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Abstract

Objective: This study aimed to explore the correlation between the SRY-related high-mobility-group box gene 4
(SOX4) 3′ untranslated region (UTR) single nucleotide polymorphism (SNP) and osteoporosis susceptibility.

Methods: The study recruited 330 osteoporosis patients (the case group) and 330 non-osteoporosis patients (the
control group) in Sichuan Chengdu First People’s Hospital and Zibo Central Hospital from August 2016 to August
2019. Sanger sequencing was used to analyze the genotypes of SOX4 gene rs79958549, rs139085828, and
rs201335371 loci. Multi-factor dimensionality reduction (MDR) was used to analyze the interaction between the
SOX4 gene rs79958549, rs139085828, and rs201335371 loci and the clinical characteristics of the subjects.

Results: The risk of osteoporosis in the carriers of A allele at SOX4 rs79958549 was 5.40 times that in the carriers of the
G allele (95% CI 3.25–8.96, P < 0.01). The risk of osteoporosis in the carriers of the A allele at SOX4 rs139085828 was 1.68
times that in the carriers of the G allele (95% CI 1.45–1.85, P < 0.01). The risk of osteoporosis in the carriers of the T
allele at SOX4 rs201335371 was 0.54 times that in the carriers of the C allele (95% CI 0.43–0.69, P < 0.01). The SOX4
gene rs79958549, rs139085828, and rs201335371 A-A-C haplotype (OR = 5.14, 95% CI 2.45–10.57, P < 0.01) were
associated with increased risk of osteoporosis and G-G-T haplotype was significantly associated with decreased risk of
osteoporosis (OR = 0.48, 95% CI 0.38–0.62, P < 0.01). The interaction among the factors of sex, smoking, drinking,
rs79958549, rs201335371 was the best model for osteoporosis prediction, and the risk for osteoporosis in ‘high-risk
combination’ was 2.74 times that of ‘low-risk combination’ (95% CI 1.01–7.43, P = 0.04). Multiple logistic regression
analysis revealed that the risk factors for osteoporosis were BMD (OR = 5.85, 95% CI 2.88–8.94, P < 0.01), T
score (OR = 8.54, 95% CI 5.66–10.49, P < 0.01), Z score (OR = 3.77, 95% CI 2.15–8.50, P < 0.01), rs79958549
SNP (OR = 6.92, 95% CI 3.58–8.93, P < 0.01), and rs139085828 SNP (OR = 2.36, 95% CI 1.85–4.27, P < 0.01).
The protective factor for osteoporosis was rs201335371SNP (OR = 0.48, 95% CI 0.32–0.75, P < 0.01).

Conclusion: The SOX4 gene SNPs rs79958549, rs139085828, and rs201335371 loci were significantly associated
with osteoporosis risk.
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Introduction
Osteoporosis, commonly seen in the elderly population,
is a disease characterized by an imbalance in bone
homeostasis involving multiple organs, which can lead
to a reduction in bone weight-bearing capacity and an
increase in bone fragility and easiness to multi-site frac-
tures [1–3]. The main pathogenesis of osteoporosis is
the imbalance of osteoblastic bone formation and osteo-
clastic bone resorption resulting in the reduction of
bone mass and the destruction of bone microstructure,
thus increasing bone fragility and decreasing bone
strength [4, 5]. The body strictly regulates the activation,
differentiation, and apoptosis of osteoblasts and osteo-
clasts to maintain the dynamic balance of bone forma-
tion and bone resorption, in which genetic factors play
an important role [6, 7].
In the 1990s, the discovery of the male sex determin-

ing region Y (SRY) led to the discovery of the entire
family of key regulatory genes SOX [8]. The transcrip-
tion factors SOX proteins encoded by SOX genes
control the fate of cells in many lineages. These
transcription factors can promote the development of
key systems such as the cardiovascular system, central
and peripheral nervous system, endocrine system, and
skeletal system. There are 20 SOX genes in the mammalian
genome, among which SOXC genes (including SOX4,
SOX11, and SOX12 genes) are related to bone development.
The SOX4 gene is located at 6p22.3 and contains

