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Original Article

Aim: Deep vein thrombosis (DVT) is a common complication of orthopedic surgery. Multiple lines of evidence 
indicate that genetic factors play an important role in the development of DVT following orthopedic surgery 
(DVTFOS). Recent evidence suggested that the solute carrier family 44 member 2 (SLC44A) gene may contrib-
ute to the risk of DVT. In this study, we aimed to investigate the associations of SLC44A2 and DVTFOS in Chi-
nese Han individuals.

Methods: In the study, 2,655 subjects, including 689 DVTFOS patients and 1,966 controls, were recruited. 
Eighteen SNPs were genotyped in the study. Genetic association analyses were performed at both the single 
marker and haplotype levels. Bioinformatics analyses were conducted to predict the functional consequences of 
significant SNPs.

Results: SNP rs2288904 of SLC44A2 was identified as being significantly associated with DVTFOS (P=0.0003, 
OR [95%CI]=1.28[1.12–1.46]). Allelic analyses showed that the G allele of this SNP significantly elevated the 
risks of DVTFOS, which was replicated in the genotypic association analyses. Moreover, a two-SNP haplotype, 
including rs2288904, was found to be strongly correlated with the risk of DVTFOS (P=4.15×10－11). Wide-
spread effects in the expression quantitative trait loci were identified for rs2288904 in multiple tissues.

Conclusion: In summary, our results provide further supportive evidence of the association of SLC44A2 with 
the risk of DVTFOS, which also provide clues for understanding the important roles of the SLC44A2 gene in the 
pathogenesis of DVTFOS and in the development of preventive strategies.

contribute to the development of DVT4). In the past 
decades, family and twin studies have also confirmed 
that the heritability of DVT is greater than 60%5, 6). 
Orthopedics surgery after injury or disease is strongly 
associated with a risk of developing DVT. In the 
absence of thromboprophylaxis, venography docu-
mented DVT may occur in up to 60% of patients 
within 2 weeks following lower-extremity orthopedic 
surgery, which is far greater than the incidence 

Introduction

Deep vein thrombosis (DVT) is a major medical 
disease, with an incidence of 67 per 100,000 cases 
every year1), and is caused by venous injury, slow 
blood flow, or blood hypercoagulability2). Severe DVT 
can result in postphlebitic syndrome, pulmonary 
embolism, and even death3). The results of some 
genetic studies have shown that genetic factors might 
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of SLC44A2 to the risk of DVTFOS have not yet 
been fully investigated. Moreover, due to genetic het-
erogeneity, large-scale studies in non-European popu-
lations are necessary to confirm these results and to 
understand further the genetic origins of DVTFOS. 
In addition, current preoperative prevention strategies 
are not enough to prevent DVTFOS. Investigating 
the potential genetic markers contributing to the risk 
of DVTFOS would enable pre-surgery genetic screen-
ing and precision prevention for DVTFOS. Thus, we 
performed a hospital-based, case-controlled study to 
identify further the association between SLC44A2 and 
the risk of DVTFOS in Han Chinese individuals, 
which could provide clues for understanding the roles 
of SLC44A2 in the genetic predisposition to the devel-
opment of DVTFOS and aid in the development of 
preventive strategies.

Materials and Methods

Study Population
In our study, 2,655 subjects who underwent 

orthopedic surgery on the knee or hip were recruited 
from Honghui Hospital of Xi’an Jiaotong University 
between April 2011 and May 2017. Among the sub-
jects, 689 cases were diagnosed with DVTFOS (394 
females and 295 males), and 1,966 controls experi-
enced none of the typical symptoms or signs of DVT 
(1,126 females and 840 males) (Fig.1). For each sub-

observed in healthy people7). Postoperative complica-
tions of DVT were determined not only by environ-
mental factors but also by genetic factors. Therefore, it 
is urgent to identify the susceptibility genes for DVT 
and to elucidate the exact molecular mechanisms of 
DVT following orthopedic surgery (DVTFOS).

