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ency, 10/10).

Background: fat mass and obesity-related (FTO) mRNA was downregulated in osteonecrosis patients. The study
aimed to evaluate the correlation between FTO polymorphisms and the susceptibility of osteonecrosis of the femoral

Methods: Six polymorphisms in FTO were genotyped via the Agena MassARRAY in 498 ONFH patients and 498
healthy controls. Multiple genetic models were used to assess the correlation between FTO polymorphisms and
ONFH risk by SNPStats. Odds ratios (ORs) and 95% confidence intervals (Cls) were estimated using a logjistic regression

Results: The risk-increasing association of rs62033406 A>G with ONFH was found (OR=1.25, 95% Cl 1.05-1.50,
p=0.014). Specially, FTO rs62033406 A>G was related to the risk of ONFH in the subgroup at age > 51 years (OR=1.25,
p=4.00x 107, females (OR=1.74, p=1.00 x 107%), smokers (OR=1.82, p=0.005) and drinkers (OR=1.89, p=0.002),
respectively. The best multi-loci model was the five—loci model, a combination of rs9930333 T>G, rs1558902 T>A,
rs56094641 A>G, rs3751812 G>T, and rs62033406 A>G (testing accuracy, 0.5351; p =0.0004; cross—validation consist-

Conclusion: Our study first revealed that FTO rs62033406 A>G was a risk factor for ONFH among the Chinese Han
population, which might provide the new candidate gene for elucidating the pathogenesis of ONFH.

Keywords: Osteonecrosis of the femoral head, FTO polymorphisms, Risk factor, MDR analysis

Introduction

Osteonecrosis of the femoral head (ONFH), also defined
as avascular necrosis of the femoral head, is character-
ized by bone cell death caused by venous stasis of the
femoral head or impaired or interrupted arterial blood
supply [1]. The onset of ONFH remains increasing every
year around the world. It is estimated that there are 8.12
million adults with ONFH in China alone [2]. The aver-
age age of the affected patients is 50.4 years and there is
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a male to female ratio of 2.1:1 [3]. ONFH is a multifacto-
rial disease caused by a complex interplay of genetic and
environmental factors. The use of corticosteroids, alco-
hol overconsumption, smoking, high blood lipid level,
and obesity are all high-risk factors for ONFH [4]. In
recent studies, emerging lines of evidence have suggested
genetic factors and hereditary forms play a pivotal role
in ONFH development [5]. For example, NOS3, IL-1B,
ABCBI and CYP450 single nucleotide polymorphisms
(SNPs) were closely related to the susceptibility of ONFH
[6-8]. However, many variants contributed to ONFH
remain to be identified.
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The fat mass and obesity-related (FTO) gene has been
reported to be involved in common obesity and body
mass index [9]. Deletion of FTO in mice might lead
to increased death of osteoblasts and bone loss, sug-
gesting that the function of FTO was to maintain bone
mass and to protect osteoblasts from genotoxic damage
[10]. Recent study indicated that overexpression of FTO
induces osteogenic differentiation of C3H10T1/2 cells
[11]. Pervious findings demonstrated that GDF11-FTO-
PPARYy axis inhibited bone formation and promoted the
transformation of osteoporotic bone marrow mesen-
chymal stem cells (BMSCs) to adipocytes during osteo-
porosis [12]. These studies indicated that FTO played an
important role in the death and differentiation of osteo-
blasts. FTO mRNA was downregulated in osteoporosis
patients and osteonecrosis patients [13]. FTO polymor-
phisms have been investigated in many bone-related
diseases, such as hip fracture, osteoporosis and osteoar-
thritis [14—16], but not in ONFH. Therefore, research on
the possible association between FTO gene and ONFH
may be particularly interesting due to its potential bio-
logical significance.

Here, six SNPs (rs9930333 T>@G, rs11642015 C>T,
rs1558902 T>A, rs56094641 A>G, rs3751812 G>T, and
rs62033406 A>G) in FTO were randomly selected for
genotyping to assess the contribution of these SNPs to
ONFH risk in the Chinese Han population, which might
contribute to knowing about the role of FTO in the
development of ONFH. Stratified analysis by age, sex,
smoking, and drinking were used to explore the differ-
ent association graph patterns in each subgroup, which
might reflect the potential differences in their pathophys-
iology and ONFH risk factors.

