dis-
eases. These results indicate that perhaps
rs1934951 may not be significant, but
further testing with more demographically
similar case—control groups will be bene-
ficial going forward.

For the other candidate gene studies,
Katz et al. looked at SNPs located within
five genes that are suspected to have roles
related to osteoclastogenesis, differentia-
tion, bone resorption, and bone mineral
density. They were unable to find any
statistical significance individually. How-
ever, when all five SNPs were combined
into one ‘‘genotype score >5"’, they found
that the presence of all five SNPs con-
ferred a significant risk for the develop-
ment of MRONJ (P=0.0097), with an
11.20-fold OR (95% CI 1.80-69.86)"".

Arduino et al. assessed three SNPs with-
in the vascular endothelial growth factor
(VEGF) gene. They did not find any sig-
nificant difference in genotype distribu-
tion of the three SNPs between the case
and bisphosphonate control patients (P=
0.40, P= 0.78, P= 0.86)°>. No effect from
age, sex, primary disease, or duration of
therapy was found. They proceeded with a
haplotype analysis and again were unable
to find data that were significant when the
P-values were corrected’”.

Di Martino et al. found that peroxisome
proliferator-activated receptor gamma
(PPARG) gene SNP rs1152003 was more
prevalent among multiple myeloma
patients treated with zoledronate who
developed MRONIJ relative to multiple
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myeloma patients treated with zoledro-
nate who did not develop MRONJ, with a
31.5-fold OR (P= 0.0055; 95% CI 2.31—
422.32) and hypothesized a contributory
link™.

Marini et al. analyzed one SNP,
1s2297480 A/C polymorphism, within
the farnesyl pyrophosphate synthase
(FDPS) gene®*. Gene variants within
FDPS had been associated with bone mor-
bidity and sensitivity in a previous study
by the same group among a sample of
Caucasian women with osteoporosis, lead-
ing to this follow-up study looking at
Caucasian patients receiving bisphospho-
nate therapy for multiple myeloma, breast
cancer, and prostate cancer. They found
that there was a significant association
between the 152297480 A/C polymor-
phism and ONJ (P = 0.03)**.

La Ferla et al. assessed the contribution
of estrogens and their metabolism to os-
teoclastic inhibition, and found that the
aromatase g.132810C > T polymorphism
was significantly more prevalent in, but
not exclusive to, the MRONI case patients
relative to healthy controls (P= 0.0439;
OR —2.83)*°. This allele leads to higher
aromatase activity and higher bone min-
eral density, and was found in less than
40% of the ONJ group and 20% of the
bisphosphonate control group. Thus, they
hypothesized that the presence of the TT
allele merely increased the risk of ONJ
and was not causative.

Stockmann et al. assessed the associa-
tion of major histocompatibility complex
(MHC) class II polymorphisms with
MRONIJ among multiple myeloma, breast
cancer and prostate cancer patients taking
IV bisphosphonates®®. They found that, in
addition to individual MHC II genes con-
ferring increased odds of developing
MRONUJ, the HLA- DRBI1*15-
DQB1*#06:02 haplotype specifically was
significantly associated with the develop-
ment of ONJ, conferring a 2.5-fold OR
(95% CI 1.3-5.0). They additionally found
that the presence of at least one of the
haplotypes was highly associated with
ONIJ (OR 3.0, 95% CI 1.7-5.5), and sug-
gested that MCH class II polymorphisms
could represent genetic risk factors for the
development of MRONJ?®.

The most recent CGS by Choi et al.
looked at the same three SNPs within the
VEGF gene that Arduino et al. had also
analyzed and had found not significantly
associated**>”. They also were unable to
find a significant association between ONJ
and either the rs699947 (P=0.126; OR
0.5, 95% CI 0.23-1.38) or rs2010963
haplotypes between cases and controls
(P= 0.208; OR 1.9, 95% CI 0.82-4.52).