With the development of high-throughput DNA 
sequencing techniques, genome-wide association 
(GWA) studies have provided supportive evidence for 
the polygenic nature of venous thromboembolism 
(VTE) susceptibility and have identified some SNPs 
that contribute to the risk of VTE8, 9); however, these 
results can explain only a small portion of the limited 
heritability due to a lack of biological interpretations. 
So far, the molecular mechanisms of VTE are still 
unknown. Recently, a meta-analysis of 12 GWA stud-
ies, involving 7,507 VTE cases and 52,632 controls, 
has identified an association between the exonic SNP 
rs2288904 within the solute carrier family 44 member 
2 (SLC44A) gene and VTE in European populations8). 
Moreover, the association between SLC44A2 and 
thrombosis was subsequently confirmed in another 
independent study of a European population, which 
further strengthens the evidence linking SLC44A2 and 
VTE9).

As a common form of VTE, DVTFOS might 
also be associated with the SLC44A2 gene. Although 
there is evidence of significant associations with VTE 
in European-ancestry populations, the contributions 

Fig.1. Flow diagram of cases and control selection for the study design
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Genotyping was conducted by laboratory personnel 
blinded to the case–control status, and the genotyping 
results, data entry, and statistical analyses were inde-
pendently reviewed by two authors10, 11). We randomly 
re-performed the analyses on 5% of the sample, with a 
concordance of 100%.

Statistical Analyses
χ2 tests were performed to examine genetic asso-

ciations at both the single marker and haplotype lev-
els. In addition, logistic models were fitted for each 
SNP to adjust for the potential confounding effects of 
age and body mass index (BMI) by including both 
variables as covariates (because both variables had 
unbalanced distributions between DVT cases and 
controls). Plink was utilized for the statistical analyses 
mentioned above12). A Q–Q plot was made to exam-
ine the potential inflation of significant hits from sin-
gle-marker-based analyses to detect the potential 
effects of population stratifications. Locus zoom was 
utilized to make a regional association plot13). Bonfer-
roni corrections were applied to address multiple com-
parisons. For single-marker-based association analyses, 
the threshold for P values was 0.003 (0.05/18).

Bioinformatics Analyses
Functional analyses of SNPs with significant 

association signals were performed by two bioinfor-
matics tools. For non-synonymous SNPs located 
within exons, SIFT was utilized to evaluate the func-
tional consequences of SNPs on the protein encoded 
by its gene14), and we also examined the expression 
quantitative trait loci (eQTL) patterns of these signifi-
cant association hits using the GTEx database15). In 
addition, we investigated the interaction network of 
SLC44A2 using the STRING database, which is a 
database of known and predicted protein–protein 
interactions.

Results

In the study, significant differences in age and 
BMI were found between DVTFOS patients and con-
trols (Table 1). All SNPs were in Hardy–Weinberg 
equilibrium in the control group (P＞0.05, Supple-
mental Table 2). No significant clues for the inflation 
of -log P values can be found from the Q–Q plot 
(Supplemental Fig.1). As presented in Table 2 and 
Fig.1, only SNP rs2288904 of SLC44A2 was identi-
fied to be strongly associated with DVTFOS in our 
study subjects (P=0.0003) after adjusting for age and 
BMI (Table 2 and Fig.2). The association signal was 
still significant after the Bonferroni correction (Pthreshold 

=0.05/18). The MAF of the G allele of this SNP was 

ject, anticoagulant drugs were routinely taken starting 
6 hours post-operation (Rivaroxaban, 10 mg/qd). 
Patients with signs and symptoms suggestive of acute 
DVT and with a Wells score indicating a high proba-
bility of DVT underwent ultrasound examinations. 
DVT was assessed within 5 days postoperatively for all 
subjects by two independent experienced sonogra-
phers, using lower-extremity Color-Doppler ultra-
sound for preliminary screening by means of a GE-
Logic E9 (GE Healthcare Ltd) device with a high-fre-
quency linear transducer (10 MHz). When it was dif-
ficult for six patients to obtain an exact diagnosis, 
venography was applied for diagnosis confirmation. A 
total of 2,075 discharged patients were followed up 
after orthopedic surgery on the knee or hip. If DVT 
was not reported within 40 days after surgery, the 
patients were included in the controls. If the follow-
up fails within 40 days after surgery, the patient was 
considered as a missing subject and was excluded from 
this study. Finally, 1,966 patients were enrolled as 
controls. Additionally, if the patients undergoing 
orthopedic surgery had a history of VTE, autoim-
mune disease, malignant tumors, severe respiratory 
and circulatory system diseases, pregnancy, oral con-
traceptives and hormonal therapy, acute medical ill-
nesses, inflammatory bowel disease, and central 
venous catheter, we excluded them from the study. All 
subjects were unrelated and were restricted to the Han 
Chinese population. The clinical data and characteris-
tics of all subjects were measured or recorded. Written 
informed consent was obtained from all subjects. This 
study was performed in accordance with the ethical 
guidelines of the Declaration of Helsinki (version 
2002) and was approved by the Medical Ethics Com-
mittee of Xi’an Jiaotong University.