Materials and methods

Study participants

In this study, we recruited 498 patients with ONFH and
498 healthy controls from the Affiliated Hospital of Wei-
fang Medical University and Second Affiliated Hospital
of Inner Mongolia Medical University from April 2015
to June 2021. All subjects were genetically unrelated Chi-
nese Han population. Patients with ONFH had common
clinical manifestations of hip pain, joint dysfunction,
and lower limb muscular atrophy. ONFH was diagnosed
by an X-ray examination, bone scan analyses and addi-
tional magnetic resonance imaging. Diagnostic crite-
ria for imaging include the collapse of the femoral head,
increased subchondral bone density, hip joint narrow-
ness, and trabecular and marrow necrosis on histology.
The inclusion criteria for health controls were defined as
following criteria: no symptoms of hip disease, no tumor,
no any lesions of anteroposterior and frog-leg lateral
pelvic radiographs, no severe chronic diseases, and no
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history of thromboembolic disease. Demographic char-
acteristics (age, gender, smoking, and drinking) and clini-
cal data were obtained via a structured questionnaire and
medical records, respectably. The identification of smok-
ers and drinkers was based on the subjects’ self-report of
whether they smoked or drank alcohol. For smoking, par-
ticipants were classified as non-smokers (never) or smok-
ers (including former or current smokers). Subjects who
smoked one cigarette per day were classified as current
smokers. For alcohol consumption, participants were
classified as non-drinkers (never) or drinkers (including
former or current alcohol drinkers). Subjects who drank
at least 100 g of alcohol a week were considered drink-
ers. The study protocol was approved by the institutional
review boards of Affiliated Hospital of Weifang Medical
University, and was conducted in accordance with the
ethical standards of the Declaration of Helsinki. Written
informed consents were obtained from all participants.

SNP selection and genotyping

Subsequently, 5 mL of peripheral blood from partici-
pants were collected into ethylene diamine tetraacetie
acid (EDTA) tubes. Genomic DNA was isolated using
genomic DNA purification Kit (GoldMag Co. Ltd. Xi'an
City, China) and stored at —80 °C until further analysis.
The concentration and purity of DNA was measured by
a Nanodrop 2000 (Thermo Scientific, Waltham, MA,
USA).

We obtained the physical position of the FTO gene on
the chromosome 16:53,701,692-54,158,512 and down-
loaded the ped file and info file for FTO variations in the
CHB and CHS population through the e!GRCh37 (http://
asia.ensembl.org/Homo_sapiens/Info/Index)  database.
Using Haploview software, we selected SNPs based on
HWE>0.01, MAF >0.05, and Min Genotype >75%. We
further combined MassARRAY primer design software,
HWE>0.05, MAF>0.05 and the call rate>95% in our
study population. Among the remaining SNPs, six candi-
date SNPs (rs9930333 T>G, rs11642015 C>T, rs1558902
T>A, rs56094641 A>G, rs3751812 G>T, and rs62033406
A>Q@G) in FTO were randomly selected in order to study
their potential role in ONFH risk. The potential func-
tions of these polymorphisms were evaluated through
the HaploReg v4.1 database (https://pubs.broadinsti
tute.org/mammals/haploreg/haploreg.php) and Regu-
lomeDB database (https://regulome.stanford.edu/regul
ome-search/).

Agena MassARRAY system (Agena, San Diego, CA,
USA) was used for SNPs genotyping according to the
manufacturer instructions. The design of genotyp-
ing primers (Additional file 1: Table S1) and data man-
agement was carried out with incorporated software.
The randomly selected samples (about 10%) were
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re-genotyped to control quality, and the reproducibility
was 100%.