12.75 (3.7-43.5)
13.88 (4.0-46.7)
13.27 (3.5-49.9)

102 (3.2-32.1)

Not listed 5.8 (3.0-11.0)
12.6 (4.9-32.2)

21.7 (6.5-71.9)
21.1 (6.4-69.8)
73 (3.1-16.9)

OR (95% CI)
3.6 (2.1-6.5)
8.6 (3.3-22.17)
5.1 (2.5-10.6)
5.9 (2.7-13.0)
6.8 (2.9-15.8)
4.0 (2.1-7.4)
5.0 (2.4-10.1)
12.7 (4.0-36.8)
53 (2.4-11.4)
2.9 (1.6-5)

Pc

0.02
0.09
0.13
0.46

6.22x 107°
10 2.15x107°
7.47 x 1078
1.17x 1077
5.16 x 1077
5.85x 1077
3.10x 107°
553 x107°
6.24 x 107°
7.28 x 107°
7.87 x 107°
8.17x10°°
9.15x 10°°
9.16 x 107°
9.94 x 10—6
20x107°
0.0002

3

Chr P-value

10 1.07x107°
10 423x107°
10

12

12

10

15

18

13

4

BC, breast cancer; BP, bisphosphonate; Chr, chromosome; CI, confidence interval; IV, intravenous; MM, multiple myeloma; OP, osteoporosis; OR, odds ratio; Pc, Bonferroni corrected P-value; PM,

pamidronate; SNP, single nucleotide polymorphism; ZOL, zoledronate.
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8
1
2
4
6

Gene
CYP2C8
CYP2C8
CYP2CS8
CYP2C8
RBMS3
FAMI9AS5 22
PHB2

C1S
IMPADI
KCNT2
CSRNP3
MARCHI1
C6orf170
SFRP5
ALDH1A2
MEX3C
ABCC4
IGFBP7

11-23990403 LUZP2

rs1934951
11934980
rs1678387
rs11934877

rs1341162
rs17110453

1517024608
15768434
111064477
12-7016684
8-58133986
rs1886629
17588295
154431170
1s7740004
rs11189381
rs12903202
117751934

SNP

Mapping, 500 K
12v1.0
BeadChip;

Genotyping
GeneChip

set; 500,568
SNPs analyzed
[llumina Human
OmniExpress
731,422 SNPs
analyzed

Affymetrix

17 BP controls,
1743 population

65 BP controls
controls

Cases (n) Controls (1)

22
30

BP type

PM or ZOL
planned for 2
years

IV ZOL for
majority

Underlying
disease

MM
OP, BC

Population
Spanish
Northwestern,
Southern,
Eastern European
descent

Table 1. Summary of genome-wide association studies (GWAS).

Author/year
Sarasquete

et al., 2008%
Nicoletti

et al., 2012%*



Table 2. Summary of candidate gene studies (CGS).

Underlying
Author/year Population  disease BP type Cases (n) Controls (n) Genotyping SNP Gene Chr P-value OR (95% CI)
English et al.,  American PC Most had IV 17 83 BP controls Big Dye Terminator rs1934951 CYP2C8 10 0.47 0.63 (0.165-2.42)
20107 men ZOL (4mg) Cycle Sequencing
Ready Reaction Kit
v3.1
IBA, ZOL+ AL,
ZOL+PM
Such et al., Spanish, MM IV ZOL 42 37 BP controls, TagMan SNP rs1934951 CYP2C8 10 0.13 Not reported
2011%° Greek 45 population  genotyping assay
controls
Katz et al., American MM IVZOL 4mg, or 12 66 BP controls TagMan SNP rs1800012 COLI1Al1 17 0.55 1.69 (0.30-9.70)
2011°" IV PM 90 mg genotyping assay,
pyrosequencing
rs12458117 RANK 18 0.38 2.14 (0.39-11.71)
15243865 MMP2 16 0.11 3.49 (0.75-16.18)
152073618 OPG 8 0.38 2.16 (0.38-12.23)
rs11730582 OPN 4 021 2.97 (0.53-16.55)
Arduino et al., Italian BC, MM IVZOL 4mg 30 30 BP, 125 TaqMan rs3025039 VEGF 6 0.40 0.57 (0.21-1.54)
2011 females over 15 min healthy controls
monthly
rs699947  VEGF 6 0.78 0.99 (0.31-3.18)
rs2010963 VEGF 6 0.86 0.96 (0.37-2.53)
Di Martino Italian MM IV ZOL 9 10 BP controls DMET Plus rs1152003 PPARG 3 0.0055 31.5 (2.31-
et al,, 2011°° GeneChip, 422.32)
Affymetrix DMET
Console
rs10893 ABP1 7 0.023 Not reported
rs4725373  ABP1 7 0.023 Not reported
rs1049793 ABP1 7 0.023 Not reported
rs2463437 CHSTI11 12 0.0198 Not reported
rs903247  CHSTI11 12 0.0198 Not reported
rs2468110 CHST11 12 0.0198 Not reported
rs2097937 CROT 7 0.0198 Not reported
Marilgi et al., Italian MM, BC, PC IVZOL 4mg 34 34 BP controls GoTaq rs2297480 FDPS 1 0.03 Not reported
20117
Balla et al., Hungarian MM, OP, BC, PC, RC, CC AL, PM, ZOL, 46 224 healthy TaqgMan SNP rs1934951 CYP2C8 10 0.02 (AG  19.2x risk
2012%7 IBA, RIS, CLO controls genotyping assay genotype)  mandibular ONJ
via IV, PO, or
both
La Ferla et al., Italian MM, BC, PC 1V ZOL 30 53 BP controls TaqMan SNP rs10046 CYPI19A1 15 0.0439 —2.83
2012% genotyping assay,
AmpliTaq Gold
rs2234693 ESRI1 6 >0.05
rs9340799 ESRI1 6 >0.05
Stockmann German MM, BC, PC IVZOL,PM 94 110 BP controls QIlAamp DNA Mini NA HLA-DRBI1*15 NA 0.014 23 (1.2-4.4)
et al., 2013°° Kit, single strand