SNP Selection and Genotyping
We searched for all SNPs with minor allele fre-

quencies (MAF) ≥ 0.05 within the region of the 
SLC44A2 gene in the 1,000 Genomes Chinese Han 
Beijing population. Then, MAF ≥ 0.05, with pairwise 
tagging, and r2 ≥ 0.7 were used as the cut-off criteria 
during tag SNP selection, which generated 18 tag 
SNPs for our study. Basic information on the 18 
selected SNPs is summarized in Supplemental Table 
1. Genomic DNA was isolated from peripheral blood 
using a Tiangen DNA extraction kit (Tiangen Biotech 
Co. Ltd, Beijing, China), according to the manufac-
turer’s protocol. SNP genotyping was performed using 
a Sequenom MassARRAY platform with iPLEX 
GOLD chemistry (Sequenom, San Diego, CA, USA), 
based on the manufacturer’s protocols. The results 
were processed using Sequenom Typer 4.0 software, 
and genotype data were generated from the samples. 
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18 selected SNPs, and the associated SNP rs2288904 
was located in block 3 (Fig.3). Haplotypic association 
analyses were conducted in all LD blocks, and the 
results were summarized in Table 3. A two-SNP hap-
lotype in SLC44A2 was identified to be significantly 
associated with DVTFOS (rs76638997–rs2288904, P 
=4.15×10－11). The associated SNP rs2288904 was 
also included in this haplotype, which provided sup-
portive evidence of the significant association of 
rs2288904 with the risk of DVTFOS (Table 3).

For the significant SNP, rs2288904, which results 
in a non-synonymous change located within the 
exonic region of SLC44A2, no evidence of significant 

much higher in cases compared with controls, and 
further analyses also indicated that the G allele of 
rs2288904 has a positive correlation with the risk of 
DVTFOS (OR=1.28, 95%CI=1.12–1.46, Table 2). 
Further genotypic analyses identified the dose-depen-
dent pattern. Compared with the CC and GC geno-
types, the distribution of the GG genotype was more 
frequent in the patients (P=0.00062, Table 2). Simi-
lar results were obtained in both allelic and genotypic 
analyses. There was no significant difference between 
other SNPs and the risk of DVTFOS (Supplemental 
Table 2).

Three LD blocks were constructed based on our 

Table1. Characteristic and clinical information for the 2,655 study subjects

Cases (N=689) Controls (N=1,966) Statistics P

Age, mean±sd
BMI, mean±sd
Gender (%)

Male
Female

Site of Surgery (%)
hip
knee

Hypertension (%)
Yes
No

Hyperlipemia (%)
Yes
No

Diabetes (%)
Yes
No

Smoking (%)
Yes
No

Location of the thrombosis (%)
Proximal
Distal
Both

59.6±5.7
25.9±1.6

 
295 (43)
394 (57)

 
396 (57)
293 (43)

 
205 (30)
484 (70)

 
197 (29)
492 (71)

 
39 (6)

650 (94)

117 (17)
572 (83)

 
586 (85)

85 (12)
18 (3)

58.5±6.5
25.4±1.7

 
840 (43)

1,126 (57)
 

1,146 (58)
820 (42)

 
555 (28)

1,411 (72)
 

490 (25)
1,476 (75)

 
103 (5)

1,863 (95)
 

316 (16)
1,650 (84)

 
-
-
-

t=4.3
t=6.8

 
 

χ2=0
 
 
χ2=0.11
 
 
χ2=0.51
 
 
χ2=3.39
 
 
χ2=0.11
 
 
χ2=0.25

 
 
 
-

1.78×10－5

1.23×10－11

 
 
1
 
 

0.74
 
 

0.48
 
 

0.07
 
  

0.75
 
 

0.62
 
 
 
-

Table 2. Significant SNPs identified in single marker based association analyses

SNPs Status
Genotypes (%) Pgenotype

Padj

Alleles (%)
χ2 Pallele

Padj

ORadj 
95%CIAA GA GG A G

rs2288904

Cases 
(N=689)