4879bp, but only has one exon encoded as the SOX4
protein. This gene is an important member of the SOX
family and participates in the regulation of embryo
development and differentiation by encoding tran-
scription factors [3, 9]. The mutation, deletion or
overexpression of the SOX4 gene not only can cause
dysplasia or congenital diseases [10] but also are
closely related to the formation and development of
tumors [11].
Nissen-Meyer et al. [12] found that SOX4+/− hetero-

zygote knockout mice suffered from osteoporosis in both
young and adult. Compared with the control group, the
proliferation and differentiation of the osteoblast pro-
genitor cells in these mice were delayed, the bone cortex
and trabecular bone were thinner, and the bone forma-
tion rate reduced; however, the bone cell rate was nor-
mal. In addition, some researchers have found that SNPs
around the SOX4 gene sequence are related to the total
hip bone mineral density [13].
In this study, we selected the SNP loci with a minor al-

lele frequency (MAF)> 0.01 in the 3′UTR region of the
SOX4 gene. The SNP loci chosen were rs79958549,
rs139085828, and rs201335371, which have received no
attention in the studies so far. As the population with
these SNP loci is relatively large, the study on the gen-
etic background of this population and its association

with osteoporosis is of great significance for the preven-
tion and treatment of osteoporosis.

Materials and methods
Subjects
From August 2016 to August 2019, 330 patients with
osteoporosis were selected as the case group, including
165 men and 165 women, aged from 47 to 89, with the
average age of (65.80 ± 10.71). In the same period, 330
non-osteoporosis patients were selected as the control
group in a 1:1 ratio according to the age, gender, and
BMI of the case group, including 171 males and 159
females, aged from 48 to 87, with the average age of
(64.95 ± 8.88). Diagnostic criteria for osteoporosis
included the following: (1) fragile fracture of the hip or
vertebral body; (2) T-score of lumbar spine 1-4 (L1-4)
bone mineral density (BMD) measured by dual-energy
X-ray absorptiometry (DXA) was <− 2.5; (3) BMD tests
were consistent with low bone mass (− 2.5<T-score<−
1.0) + fragile fracture of the proximal humerus, pelvis, or
distal forearm. The criteria for the control group in-
cluded the following: (1) BMD T-score ≥− 1.0; (2) BMD
tests were consistent with low bone mass (− 2.5<T-
score<− 1.0) without fragile fracture risk. Inclusion cri-
teria were as follows: (1) the anatomical structure of the
lumbar spine suitable for DXA measurement, no serious
scoliosis deformity, and no screw rod and other internal
fixators placed in the lumbar vertebra; (2) BMI ≥ 18.5
kg/m2; (3) good health, able to stand or move regularly
for at least 30 min a day. Exclusion criteria were as follows:
(1) patients with diseases known to affect bone metabolism,
such as severe malabsorption syndrome, chronic liver dis-
ease, inflammatory bowel disease, primary hyperparathyr-
oidism that are not effectively controlled, hypercalcemia,
Paget’s bone disease, active kidney stones, osteogenesis
imperfecta, and pituitary disease; (2) patients with second-
ary osteoporosis, such as rheumatoid arthritis, osteomalacia,
multiple myeloma, and gout; (3) patients who have taken
fluoride preparations continuously in the past 2 years; (4)
patients who have been continuously treated with bispho-
sphonates or PTH for more than 15 days within 1 year; (5)
patients who have continuously used estrogen receptors
modulators within 6 months; (6) patients who have con-
tinuously received calcitonin, estrogen, corticosteroids, cal-
citriol, and other drugs that can change bone metabolism
within 3 months; (7) patients with severe liver and kidney
diseases, peptic ulcer, rheumatic and immune diseases, ma-
lignant tumors, and other serious underlying diseases; (8)
patients with factors that affect the measurement results of
BMD, such as the history of lumbar spine fixation surgery
and ankylosing spondylitis. This study was approved by the
Medical Ethics Committee of Sichuan Chengdu First
People’s Hospital and Zibo Central Hospital. All subjects
have signed informed consent.
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Genotyping
Genomic DNA was extracted from the peripheral blood
of the subjects using the DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA) and stored in the refrigerator at
– 80 °C. The extracted genomic DNA was used as a
template for the PCR amplification, thereby obtaining
DNA fragments containing SOX4 gene rs79958549,
rs139085828, and rs201335371. The sequences of primer
for PCR amplification were as follows: rs79958549
Forward primer: 5′-CGC AGG CAG GGA GAA GG-3′,
Reverse primer: 5′-TTG ATC CGA CGA CGA GAA
CG-3′; rs139085828 Forward primer: 5′-CCG AGA
ACC CCG TTG GAA G-3′; Reverse primer: 5′-TCA
GTT TGA CCG TGA ACC CC-3′; rs201335371 For-
ward primer: 5′-GGA CGT ATT TAT ACT GGC CAA
ACA-3′, Reverse primer: 5′-AGA CGT AAA ATG GCG
TGG GT-3′. The PCR amplification reaction included
the following: 2.0 μl 10 × buffer, 10 pmol/L Forward pri-
mer, 10 pmol/L Reverse primer, 200 μmol/L dNTP, 1.5
mmol/L Mg2+, 2.5 U Taq enzyme. The PCR reaction
conditions included the following: 95 °C for 5 min; 30
cycles of 95 °C for 20 s; 58 °C for 20 s, 72 °C for 20 s,
and at last 72 °C extension for 10 min. PCR products
were analyzed by Sanger sequencing and then compared
with the sequences data in the dbSNP database (https://
www.ncbi.nlm.nih.gov/snp/). The genotypes of the sub-
jects were determined according to the matching results.