oligonucleotide kit
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Table 2 (Continued )

Underlying
Author/year Population  disease BP type Cases (n) Controls () Genotyping SNP Gene Chr P-value OR (95% CI)
NA HLA-DRB1*01 NA 0.049 2.0 (0.994.1)
Choi et al., South Korean OP, RA AL, IBA, RIS, 45 19 BP controls DNA Link Inc. rs699947  VEGF 5 0.126 0.5 (0.23-1.38)
2015°7 ZOL
rs2010963 VEGF 5 0.208 1.9 (0.82-4.52)

AL, alendronate; BC, breast cancer; BP, bisphosphonate; CC, cervical cancer; Chr, chromosome; CI, confidence interval; CLO, clodronate; IBA, ibandronate; 1V, intravenous; MM, multiple
myeloma; NA, not applicable; ONJ, osteonecrosis of the jaws; OP, osteoporosis; OR, odds ratio; PC, prostate cancer; PM, pamidronate; PO, orally; RA, rheumatoid arthritis; RC, renal cancer; RIS,
risedronate; SNP, single nucleotide polymorphism; ZOL, zoledronate.

Table 3. Summary of whole genome and whole exome studies (WGS/WES).

Underlying
Author/year Population disease BP type Cases (n) Controls (n) Genotyping SNP Gene Chr  P-value OR (95% CI)
Kim et al. South Korean  Not reported AL, ZOL, RIS 16 126 healthy FastQC v0.10.1 NA 3819 genes NA NA NA
20157 controls OMNI 2.5M
SNP chip
Sun et al. 2015*° GEO database MM Not specified 11 10 BP controls, Gene expression NA GSE7116 gene NA NA NA
5 healthy profile GSE7116 expression
controls was downloaded profile
from GEO
database
Yang et al. American, MM, BC, PC, IV ZOL, PM 22 MM patients, 22 BP MM age/ Human Agilent rs7896005 SIRT1 10 0.0052 0.07 (0.01-0.46)
2018 Hungarian, RC, CC 17 BC, CC, PC, sex matched v5,51 Mb exome
Italian RC patients with controls kit, [llumina
solid tumors HiSeq 2500
sequencing
rs3758392 HERC4 10 0.0052  0.07 (0.01-0.46)
rs10070440 SV2C 5 0.0143 11.68 (1.64-83.36)
rs11938792 TBCK 4 0.0328  20.38 (1.28-324.20)

AL, alendronate; BC, breast cancer; BP, bisphosphonate; CC, cervical cancer; Chr, chromosome; CI, confidence interval; GEO, Gene Expression Omnibus; IV, intravenous; MM, multiple myeloma;
NA, not applicable; OR, odds ratio; PC, prostate cancer; PM, pamidronate; RC, renal cancer; RIS, risedronate; SNP, single nucleotide polymorphism; ZOL, zoledronate.
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They then looked at the genotype differ-
ences between cases and controls, and
found that the rs2010963-GC co-dominant
and -CC recessive genotypes were more
significantly associated with MRONIJ in
the case patients as compared to the con-
trols (P=0.03 and P=0.04, respective-
ly)*’. Thus, as these results differ from
those found by Arduino et al., they went
on to hypothesize that the differences they
found were likely due to population-based
genetic differences in VEGF expression.