Statistical analysis

The student t test for continuous variables and chi-square
test for categorical variables were used to compare the
differences between cases and controls, respectively. The
genotype frequency of each SNP in the control and the
case subjects were conformed to HWE by the x> test.
Multiple genetic models were used to assess the contri-
bution of FTO polymorphisms to the risk of ONFH by
SNPStats  (https://www.snpstats.net/start.htm). Odds
ratios (ORs) and 95% confidence intervals (CIs) were
estimated using a logistic regression model adjusted by
age, gender, smoking and drinking. Further stratification
analysis was performed to explore the impact of FTO
SNPs on ONFH based on age, gender, smoking, drink-
ing, and clinical stages. The noteworthy of the significant
associations were assessed by false-positive report prob-
ability (FPRP) analysis, with 0.2 as a FPRP threshold and
a prior probability of 0.1 [17, 18]. The SNP-SNP interac-
tions in ONFH susceptibility was evaluated by multifac-
tor dimensionality reduction (MDR) (version 3.0.2). Data
analyses were analyzed by the SPSS 18.0 (SPSS, Chicago,
IL), and a two-tailed p <0.05 was the threshold for statis-
tical significance, whereas a value of corrected p<0.05/6
was considered significant after Bonferroni correction.

Results

Characteristics of the participants

A total of 996 subjects (498 ONFH patients and 498
healthy controls) were included. The demograph-
ics and clinical information of subjects were shown
in Table 1. The mean age of cases and controls were
51.77+£14.55 years and 50.38£14.52 vyears, respec-
tively. ONFH cases and controls were matched in age
(p=0.132), but there was a difference in sex (p=0.046).
The distribution of smoking, red blood cell (RBC), white
blood cell (WBC), hemoglobin, platelet, leukocyte,
monocytes, urea, and creatinine between the two groups
were different (p < 0.05).

Association between FTO SNPs and the risk of ONFH
Six SNPs (rs9930333 T > G, rs11642015 C> T, rs1558902
T>A, 1s56094641 A>QG, 1s3751812 G>T, and
rs62033406 A >G) in FTO were genotyped, and the basic
information of all SNPs was listed in Table 2. All selected
polymorphisms were in HWE (p>0.05), and the call rate
was>99.5%. The potential function of these polymor-
phisms by HaploReg v4.1 and RegulomeDB databases
was displayed in Table 2.

In the allelic model, rs62033406-G was related to an
increased risk of ONFH (OR=1.22, 95% CI 1.02-1.46,
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Table 1 Characteristics of patients with ONFH and controls

Variable Cases Control p
N 498 498
Age (year, mean £ SD) 51.77£14.55 50.38+£14.52 0.132
>51 273 (54.8%) 236 (47.4%)
<51 225 (45.2%) 262 (52.6%)
Gender
Males 280 (56.2%) 311 (62.4%) 0.046
Females 218 (43.8%) 187 (37.6%)
Smoking
Yes 219 (44.0%) 269 (54.0%) 0.002
No 279 (56.0%) 229 (46.0%)
Alcohol consumption
Yes 265 (53.2%) 256 (51.4%) 0.568
No 233 (46.8%) 242 (48.6%)
Stage
/v 192 (38.6%)
I/11 67 (13.5%)
Missing 235 (47.2%)
RBC (10°/L) 3914083 490+0.48 <0.001
WBC (10%/L) 7.67+£253 5944159 <0.001
Hemoglobin (g/L) 11835+£20.11  149.76£17.03 <0.001
Platelet (10%/L) 1977447279  222.234+5894 <0.001
Leukocyte (109/L) 1.60£0.65 1.87£059 <0.001
Monocytes (10°/L) 0.55+0.26 042+0.16 <0.001
Serum uric acid (umol/L) 26667 4+88.17  322.64+80.7 0337
Urea (umol/L) 5294535 506+1.27 <0.001
Creatinine (umol/L) 5732+16.53 67.65+£12.57 <0.001

ONFH, osteonecrosis of the femoral head; RBC, red blood cell; WBC, white blood
cell

p values were calculated by ¥ test or Student’s t test

Bold indicate that p <0.05 indicates statistical significance

p=0.028). The other SNPs did not appear to be related
to the susceptibility to ONFH. Genotypic model analy-
sis was used to assess the associations of FTO SNPs with
ONFH risk (Table 3). The risk-increasing association of
r$62033406-G with ONFH was found in the codominant
(OR=1.54, 95% CI 1.14-2.07; OR=1.52, 95% CI 1.06—
2.18; p=0.011), dominant (OR=1.53, 95% CI 1.16-2.03,
p=0.003), and log-additive (OR=1.25, 95% CI 1.05-
1.50, p=0.014) models. The significance of the dominant
model still existed after Bonferroni correction.