Statistical analysis
The χ2 test was used to assess whether the genotype
frequencies of SOX4 gene rs79958549, rs139085828, and
rs201335371 conformed to Hardy Weinberg equilibrium.
The χ2 test was used for the statistical analysis of the

categorical variables [n(%)]. The t test or one-way ana-
lysis of variance was used for the statistical analysis of
continuous variables (mean ± SD). Logistic regression
was performed to analyze the correlation between the
genotypes of SOX4 gene rs79958549, rs139085828, and
rs201335371 and osteoporosis risk and calculate the
odds ratio (OR) and 95% confidence interval (CI) with
the adjustment for age, gender, BMI, smoking, and
drinking. Multi-factor dimensionality reduction (MDR)
was used to analyze the interaction between SOX4 gene
rs79958549, rs139085828, and rs201335371 locus alleles
and subjects’ clinical characteristics of age, sex, BMI,
smoking, and alcohol consumption. The best model
P < 0.05 indicates that there is an interaction
between gene polymorphisms, and permutation test:
P < 0.05 verified statistical significance. Consistency
tests indicate the degree of statistical conformity,
with 10 being a perfect match. SPSS 20.0 (SPSS, Chicago,
IL, USA) was employed for statistical analysis. All
statistical tests were two-sided, and the level of statis-
tical significance was set at P value < 0.05.

Results
Clinical characteristics
The clinical characteristics of 330 osteoporosis patients
(case group) and 330 controls selected in this study are
shown in Table 1. There were no statistically significant
differences in the clinical data of age, gender, body mass
index (BMI), smoking, and drinking between the case and
the control group (P > 0.05). The bone mineral density
(BMD), T-score, and Z-score of the case group were sig-
nificantly lower than those of the control group, and the
differences were statistically significant (P < 0.01).

Table 1 Comparison of clinical characteristics between the osteoporosis patients and the control group

Case(n = 330) Control(n = 330) P

Age(years, mean ± SD) 65.80 ± 10.71 64.95 ± 8.88 0.27

Gender[n(%)] 0.64

Male 165(50.00%) 171(51.82%)

Female 165(50.00%) 159(48.18%)

BMI(kg/m2, mean ± SD) 22.77 ± 2.31 22.68 ± 2.12 0.60

Smoking 0.51

Yes 117(35.45%) 109(33.03%)

No 213(64.55%) 221(66.97%)

Drinking 0.69

Yes 126(38.18%) 121(36.67%)

No 204(61.82%) 209(63.33%)