Among WGS/WES (Table 3), Kim
et al. found a significant difference in
the expression of genes associated with
post-translational modifications in ONIJ
patients and hypothesized that these ex-
pression modifications led to the im-
pairment of osteoclast cell morphology
and adhesion, interfering with function’®.
Sun et al. found that genes TNF, IL1B, and
DDJX5 and a transcription factor of XBP1
appeared to be more down-regulated in
MRONTJ patients than in either the bis-
phosphonate controls or the healthy con-
trols, highlighting potential molecular
markers  for  bisphosphonate-related
ONJ*’. Most recently, Yang et al. found
significant associations between two SNPs
located within the same SIRTI/HERC4
locus (rs7896005 and rs3758392, respec-
tively) and decreased odds of developing
ONJ among patients treated with bispho-
sphonates™.

Please refer to Table 4 for a summary of
all demographic parameters compiled, and
to Table 5 for a comprehensive summary
of all of the studies included in this sys-
tematic review.

Discussion

The aim of this systematic review was to
find a definitive genetic marker, or mar-
kers, to predict the development of
MRONIJ. The development of accurate
and reliable MRON!J risk assessment tests
would be beneficial, as physicians could
educate, treat, and even potentially pre-
vent this medication complication in their
patients. It has been suggested that genetic
variation between individuals, as well as
their underlying systemic disease, may
increase or decrease the MRONJ
risk5,14,38.

GWAS allow the investigation of dis-
ease caused by genetic and drug response
through the genotyping of over one mil-
lion SNPs present in DNA, and has been
shown to be a relatively unbiased method
to study the incidence of MRONIJ. They
have a case—control design, more directly
attributing a risk factor to a disease if the
frequency of the minor allele in case sub-
jects is significantly different to that in
controls® *'. WGS/WES are similar to
this, using sequencing of either the ge-
nome or exome and assessing variation

Table 4. Demographics of case (MRONJ) and control patients in all included studies.
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between the case subjects and the controls.
CGS investigate potentially relevant
genes, screening fewer variants than
GWAS, and approach their analyses with
a specific hypothesis or hypotheses. The
results do not carry much power without
replication in subsequent studies*”. There-
fore, if results cannot be replicated for a
particular SNP, such as CYP2CS8
rs1934951 in this review, it is challenging
to draw definitive conclusions about the
presence of an association.

The last meta-analysis on this topic was
conducted by Zhong et al. in 2012 and
focused on the CYP2C8 SNP rs1934951.
They commented on the differences in
study population demographics and how
they excluded the healthy controls from
Balla et al. and Such et al. to create more
matched case and control cohorts*’. They
were additionally unable to conclude that
rs1934951 was significantly associated
with the development of MRONJ. Since
2012, no further studies have been con-
ducted analyzing CYP2C8. There are nu-
merous potential genes that warrant
deeper analysis to look at significance.
However, as previously mentioned, Choi
et al. concluded that there were likely
genetic differences linked to different
study populations, at least for the VEGF
polymorphisms associated with MRONJ®’
. Therefore, associations linking CYP2C8
to MRONJ may exist, but different popu-

Case subjects (n)

Bisphosphonate control subjects (n)

Healthy control subjects (#) Total (%)

Definition

Number of combined subjects 477
Sex”

Male 77
Female 173
Total

Primary disease”

Multiple myeloma 161
Prostate cancer 36
Breast cancer 74
Osteoporosis 36
Other 11
Total

Bisphosphonates used”

Zoledronate 260
Pamidronate 38
Ibandronate 24
Alendronate 43
Risedronate 8
Clodronate 3
Zoledronate + alendronate 1
Zoledronate + pamidronate 1
Zoledronate — pamidronate 6
Pamidronate — zoledronate 2

Total

556

164
143

2268 3301

109
142

350 (43.3)
458 (56.7)
808 (100)

409 (54.8)
130 (17.4)
134 (17.9)
55 (7.4)
19 (2.5)
747 (100)

535 (68.8)
109 (14.0)
30 (3.8)
53 (6.8)
10 (1.3)
3(0.4)
3(0.4)
2(0.3)

21 (2.7)
12 (1.5)
778 (100)

MRONUJ, medication-related osteonecrosis of the jaws.
#Information was not uniformly specified or reported across all studies.



Table 5. Summary of all studies.