Stratification analysis for the contribution of FTO SNPs

to ONFH risk

To identify subgroup specific associations, we performed
stratification analysis based on the major risk factors,
such as age, sex, smoking, alcohol drinking and clinical
stages (Table 4; Additional file 1: Tables S2, and S3). The
results displayed that FTO rs62033406-G was related
to the risk of ONFH in the subgroup at age>51 years
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Table 3 Association between FTO polymorphisms and ONFH risk

SNPID Model Genotype Case Control OR (95% ClI) P value AIC BIC
159930333 Codominant T 362 (72.7%) 352 (70.7%) 1 0210 13719 1406.2
G/T 119 (23.9%) 136 (27.3%) 0.85 (0.64-1.14)
G/G 17 (3.4%) 10 (2%) 1.66 (0.75-3.70)
Dominant T 362 (72.7%) 352 (70.7%) 1 0.490 13725 1401.9
G/T-G/G 136 (27.3%) 146 (29.3%) 0.91 (0.68-1.20)
Recessive T/T-G/T 481 (96.6%) 488 (98%) 1 0.170 1371.1 1400.5
G/G 17 (3.4%) 10 (2%) 1.74 (0.78-3.85)
Log-additive - - - 0.98 (0.77-1.25) 0.860 1373 14024
rs11642015 Codominant c/C 397 (79.7%) 397 (79.7%) 1 0.890 1374.8 1409.1
T/C 93 (18.7%) 95 (19.1%) 0.99 (0.72-1.37)
/T 8(1.6%) 6 (1.2%) 1.30(0.44-3.83)
Dominant c/C 397 (79.7%) 397 (79.7%) 1 0.940 1373 14024
T/CT/T 101 (20.3%) 101 (20.3%) 1.01 (0.74-1.38)
Recessive C/CT/C 490 (98.4%) 492 (98.8%) 1 0.620 13728 1402.2
/T 8(1.6%) 6(1.2%) 1.31(045-3.83)
Log-additive - - - 1.03 (0.78-1.36) 0.840 1373 14024
rs1558902 Codominant /T 400 (80.3%) 398 (79.9%) 1 0.970 1374.9 1409.3
AT 91 (18.3%) 94 (18.9%) 0.98 (0.71-1.35)
A/A 7 (1.4%) 6 (1.2%) 1.13(0.37-3.43)
Dominant /T 400 (80.3%) 398 (79.9%) 1 0.940 1373 14024
AT-A/A 98 (19.7%) 100 (20.1%) 0.99 (0.72-1.35)
Recessive T/T-A/T 491 (98.6%) 492 (98.8%) 1 0.820 1373 14024
A/A 7 (1.4%) 6 (1.2%) 1.14 (0.38-3.44)
Log-additive - - - 1.00 (0.75-1.33) 0.990 1373 14024
1s56094641 Codominant A/A 396 (79.5%) 396 (79.5%) 1 0.890 13748 1409.1
G/A 94 (18.9%) 96 (19.3%) 0.99 (0.72-1.37)
G/G 8 (1.6%) 6 (1.2%) 1.30 (0.44-3.83)
Dominant A/A 396 (79.5%) 396 (79.5%) 1 0.950 1373 14024
G/A-G/G 102 (20.5%) 102 (20.5%) 1.01 (0.74-1.38)
Recessive A/A-G/A 490 (98.4%) 492 (98.8%) 1 0620 1372.8 1402.2
G/G 8 (1.6%) 6 (1.2%) 1.31(045-3.83)
Log-additive - - - 1.03 (0.77-1.36) 0.850 1373 1402.4
rs3751812 Codominant G/G 397 (80%) 396 (79.5%) 1 0.960 1372.7 1407
G/T 92 (18.6%) 96 (19.3%) 0.98 (0.71-1.35)
T 7 (1.4%) 6 (1.2%) 1.14(0.38-3.44)
Dominant G/G 397 (80%) 396 (79.5%) 1 0.920 1370.7 1400.1
G/T-T/T 99 (20%) 102 (20.5%) 0.98 (0.72-1.35)
Recessive G/G-G/T 489 (98.6%) 492 (98.8%) 1 0.810 1370.7 1400.1
/T 7 (1.4%) 6 (1.2%) 1.14 (0.38-3.45)
Log-additive - - - 1.00 (0.75-1.32) 0.980 1370.7 1400.2
rs62033406 Codominant A/A 126 (25.4%) 164 (32.9%) 1 0.011 1364.7 1399
G/A 262 (52.7%) 236 (47.4%) 1.54(1.14-2.07)
G/G 109 (21.9%) 98 (19.7%) 1.52(1.06-2.18)
Dominant A/A 126 (25.4%) 164 (32.9%) 1 0.003* 1362.7 1392.1
G/A-G/G 71 (74.7%) 334(67.1%) 1.53(1.16-2.03)
Recessive A/A-G/A 388 (78.1%) 400 (80.3%) 1 0.350 1370.8 1400.2
G/G 109 (21.9%) 98 (19.7%) 1.16 (0.85-1.58)
Log-additive - - - 1.25(1.05-1.50) 0.014 1365.5 13949