BMD(g/m2) 0.72 ± 0.14 1.02 ± 0.21 < 0.01

T-score − 3.29 ± 0.75 0.25 ± 0.17 < 0.01

Z-score − 3.38 ± 1.33 − 1.25 ± 0.51 < 0.01

SD standard deviation, BMI body mass index, BMD bone mineral density
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Association of SOX4 gene polymorphisms with
susceptibility to osteoporosis
The genotypes and allele frequencies of SOX4 gene
rs79958549, rs139085828, and rs201335371 are shown
in Table 2. The analysis results indicated that SOX4
gene rs79958549, rs139085828, and rs201335371 genotype
frequencies of the controls were in Hardy-Weinberg
equilibrium (P > 0.05). When the GG genotype of SOX4
gene rs79958549 as a reference, the GA genotype, AA
genotype, dominant model, and recessive model were all
associated with an increased risk of osteoporosis (P <
0.05), and there was no significant correlation between the
additive model and the risk of osteoporosis (P = 0.17).
The risk of osteoporosis in the A allele carriers was 5.40
times that in the G allele carriers (95% CI 3.25–8.96, P <
0.01). When the GG genotype of SOX4 gene rs139085828
as a reference, the GA genotype, AA genotype, dominant
model, and recessive model were all associated with an

increased risk of osteoporosis (P < 0.05) and there was no
significant correlation between the additive model and the
risk of osteoporosis (P = 0.36). The risk of osteoporosis in
the A allele carriers was 1.68 times that in the G allele car-
riers (95% CI 1.45–1.85, P < 0.01). When the CC genotype
of SOX4 gene rs201335371 as a reference, the CT geno-
type, TT genotype, dominant model, recessive model, and
additive model were associated with a reduced risk of
osteoporosis (P < 0.05) and the risk of osteoporosis in the
T allele carriers was 0.54 times that in the C allele carriers
(95% CI 0.43–0.69, P < 0.01).

Analysis of linkage disequilibrium
Using Haploview 4.1 for linkage disequilibrium analysis,
we found that SOX4 gene rs79958549, rs139085828, and
rs201335371 loci formed a total of 5 haplotypes (Table 3).
When the G-G-C haplotype was used as a reference,
the A-A-C haplotype (OR = 5.14, 95% CI 2.45–10.57,

Table 2 The genotypes and allele frequencies of SOX4 gene rs79958549, rs139085828, rs201335371, and osteoporosis susceptibility

Case(n = 330) Control(n = 330) HWE P OR (95% CI)* P

rs79958549

GG 265(80.30%) 312(94.55%) 0.15 1.00(reference)

GA 39(11.82%) 17(5.15%) 2.70(1.49–4.89) < 0.01

AA 26(7.88%) 1(0.30%) 2.10(4.13–2.18) < 0.01

GA + AA vs. GG 4.25(2.46–7.35) < 0.01

AA vs. GG + GA 2.01(1.63–2.09) < 0.01

GG vs. AA 1.18(0.94–1.47) 0.17

G 569(86.21%) 641(97.12%) 1.00(reference)

A 91(13.79%) 19(2.88%) 5.40(3.25–8.96) < 0.01

rs139085828

GG 281(85.15%) 314(95.15%) 0.09 1.00(reference)

GA 29(8.79%) 15(4.55%) 2.16(1.14–4.11) 0.03

AA 20(6.06%) 1(0.30%) 2.02(1.55–2.12) < 0.01

GA + AA vs. GG 1.60(1.31–1.83) < 0.01

AA vs. GG + GA 1.96(1.51–2.06) < 0.01

GG vs. AA 1.06(0.94–1.19) 0.36

G 591(89.55%) 643(97.42%) 1.00(reference)

A 69(10.45%) 17(2.58%) 1.68(1.45–1.85) < 0.01

rs201335371

CC 186(56.36%) 121(36.67%) 0.09 1.00(reference)

CT 105(31.82%) 145(43.94%) 0.47(0.34–0.66) < 0.01

TT 39(11.82%) 64(19.39%) 0.40(0.25–0.63) < 0.01

CT + TT vs. CC 0.45(0.33–0.61) < 0.01

TT vs. CC + CT 0.56(0.36–0.86) 0.01

CC vs. TT 0.65(0.49–0.86) < 0.01

C 477(72.27%) 387(58.64%) 1.00(reference)

T 183(27.73%) 273(41.36%) 0.54(0.43–0.69) < 0.01

HWE Hardy-Weinberg equilibrium, OR odds ratio, CI confidence interval
*Adjusted for age, gender, BMI, smoking, and drinking
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P < 0.01) was associated with an increased risk of
osteoporosis, while the G-G-T haplotype was signifi-
cantly associated with a reduced risk of osteoporosis
(OR = 0. 48, 95% CI 0.38–0.62, P <= 0.01).