Underlying Cases
Author/year Study type disease BP type (n) Controls (n) SNP Gene Chr P-value OR (95% CI)
Arduino et al. 2011°? Candidate gene BC, MM IV ZOL 4mg over 15min 30 30 BP, 125 rs3025039 VEGF 6 0.40 0.57 (0.21-1.54)
monthly healthy controls
18699947 VEGF 6 0.78 0.99 (0.31-3.18)
rs2010963 VEGF 6 0.86 0.96 (0.37-2.53)
Balla et al. 2012%7 Candidate gene MM, OP, BC, AL, PM, ZOL, IBA, RIS, 46 224 healthy 1s1934951 CYP2C8 10 0.02 (AG 19.2x risk
PC, RC, CC CLO via IV, PO, or both controls genotyp) mandibular ONJ
Choi et al. 2015°7 Candidate gene OP, RA AL, IBA, RIS, ZOL 45 19 BP controls  rs699947 VEGF 5 0.126 0.5 (0.23-1.38)
1s2010963 VEGF 5 0.208 1.9 (0.82-4.52)
Di Martino et al. 20117 Candidate gene MM IV ZOL 9 10 BP controls  rs1152003 PPARG 3 0.0055 31.5 (2.31-422.32)
rs10893 ABP1 7 0.023 Not reported
154725373 ABP1 7 0.023 Not reported
rs1049793 ABP1 7 0.023 Not reported
1s2463437 CHSTI11 12 0.0198 Not reported
rs903247 CHSTI11 12 0.0198 Not reported
1s2468110 CHSTI11 12 0.0198 Not reported
rs2097937 CROT 7 0.0198 Not reported
English et al. 2010* Candidate gene PC Most had IV ZOL (4mg) 17 83 BP controls  rs1934951 CYP2C8 10 047 0.63 (0.165-2.42)
IBA,ZOL+AL,ZOL+PM
Katz et al. 2011°' Candidate gene MM IVZOL 4mg, or IVPM 90 12 66 BP controls  rs1800012 COL1A1 17 0.55 1.69 (0.30-9.70)
mg
rs12458117 RANK 18 0.38 2.14 (0.39-11.71)
1s243865 MMP2 16 0.11 3.49 (0.75-16.18)
rs2073618 OPG 8 0.38 2.16 (0.38-12.23)
rs11730582 OPN 4 0.21 2.97 (0.53-16.55)
Kim et al. 2015** Whole exome  Not reported AL, ZOL, RIS 16 126 healthy NA 3819 genes NA NA NA
controls
La Ferla et al. 2012% Candidate gene MM, BC, PC IV ZOL 30 53 BP controls  rs10046 CYPI19Al 15 0.0439 —2.83
1$2234693 ESR1 6 >0.05
1$9340799 ESR1 6 >0.05
Marini et al. 2011°** Candidate gene MM, BC, PC IV ZOL 4mg 34 34 BP controls 152297480 FDPS 1 003 Not reported
Nicoletti et al. 2012** GWAS OP, BC IV ZOL for majority 30 17 BP controls, rs17024608 RBMS3 3 7.47 x 10—-8 5.8 (3.0-11.0)
1743 population
controls
rs5768434 FAMI19AS 22 1.17x10-7 12.6 (4.9-32.2)
rs11064477 PHB2 12 516 x10-7 21.7 (6.5-71.9)
12-7016684 CIS 12 585x10-7 21.1(6.4-69.8)
8-58133986 IMPADI 8 3.10x10—6 7.3 (3.1-16.9)
rs1886629 KCNT2 1 553 x10—6 3.6 (2.1-6.5)
rs7588295 CSRNP3 2 6.24 x 10—6 8.6 (3.3-22.17)
rs4431170 MARCHI1 4 728 x10—6 5.1 (2.5-10.6)
rs7740004 C6orf170 6 7.87 x10—6 5.9 (2.7-13.0)
rs11189381 SFRP5 10 8.17x10—6 6.8 (2.9-15.8)
rs12903202 ALDHIA2 15 9.15x10-6 4.0 (2.1-7.4)
rs17751934 MEX3C 18  9.16 x10—6 5.0 (2.4-10.1)
11-23990403  LUZP2 11 9.94x10-6 12.7 (4.0-36.8)
rs1678387 ABCC4 13 2.0x10-5 53(24-11.4)
rs11934877 IGFBP7 4 0.0002 2.9 (1.6-5)
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12.75 (3.7-43.5)