58 (8.4) 311 (45.1) 320 (46.5) 0.00053 427 (31.0) 951 (69.0) 0.00026 1.28 

Controls 
(N=1,966)

264 (13.4) 904 (46.0) 798 (40.6) 0.00062 1,432 (36.4) 2,500 (63.6) 13.00 0.00030 (1.12-1.46) 

Padj, ORadj: P values and OR adjusted by age and BMI.
Risk allele was highlighted in bold, and OR referred to the risk allele.
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with a P-value of 10－27 (Table 4), indicating a strong 
effect on regulating the expression of SLC44A2. Fur-
thermore, according to the STRING database, we 
found that the protein encoded by the SLC44A2 gene 
and the proteins encoded by the other 15 genes con-
structed a more complex interaction network (Fig.4), 

functional consequences could be found using SIFT, 
and both alleles were classified as “tolerated”. How-
ever, widespread effects of eQTL were identified for 
rs2288904 in multiple tissues, including the skin, 
whole blood, mucosa, esophagus, and skeletal muscle. 
The most significant hit was from the skeletal muscle 

Fig.2. Regional association plot based on the results from the single marker-based asso-
ciation analyses

Fig.3. Linkage disequilibrium structure of the 18 SNPs

Values of D’ are indicated in each cell.
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effect of rs2288904 was the same compared with the 
previous meta-analysis. The effect size was also very 
similar between the two studies. In this sense, we have 
successfully replicated the finding of this previous 
meta-analysis for DVTFOS in the Chinese Han pop-
ulation. In addition, compared with the previous 
genetic association studies focusing on unraveling the 
genetic etiology of VTE, our study could provide 
important data to support pre-surgery genetic screen-
ing and precision prevention for DVTFOS by identi-

which also increased the complexity of the effect of 
the SLC44A2 gene on the risk of DVTFOS to a cer-
tain extent.

Discussion

Previous large-scale meta-analyses and follow-up 
studies based on European populations have identified 
and confirmed the association between rs2288904 in 
SLC44A2 and VTE8, 9). The direction of the SNP 

Fig.4. Interaction network constructed based on protein–protein interaction data

Blue and pink lines mean experimentally determined interactions.

Table 3. Results of genetic association for haplotype based analyses

Gene χ2 DF P SNPs

SLC44A2
SLC44A2
SLC44A2

0.44
1.29

47.81  

2
2
2

0.80 
0.52 

4.15×10－11

rs10413422-rs76359824
rs3745242-rs28860769
rs76638997-rs2288904

DF: degree of freedom. Significant results were highlighted in bold.

Table 4. Significant eQTLs identified from data of GTEx

Gene SNP P Effect Size T-Statistic Standard Error Tissue

SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2

rs2288904
rs2288904
rs2288904
rs2288904
rs2288904

1.50×10－27

5.00×10－9

7.70×10－8

3.80×10－7

1.90×10－5

-0.55 
0.30 
0.19 
0.13 
0.15 

-12.0 
6.0 
5.5 
5.2 
4.3 

0.047
0.049
0.034
0.025
0.034

Muscle - Skeletal
Skin - Not Sun Exposed (Suprapubic)
Skin - Sun Exposed (Lower leg)
Whole Blood
Esophagus - Mucosa
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typed 18 SNPs in total for both loci; these SNPs are 
far too few to represent the structure of genetic varia-
tions for this genomic region. Large numbers of rare, 
low-frequency, and indel variations were not examined 
in this study. More interestingly, several recent studies 
have shown that these rare and low-frequency DNA 
variants might play an important role in the patho-
genesis of human complex disorders32-34). Therefore, 
we cannot rule out the possibility that some other 
effective variants with independent genetic effects may 
be located within this region. In the future, targeted 
sequencing-based studies focusing on this genomic 
region are needed to completely unravel the genetic 
architectures of SLC44A2 on DVTFOS.