Association of SOX4 gene rs79958549, rs139085828, and
rs201335371 polymorphisms with clinical characteristics
The analysis results showed that there was no statisti-
cally significant difference in the factors of age, gender,
BMI, smoking, and drinking among subjects with differ-
ent genotypes of SOX4 rs79958549, rs139085828, and
rs201335371 (P > 0.05). The BMD, T-score, and Z-score
of subjects with different genotypes at the rs79958549,
rs139085828, and rs201335371 loci of the SOX4 gene
were significantly different (P < 0.01) (Tables 4, 5, and 6).

Interaction of SOX4 rs79958549, rs139085828, and
rs201335371 alleles with clinical characteristics
The multi-factor dimensionality reduction (MDR) was
used to analyze the interaction between the alleles of
SOX4 gene rs79958549, rs139085828, and rs201335371
and the clinical characteristics of the subjects’ age,
gender, BMI, smoking conditions, and drinking

conditions. The interaction among the factors of sex,
smoking conditions, drinking conditions, rs79958549,
and rs201335371 were the best model for osteoporosis
prediction. The risk of osteoporosis in ‘high-risk com-
bination’ was 2.74 times that of ‘low-risk combination’
(95% CI 1.01–7.43, P = 0.04, Table 7).

Multiple logistic regression analysis
A number of variables were tested in this study to deter-
mine whether they were independent risk factors for
osteoporosis. As shown in Table 8. The risk factors for
osteoporosis were BMD (OR = 5.85, 95% CI 2.88–8.94, P
< 0.01), T-score (OR = 8.54, 95% CI 5.66–10.49, P < 0.01),
Z-score (OR = 3.77, 95% CI 2.15–8.50, P < 0.01),
rs79958549 SNP (OR = 6.92, 95% CI 3.58–8.93, P < 0.01),
and rs139085828 SNP (OR = 2.36, 95% CI 1.85–4.27,
P < 0.01); the protective factor was rs201335371SNP
(OR = 0.48, 95% CI 0.32–0.75, P < 0.01) (Table 8).

Discussion
By conducting a case-control study, we found that the
SOX4 gene rs79958549 A allele, rs139085828 A allele,
and rs201335371 C allele were significantly associated

Table 4 Comparison of clinical characteristics among subjects with different genotypes at rs79958549 of SOX4 gene

GG(n = 577) GA(n = 56) AA(n = 27) P值

Age(years, mean ± SD) 65.51 ± 9.80 63.98 ± 10.35 65.44 ± 9.81 0.54

Gender [n(%)] 0.19

Male 300(51.99%) 22(39.29%) 14(51.85%)

Female 277(48.01%) 34(60.71%) 13(48.15%)

BMI(kg/m2, mean ± SD) 22.77 ± 2.21 22.68 ± 2.15 21.99 ± 2.48 0.20

Smoking 0.12

Yes 190(32.93%) 26(46.43%) 10(37.04%)

No 387(67.07%) 30(53.57%) 17(62.96%)

Drinking 0.13

Yes 213(36.92%) 19(33.93%) 15(55.56%)

No 364(63.08%) 37(66.07%) 12(44.44%)

BMD(g/m2) 0.88 ± 0.24 0.77 ± 0.17 0.74 ± 0.14 < 0.01

T-score − 1.38 ± 1.84 − 1.61 ± 1.87 − 3.09 ± 0.88 < 0.01

Z-score − 2.19 ± 1.39 − 3.23 ± 1.82 − 3.00 ± 1.37 < 0.01

BMI body mass index, SD Standard deviation

Table 3 The correlation between the haplotypes of SOX4 gene rs79958549, rs139085828, and rs201335371 and the osteoporosis
susceptibility