1.07 x 10—6

10

rs1934951 CYP2C8

65 BP controls

PM or ZOL planned for 2 22

GWAS MM
years

Sarasquete et al. 2008

13.88 (4.0-46.7)
13.27 (3.5-49.9)

10.2 (3.2-32.1)
2.3 (1.2-4.4)

423 x10—6

10
10
10

CYP2C8

rs1934980
rs1341162

6.22 x 10—6

CYP2C8

2.15x10-5

NA 0.014

CYP2C8
HLA-

rs17110453

NA

110 BP controls

94

MM, BC, PC IV ZOL, PM

Candidate gene

Stockmann et al. 2013°°

DRBI1*15
HLA-

2.0 (0.99-4.1)

NA 0.049

NA

DRBI1*01

Genetic predisposition for medication-related osteonecrosis of the jaws: a systematic review

Not reported

0.13

37 BP controls, 1s1934951 CYP2C8 10

45 population
controls

42

IV ZOL

MM

Candidate gene

Such et al. 2011%°

NA

NA NA

GSE7116
Gene

NA

10 BP controls,

5 healthy
controls

11

Not specified

MM

Whole genome

Sun et al. 2015%°

Expression
Profile

0.07 (0.01-0.46)

0.0052

10

SIRT1

22 BP MM age/ rs7896005

sex matched

controls

>

2
MM

IV ZOL, PM

MM, BC, PC,
RC, CC

Whole exome

Yang et al. 2018%°

0.07 (0.01-0.46)

0.0052

10

HERC4

1s3758392

BC,
PC,
RC,

cC

11.68 (1.64-83.36)

0.0143
0.0328

Sva2c 5
4

rs10070440
rs11938792

AL, alendronate; BC, breast cancer; BP, bisphosphonate; CC, cervical cancer; Chr, chromosome; CI, confidence interval; CLO, clodronate; GWAS, genome-wide association studies; IBA,
ibandronate; IV, intravenous; MM, multiple myeloma; NA, not applicable; ONJ, osteonecrosis of the jaws; OP, osteoporosis; OR, odds ratio; PC, prostate cancer; PM, pamidronate; PO, orally; RA,

rheumatoid arthritis; RC, renal cancer; RIS, risedronate; SNP, single nucleotide polymorphism; ZOL, zoledronate.

20.38 (1.28-324.20)

TBCK
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lations need to be tested. This potentially
holds true for all of the genes that have
been tested in the previous studies. As
genetic analyses become more feasible
and accessible to researchers, these poly-
morphisms might be revisited and exam-
ined within several populations to be able
to say with more certainty whether an
association with MRONIJ exists.

One limitation of this review was the
inability to retrieve complete demographic
records for several of the studies. Eight of
the 15 studies did not have complete de-
mographic information; demographics
were either reported as combined between
cases and controls or were reported before
exclusion criteria were applied. This ren-
dered the cumulative demographic statis-
tics challenging to use for future analysis,
and of questionable significance due to
poorly matched case—control groups.

The implication of this study, for
researchers and clinicians alike, is that
MRONI is a complex, likely multifactori-
al condition that still warrants further re-
search in order to discover associated
genetic biomarkers. More studies, espe-
cially GWAS and WGS/WES, would al-
low the discovery of novel associations
and the corroboration of previously noted
significant SNPs. If certain SNPs are
shown to be consistently correlated, then
there is potential for future targeted thera-
pies, assuming their function is known.
These targeted therapies could range from
pharmacological treatments for MRONJ
to more individualized patient care.
Patients at risk could be more closely
monitored throughout treatment, or given
alternative therapeutic options.

In conclusion, GWAS, CGS, and WGS/
WES to date have all failed to show a
single gene as a risk factor for the devel-
opment of MRONIJ, although several
genes have shown potential increased or
decreased association. The limitation in
the number of base pairs analyzed in the
genotyping and the use of preexisting
reference SNPs may have contributed to
this. The heterogeneity of the case and
control populations across the 15 studies
may additionally be contributory, as there
may be separate genetic markers denoting
MRONIJ risk across different populations
and with distinct diagnoses. Going for-
ward, increasing the number of next gen-
eration sequencing studies may help to
further elucidate the role and interplay
of genetic events in the development of
MRONI. Repetition with different study
populations would help to strengthen the
association of specific SNPs by highlight-
ing the possible pathophysiological links
between the related genes and MRONJ
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and targeting areas to identify for diagno-
sis, treatment, and/or prevention.
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