ONFH, osteonecrosis of the femoral head; SNP, single nucleotide polymorphism; OR, odds ratio; 95% Cl, 95% confidence interval; AIC, akaike information criterion; BIC,
Bayesian information criterion

p values were calculated using logistic regression analysis adjusted by gender, age, smoking and drinking
Bold indicate that p <0.05 means the data is statistically significant
" p indicate that after Bonferroni correction (p < 0.05/6) means the data is statistically significant
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(codominant: OR=2.00, OR=2.39, p=7.00x107%
dominant: OR=2.11, p=2.00x10"% and log-addi-
tivee OR=1.25 p=4.00x10""), females (codomi-
nant: OR=2.42, OR=2.75, p=1.00 x 10™%; dominant:
OR=251, p<0.0001; and log-additive: OR=1.74,
p=1.00x10"%, smokers (codominant: OR=1.82,
OR=1.81, p=0.020; dominant: OR=1.82, p=0.005;
and log-additive: OR=1.36, p=0.023) and drinkers
(codominant: OR=1.91, OR=1.84, p=0.009; domi-
nant: OR=1.89, p=0.002; and log-additive: OR=1.39,
p=0.014), respectively. After Bonferroni correction,
rs62033406-G was associated with an increased incidence
in the subgroup at age >51 years (codominant, dominant,
and log-additive), females (codominant, dominant, and
log-additive), smokers (dominant), and drinkers (domi-
nant), respectively. Besides, rs9930333 GT genotype was
related to a reduced risk of ONFH compared to the TT
genotype (OR=0.66, p=0.030). However, no significant
relationship of selected polymorphisms to ONFH in the
stratified analysis by clinical stages was found (Additional
file 1: Table S3). These results of overall analysis and
stratification analysis was shown in Fig. 1.

FPRP analysis for the positive findings

FPRP analysis was performed to interrogate whether the
significant findings were deserving attention (Table 5). At
the prior probability level of 0.1, the significant associa-
tion for rs62033406-G (FPRP=0.081, 0.061, and 0.132)
remained noteworthy in the overall analysis. Moreover,
the associations of rs62033406-G with ONFH suscepti-
bility were also positive in the subgroup at age>51 years
at the prior probability level of 0.01, females at the prior
probability level of 0.001, and smokers and drinkers at
the prior probability level of 0.1, respectively.