Haplotype # Case(n = 330) Control(n = 330) OR (95% CI) P

G-G-C 425(64.39%) 378(57.27%) 1.00(reference)

A-G-T 7(1.06%) 1(0.15%) 6.23(0.76–50.84) 0.11

A-A-C 52(7.88%) 9(1.36%) 5.14(2.45–10.57) < 0.01

A-A-T 10(1.52%) 9(1.36%) 0.99(0.40–2.46) 0.98

G-G-T 142(21.52%) 263(39.85%) 0.48(0.38–0.62) < 0.01
#The haplotypes of SOX4 gene rs79958549, rs139085828, and rs201335371 loci
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with an increased risk of osteoporosis. We also found
that the A-A-C haplotype formed by rs79958549,
rs139085828, and rs201335371 of SOX4 gene was asso-
ciated with an increased risk of osteoporosis, and the G-
G-T haplotype was associated with a reduced risk of
osteoporosis. The MDR analysis indicated that the inter-
action between gender, smoking, drinking, rs79958549,
and rs201335371 was significantly related to the risk of
osteoporosis. Multiple logistic regression analysis re-
vealed that the risk factors for osteoporosis were BMD
(OR = 5.85, 95% CI 2.88–8.94, P < 0.01), T-score (OR =
8.54, 95% CI 5.66–10.49, P < 0.01), Z-score (OR = 3.77,
95% CI 2.15–8.50, P < 0.01), rs79958549 SNP (OR =
6.92, 95% CI 3.58–8.93, P < 0.01), and rs139085828 SNP

(OR = 2.36, 95% CI 1.85–4.27, P < 0.01); the protective
factor was rs201335371SNP (OR = 0.48, 95% CI 0.32–
0.75, P < 0.01). The rs79958549, rs139085828, and
rs201335371 loci of the SOX4 gene and their interaction
with environmental factors were associated with the risk
of osteoporosis.
In recent years, the focus of relevant research has been

mainly on the correlation between osteoporosis-related
genes and osteoporosis [14, 15], and at the same time,
the purpose of curing the disease by modifying genetic
material [16]. There are many SNP loci in the coding re-
gion of the SOX4 gene, and the MAF of most SNP loci
was below 0.01. In the 1000 genomes database, the MAF
of rs79958549 was 0.024, that of rs139085828 was

Table 5 Comparison of clinical characteristics among subjects with different genotypes at rs139085828 of SOX4 gene

GG(n = 595) GA(n = 44) AA(n = 21) P

Age(years, mean ± SD) 65.53 ± 9.82 63.07 ± 9.24 65.81 ± 11.38 0.27

Gender [n(%)] 0.84

Male 302(50.76%) 22(50.00%) 12(57.14%)

Female 293(49.24%) 22(50.00%) 9(42.86%)

BMI(kg/m2, mean ± SD) 22.76 ± 2.23 22.53 ± 2.08 22.19 ± 2.14 0.43

Smoking 0.82

Yes 204(34.29%) 16(36.36%) 6(28.57%)

No 391(65.71%) 28(63.64%) 15(71.43%)

Drinking 0.35

Yes 220(36.97%) 17(38.64%) 11(52.38%)

No 375(63.03%) 27(61.36%) 10(47.62%)

BMD(g/m2) 0.88 ± 0.24 0.78 ± 0.20 0.73 ± 0.15 < 0.01

T-score − 1.42 ± 1.84 − 2.15 ± 1.84 − 3.15 ± 1.02 < 0.01

Z-score − 2.25 ± 1.44 − 2.57 ± 1.58 − 3.50 ± 1.43 < 0.01

BMI body mass index, SD standard deviation

Table 6 Comparison of clinical characteristics among subjects with different genotypes at rs201335371 of SOX4 gene

CC(n = 307) CT(n = 250) TT(n = 103) P

Age(years, mean ± SD) 65.07 ± 9.74 64.87 ± 9.77 67.52 ± 10.11 0.06

Gender [n(%)] 0.64

Male 151(49.19%) 129(51.60%) 56(54.37%)