MDR analysis for the contribution of FTO SNPs to ONFH risk
MDR analysis was applied to evaluate the effect of SNP-
SNP interaction on ONFH risk (Figs. 2, 3; Table 6).
Table 6 displayed the results for one- to six-locus mod-
els. Rs62033406 A>G was the best single-locus model
for ONFH risk, with the highest testing accuracy (0.5382,
p=0.008) and perfect cross-validation consistency
(10/10). The best multi-loci model was the five-loci
model, a combination of rs9930333 T>G, rs1558902
T>A, rs56094641 A>G, rs3751812 G>T, and rs62033406
A>G (testing accuracy, 0.5351; p=0.0004; cross—valida-
tion consistency, 10/10). The dendrogram plot (Fig. 2)
described the SNP-SNP interactions and recapitulated
the main and/or interaction effect for each pairwise com-
bination of attributes. The fruchterman-Reingold plot
(Fig. 3) revealed that rs62033406 had the information
gain (0.60%) of individual attribute regarding ONFH.
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Discussion
Here, six SNPs in FTO were examined in 996 participants
to investigate the susceptibility to ONFH risk in the Chi-
nese Han population. This study was the first to demon-
strate that rs62033406 A>G contributed to an increased
risk of ONFH under the allele, genotype, dominant and
log-additive models. Specially, FTO rs62033406 A>G
was related to ONFH susceptibility in the subgroup at
age>51 years, females, smokers, and drinkers, respec-
tively. MDR analysis displayed that rs62033406 A>G
was the best single—locus model for ONFH risk, and the
best multi—loci model was the five-locus model, a com-
bination of rs9930333 T>G, rs1558902 T>A, rs56094641
A>G, rs3751812 G>T, and rs62033406 A>G. These
results indicate that FTO SNPs may have an important
role in ONFH risk among the Han Chinese population,
which have provided insights into ONFH occurrence.

FTO mRNA was downregulated in osteonecrosis
patients. During osteogenic differentiation, F70 induced
the expression of osteoblast biomarkers ALPL and
OPN [13]. Some recent studies suggested that genetic
polymorphisms of FTO might affect the expression of
the adjacent genes and were associated with disease
[19]. However, no studies have evaluated the impact
of FTO polymorphisms on ONFH risk. Here, six SNPs
(rs9930333 T>G, rs11642015 C>T, rs1558902 T>A,
rs56094641 A>G, rs3751812 G>T, and rs62033406 A>Q)
in the FTO gene were genotyped to assess the risk-asso-
ciation with ONFH occurrence. HaploReg v4.1 database
displayed that these SNPs might may be associated with
promoter/Enhancer histone marks, DNAse, proteins
bound, and motifs changed [20]. This study was the first
to demonstrate that rs62033406 A>G contributed to an
increased risk of ONFH in the Chinese Han population
after Bonferroni correction. Several studies provided
increasing evidence to support that intronic SNPs con-
fer susceptibilities by affecting gene expression [21, 22].
SNPs within intron of the FTO gene are related to FTO
transcript levels [23]. In silico, rs62033406 A>G located
in the intronic regions of the FTO gene could be as a pos-
sible enhancer activity or motifs change, which may affect
the activity or expression of FTO and may change the
motif of functional DNA binding sites and thus impact
the regulation of transcription and alternative splicing
in ONFH occurrence. However, the hypothesis required
requires further experimental confirmation. In future, we
would design detailed experiments to further explore the
association between rs62033406 A>G and FTO expres-
sion and the biological functions of rs62033406 in ONFH
occurrence.

ONFH primarily affects young to middle-aged adults,
the mean age at diagnosis is 48 years in China, with
majority of their patients were between 30 and 65 years
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Table 4 (continued)

Case OR (95% Cl) P value

Control

Control OR (95% Cl) P value

Case

Model Genotype

SNP ID

Non-drinkers
68 (29.3%)

Drinkers

Drinking

0.460

1

83 (34.3%)
109 (45%)
50 (20.7%)
83 (34.3%)

0.009

1

81 (31.6%)

58 (21.9%)

Codominant

rs62033406

1.27 (0.84-1.94)

112 (48.3%)
52 (22.4%)
68 (29.3%)

1.91 (1.24-2.93)
1.84(1.08-3.12)

1

127 (49.6%)
48 (18.8%)
81 (31.6%)

150 (56.6%)

57 (21.5%)
58 (21.9%)

G/A
G/G
A/A

1.29 (0.78-2.15)

1

0.210

0.002*

Dominant

159 (65.7%) 1.28 (0.87-1.89)
1

192 (79.3%)
50 (20.7%)

164 (70.7%)
180 (77.6%)
52 (22.4%)

1.89 (1.25-2.84)

1

175 (68.4%)

208 (81.2%)
48 (18.8%)

207 (78.1%)

G/A-G/G
A/A-G/A

G/G

0610

0430

208 (78.5%)
57 (21.5%)

Recessive

1.12(0.72-1.74)

1.19(0.77-1.86)
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Fig. 1 Forest plot of FTO polymorphisms and ONFH susceptibility.
The horizontal lines represent the study-specific ORs and 95% Cls

[24]. Given that age is the risk factor for ONFH, we fur-
ther explored the effect of FTO variant on susceptibil-
ity to ONFH in the stratification analysis by age. A study
reported that the median of ONFH patients was 50 years
[25]. Besides, the mean ages of ONFH patients and
the controls in the study were 51.77 +14.55 years and
50.38 4+ 14.52 years, respectively. To explore the contri-
bution of age, we divided the cases and controls into two
groups as <51 years and>51 years, respectively. The
results displayed that FTO rs62033406 A>G was related
to the risk of ONFH in the subgroup at age>51 years
but not in the subjects with age <51 years, which indi-
cated that the influence of rs62033406 A>G on ONFH
susceptibility presented age difference. Moreover, the
prevalence rate was higher in men than in women in
China [2]. We noticed that rs62033406 A>G affected
ONFH risk in females but not in males, suggesting that
genetic susceptibility to ONFH might differ by sex. Spe-
cially, rs62033406 A>G was associated with the higher
ONFH risk after Bonferroni correction in the subgroup
at age >51 years and in females. The differential genetic
association pattern in subjects aged>51 years and in
females might be influenced by their hormonal, genetic,
and behavioral factors.
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Table 5 False-positive report probability for the associations of FTO polymorphisms with ONFH risk
Group/ SNPs ID Model OR (95% CI) Prior probability
0.25 0.1 0.01 0.001 0.0001
Overall
rs62033406 Codominant 1.54 (1.14-2.07) 0.029 0.081 0.492 0.907 0.990
1.52(1.06-2.18) 0.127 0.304 0.828 0.980 0.998
Dominant 1.53(1.16-2.03) 0.021 0.061 0416 0.878 0.986
Log-additive 1.25 (1.05-1.50) 0.048 0.132 0.625 0.944 0.994
Age>51 years
rs62033406 Codominant 2.00 (1.32-3.04) 0.007 0.021 0.189 0.701 0.959
2.39 (1.42-4.00) 0.011 0.032 0.266 0.786 0973
Dominant 1(1.42-3.13) 0.002 0.005 0.049 0.343 0.839
Log-additive 9(1.22-2.05) 0.003 0.009 0.095 0.515 0914
Males
rs9930333 Codominant 0.66 (0.45-0.96) 0.157 0358 0.860 0.984 0.998
Females
rs62033406 Codominant 242 (1.52-3.83) 0.002 0.007 0.071 0437 0.886
2.75 (1.55-4.86) 0.011 0.032 0.265 0.785 0973
Dominant 2.51(1.63-3.87) 0.001 0.002 0.020 0.169 0.671
Log-additive 74(1.31-2.31) 0.003 0.007 0.077 0455 0.893
Smokers 0.036 0.102 0.556 0.927 0.992
rs62033406 Codominant 1.82(1.16-2.84) 0.122 0.294 0.821 0.979 0.998
1.81 (1.06-3.09) 0.024 0.070 0453 0.893 0.988
Dominant 1.82(1.19-2.78) 0.080 0.207 0.741 0.967 0.997
Log-additive 1.36 (1.04-1.77)
Drinkers
rs62033406 Codominant 1.91 (1.24-2.93) 0.015 0.045 0.340 0.839 0.981
1.84(1.08-3.12) 0.102 0.255 0.790 0974 0.997
Dominant 1.89 (1.25-2.84) 0.011 0.031 0.263 0.782 0973
Log-additive 1.39(1.07-1.81) 0.042 0.116 0.590 0.936 0.993

SNP, single nucleotide polymorphism; OR, odds ratio; 95% Cl, 95% confidence interval

The level of false-positive report probability threshold was set at 0.2, and noteworthy findings are presented

Bold indicate that the level of false-positive report probability threshold <0.2

Smoking and alcohol intake are modifiable lifestyle-
related risk factors for ONFH [26]. A meta-analysis
showed that smokers were at a higher risk of ONFH
[27]. Alcohol intake is positively related to an increased
risk of ONFH in a non-linear pattern [28]. Specially,
FTO rs62033406 A>G was related to the risk of ONFH
in smokers and drinkers, but not in non-smokers and
non-drinkers respectively. After Bonferroni correc-
tion, rs62033406 A>G was associated with an increased
incidence in smokers and drinkers under the dominant
model. These findings emphasize the importance of
considering gene-behavioral habit in association stud-
ies between genetic and ONFH risk. These results might
emphasize the importance of considering heterogeneity
in genetic and ONFH association studies.