Female 156(50.81%) 121(48.40%) 47(45.63%)

BMI(kg/m2, mean ± SD) 22.65 ± 2.20 22.84 ± 2.25 22.68 ± 2.16 0.62

Smoking 0.62

Yes 108(35.18%) 87(34.80%) 31(30.10%)

No 199(64.82%) 163(65.20%) 72(69.90%)

Drinking 0.38

Yes 118(38.44%) 86(34.40%) 43(41.75%)

No 189(61.56%) 164(65.60%) 60(58.25%)

BMD(g/m2) 0.83 ± 0.23 0.89 ± 0.22 0.95 ± 0.27 < 0.01

T-score − 1.92 ± 1.83 − 1.20 ± 1.80 − 1.13 ± 1.83 < 0.01

Z-score − 2.50 ± 1.51 − 2.19 ± 1.50 − 2.05 ± 1.14 < 0.01

BMI body mass index, SD standard deviation, BMD bone mineral density
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0.0102, and that of rs201335371 was 0.4320, all above
0.01. In the control group, the MAF of rs79958549 was
0.0288, that of rs139085828 was 0.0258, and that of
rs201335371 was 0.4136, close to the data in the 1000
genomes database, indicating that the population se-
lected in this study was representative. In addition, using
the allele frequency of rs79958549 was used as a refer-
ence, we calculated the minimum sample size required
for the case and the control group was 97 and 97 cases,
respectively; using the allele frequency of rs139085828 as
a reference, the minimum sample size required was 150
cases and 150 cases respectively; and using the allele fre-
quency of rs201335371 as a reference, the minimum
sample size required was 187 cases and 187 cases. All
are lower than the sample size in this study, which indi-
cated that the results are relatively objective.
In this study, the subjects with the GA or AA genotype

at rs79958549 had a higher risk of osteoporosis than
those with the GG genotype. After adjusting for age,

gender, BMI, smoking, drinking, and other factors, the
rs79958549 A allele carriers had a 5.40 times higher risk
than the G allele carriers, suggesting that rs79958549 A
allele was associated with an increased risk of osteopor-
osis. For rs139085828, the GA and AA genotypes were
associated with an increased risk of osteoporosis, and
the A allele carriers had a higher risk of osteoporosis
than the G allele carriers. For rs201335371, the carriers
of the CT and TT genotypes had a lower risk of osteo-
porosis than the carriers of the CC genotype, and the T
allele is a protective gene for osteoporosis. At present,
there is no research focusing on the correlation between
these SNP loci and diseases.
Many researchers focused on the correlation between

the SOX4 gene and tumors, and obtained some research
findings. Increased SOX4 expression often inhibits apop-
tosis and increases cell invasion and metastasis, and drug
resistance in most tumors, such as oral squamous cell
carcinoma [17], lung cancer [18], breast cancer [19], gas-
tric cancer [20], hepatocellular carcinoma [21], colorec-
tal cancer [22], endometrial cancer [23], bladder cancer
[11], and prostate cancer [24]. The latest research has
shown that the SOX4 can participate in the pathological
changes of osteoarthritis cartilage by regulating ADAM
TS4 and ADAMTS5 [25]. It was found in a mouse
model that SOX4 mRNA expression was increased in
the cartilage of the osteoarthritis patients, resulting in
articular cartilage destruction through adenovirus infec-
tion. However, the specific mechanism of SOX4 in the
development of osteoporosis remains unclear. Some
studies have shown reduced bone mass and bone forma-
tion and impaired osteoblast development in SOX4 het-
erozygous mice, indicating the significant role of SOX4
in bone formation and resorption.
It is acknowledged that the occurrence of osteoporosis

is closely related to genetic and environmental factors
[26]. MDR is a new method developed in recent years to

Table 7 MDR analysis of the interaction of SOX4 gene rs79958549, rs139085828, and rs201335371 alleles with the subjects’ age,
gender, BMI, smoking conditions, and drinking conditions

Model Training balanced
accuracy

Training accuracy OR (95% CI) χ2 P

rs201335371 0.5985 0.5985 2.23(0.83–5.99) 2.57 0.11

rs79958549, rs201335371 0.6258 0.6258 2.80(1.03–7.58) 4.18 0.04

rs79958549, rs139085828, rs201335371 0.6348 0.6288 2.87(1.06–7.80) 4.38 0.04

Smoking, drinking, rs79958549, rs201335371 0.6517 0.5864 2.02(0.76–5.42) 1.99 0.16

Gender, smoking, drinking, rs79958549, rs201335371 0.6704 0.6227 2.74(1.01–7.43) 3.99 0.04

Gender, smoking, drinking, rs79958549, rs139085828,
rs201335371

0.6916 0.5985 2.24(0.83–6.02) 2.58 0.11

Age, gender, smoking, alcohol, rs79958549,
rs139085828, rs201335371

0.7114 0.5742 1.82(0.69–4.83) 1.46 0.23

Age, gender, BMI, smoking, alcohol, rs79958549,
rs139085828, rs201335371

0.7348 0.5591 1.62(0.61–4.31) 0.93 0.33

OR odds ratio, CI confidence interval, BMI body mass index

Table 8 Logistic regression analysis for identifying risk factors of
osteoporosis

Variables B OR (95%CI) P value

Age − 0.01 0.99(0.79–1.17) 0.12

Gender − 0.19 0.83(0.55–1.44) 0.85

BMI 0.04 1.04(0.85–1.77) 0.63

Smoking 0.10 1.11(0.94–2.01) 0.55

Drinking − 0.98 0.83(0.22–1.55) 0.44

BMD 4.56 5.85(2.88–8.94) < 0.01

T-score 14.55 8.54(5.66–10.49) < 0.01

Z-score 2.64 3.77(2.15–8.50) < 0.01

rs79958549 1.95 6.92(3.58–8.93) < 0.01

rs139085828 0.86 2.36(1.85–4.27) < 0.01

rs201335371 − 0.73 0.48(0.32–0.75) < 0.01

BMI body mass index, BMD bone mineral density
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analyze interactions, and its greatest advantage is the
ability to simultaneously detect and analyze the com-
bined effects of multiple factors influencing the disease.
It does not consider main effects when analyzing inter-
actions between factors and levels. Therefore, it can still
detect higher-order interactions when the potential main
effects are not statistically significant. MDR can only de-
tect interactions, but it cannot detect main effects when
they are significant. In this case, with the help of logistic
regression, after first detecting the interaction with
MDR, the interaction term is forced into logistic regres-
sion for main effect and interaction effect analysis. Our
analysis showed that the interaction among sex, smok-
ing, drinking, rs79958549, and rs201335371 was of great
significance for the prediction of osteoporosis risk. We
found that the ‘high-risk combination’ of these factors
was 2.74 times more likely to develop osteoporosis than
the ‘low-risk combination’, which, combined with the re-
sults of logistic regression analysis, suggests that the
interaction between the SOX4 gene and the environ-
ment is of great value for osteoporosis risk prediction.
The study provides a new idea for the prevention and

treatment of osteoporosis. The findings suggesting that
studies on osteoporosis-related gene polymorphisms and
their interaction with environmental factors may
contribute to new directions for the prevention and
treatment of osteoporosis. However, this study has some
deficiencies. First, the molecular mechanism of the
SOX4 gene rs79958549, rs139085828, and rs201335371
related to osteoporosis risk needs to be further studied.
Whether these SNP loci are located at the binding sites
of microRNAs to the SOX4 gene needs to be predicted
by bioinformatics tools. Second, the correlation between
the SOX4 gene rs79958549, rs139085828, rs201335371
loci and the expression levels of SOX4 needs further
study. Furthermore, the potential role of SOX4 in the
occurrence and development of osteoporosis needs to be
confirmed by both in vitro and in vivo research.

Conclusion
We found that the SOX4 gene SNPs rs79958549,
rs139085828, and rs201335371 are significantly associated
with osteoporosis risk. Also, the interaction between sex,
smoking, drinking, rs79958549, and rs201335371 is of
great significance in osteoporosis risk prediction.
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