Given that ONFH is a complex polygenic disease, SNP-
SNP interaction studies may help to discover the risk

factors of ONFH. Of note, MDR is a powerful method to
detect SNP-SNP interactions without main gene effects
for complex diseases in case—control studies [29]. Fur-
ther, the MDR was used to analyses the interactions of
these six SNPs, the result suggested that rs62033406
A>G was the best single—locus model for ONFH risk,
which was consistent with the results of logistic regres-
sion analysis. The fruchterman-Reingold revealed that
r$62033406 had the information gain (0.60%) of individ-
ual attribute regarding ONFH. The best multi—loci model
was the five-locus model, a combination of rs9930333
T>G, rs1558902 T>A, rs56094641 A>G, rs3751812 G>T,
and rs62033406 A>G, which might further support the
multi-factor model contributing to ONFH occurrence.
Furthermore, rs62033406 was found to have a significant
combinatorial effect with four other SNPs. This hints that
the combination of high-risk genotypes carrying these



Wang et al. BMC Medical Genomics (2022) 15:132 Page 10 of 12
rs62033406
rs1558902
rs56094641
rs11642015
E— Synerey rs9930333
= Redundancy rs3751812

Fig. 2 Dendrogram for the interactions among FTO SNPs on the risk of ONFH. Short connections among nodes represent stronger interactions

rs56094641
0.02%

Fig. 3 Fruchterman-Reingold plot of FTO SNP-SNP interaction for ONFH susceptibility. Values in nodes represent the IGs of individual attribute
(main effects). Values between nodes are IGs of each pair of attributes (interaction effects)

variants may have important effect on ONFH pathogen-
esis. The complexity of the genetic interaction network in
ONFH occurrence need to further investigate.

However, some intrinsic limitations should be consid-
ered. First, all participants are limited to the Han Chinese
population, therefore, whether our finding are applicable
to other populations requires further research to confirm.
Second, this is a hospital-based, single-center study, so the
selection bias cannot be excluded. Third, the mechanism
of FTO rs62033406 A>G on the occurrence of ONFH is
still unclear, and the analysis of biological functions is

needed to further research. Despite the above limitations,
our research results provide scientific evidence for the
impact of FTO on the risk of ONFH in future studies.

Conclusion

To sum up, our results provide new light on the contribu-
tion of FTO polymorphisms to ONFH susceptibility among
the Chinese Han population, which may offer the new can-
didate genes for elucidating the pathogenesis of ONFH.
However, larger-scale prospective studies and functional
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Table 6 MDR analysis for SNP-SNP interaction in FTO with ONFH susceptibility
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Model Training Bal. Acc  Testing Bal. Acc  CVC OR (95% Cl) p
rs62033406 0.5382 0.5382 10/10 145(1.10-1.91) 0.008
rs56094641, rs62033406 0.5486 0.5321 8/10 152(1.17-197) 0.0016
rs56094641, rs3751812, rs62033406 0.5522 0.5341 5/10 1.56 (1.20-2.02) 0.0008
rs9930333, rs56094641, rs3751812, rs62033406 0.5541 0.5351 7/10 1.59(1.22-2.06) 0.0005
rs9930333, rs1558902, rs56094641, rs3751812, rs62033406 0.5558 0.5351 10/10 1.60 (1.24-2.08) 0.0004
rs9930333, rs11642015, rs1558902, rs56094641, rs3751812,rs62033406  0.5558 0.5351 10/10 1.60(1.24-2.08) 0.0004

MDR, multifactor dimensionality reduction; SNP, single nucleotide polymorphism; ONFH, osteonecrosis of the femoral head; Bal. Acc., balanced accuracy; CVC, cross—

validation consistency; OR, odds ratio; Cl, confidence interval
p values were calculated using x? tests

Bold indicate that p <0.05 indicates statistical significance

studies are needed to confirm our results and clarify the
underlying mechanism that F70 polymorphisms confers
susceptibility to ONFH.
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