Population stratification is one of the most com-
mon confounding factors for genetic association stud-
ies and could be worse for research conducted in the 
Chinese Han population, which is an ethnic group 
with a large degree of heterogeneity35). In the sample 
recruitment process, we only included individuals 
with no immigration history within the last three gen-
erations. This procedure would, at least partly, restrict 
the genetic background and control the genetic het-
erogeneity of our study subjects. On the other hand, 
the Q–Q plot, made based on P values of single-
marker-based association analyses, indicated that no 
signs of inflation for significance could be identified. 
Therefore, we believe that population stratification is 
not a problem for this study. In addition, although we 
have tried our best to exclude patients with risk factors 
of VTE in the sample recruitment process, it might 
still be not enough to control these potential risk fac-
tors. Therefore, we need to be careful in interpreting 
the significant hits identified in the present study, and 
our results should be considered to be preliminary and 
confirmed by functional evidence in future research.

In this study, we have obtained evidence for 
genetic associations between DVTFOS and gene 
SLC44A2. Further bioinformatics analyses have con-
firmed that the significant SNP had a potential func-
tional consequence. These results suggest the impor-
tant roles of SLC44A2 in the pathogenesis of DVT-
FOS. Further research and wider replications should 
be conducted to validate in larger, preferably popula-
tion-based studies to elucidate the exact molecular 
basis of the relationship between SLC44A2 and DVT-
FOS risk, which would help to reveal the etiology of 
DVTFOS and provide intriguing new insight into its 
biology.
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fying genetic markers contributing to its risk.
The SLC44A2 gene is located at 19p13.2, and 

the protein encoded by this gene is the solute carrier 
protein 44A2, also known as transporter-like protein 
2 (CTL2)16). CTL2 mutations can cause hearing loss 
in animals and patients and have been implicated in 
transfusion-related acute lung injury17, 18). Previous 
studies have shown that CTL2 is a binding partner for 
the von Willebrand factor19), which facilitates hemo-
stasis primarily by stabilizing coagulation Factor VIII 
(FVIII). Increased levels of FVIII have been demon-
strated to be a risk factor for first20) and recurrent21, 22) 
episodes of DVT. In addition, one of the primary 
causes of DVT is damaged blood vessel walls, result-
ing from oxidative stress and inflammation 
responses23).

Given that it is difficult to draw reliable conclu-
sions only based on SNPs association analyses24-28), 
bioinformatics analyses of rs2288904 have shown that 
it is likely to cause very limited functional conse-
quences of the structure of the protein encoded by 
SLC44A2, which indicates that the effect of 
rs2288904 on DVTFOS is not mediated by the dis-
ruption of its protein structure. However, eQTL anal-
yses based on the GTEx database have identified 
widespread eQTL effects for rs2288904 on SLC44A2 
in multiple human tissues. These findings indicate 
that rs2288904 might contribute to the risk of DVT 
by regulating the gene expression of SLC44A2. Our 
eQTL analysis has shown that SNP rs2288904 had 
significant functional consequences and was signifi-
cantly associated with the gene expression of 
SLC44A2. Combining this evidence, we believe that 
this SNP may not just be a surrogate for some 
ungenotyped DNA variants but is a variant with the 
true effect on the susceptibility of DVTFOS. Never-
theless, we need to be careful in interpreting the evi-
dence obtained from the GTEx database. Firstly, 
although 47 types of human tissues were examined, 
no targeted tissues of DVT were tested. Secondly, the 
gene expression pattern of SLC44A2 might be quite 
different in DVTFOS patients compared with con-
trols. We cannot identify the disease status of the indi-
viduals analyzed in the GTEx database and, therefore, 
the eQTL signals identified using the GTEx data 
might not represent the real situation of DVTFOS 
patients. In the future, gene expression analysis for 
SLC44A2 conducted in DVTFOS patients is needed 
to clearly investigate the functional consequence of 
SNP rs2288904.

With the development of target sequencing, 
numerous susceptibility variants of complex diseases 
have been identified, such as schizophrenia29-31). As a 
candidate-gene-based association study, we only geno-
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Supplemental Table 1. Basic information of the 18 selected SNPs for SLC44A2

CHR SNP POS Alleles GENE FUNC

19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

rs61127297
rs12982370
rs10408934
rs10413422
rs76359824
rs1865065
rs76434079
rs116957244
rs8113212
rs116979350
rs3745242
rs28860769
rs113922991
rs76638997
rs2288904
rs577950492
rs79290735
rs2288903

10713387
10715154
10716256
10718727
10721530
10724002
10726601
10730946
10732663
10733412
10736237
10737581
10738129
10741545
10742170
10751769
10752252
10754735

C/G
A/C/T
A/G
C/T
A/G
A/G
G/T
C/T
A/G
A/G
C/G
A/G
A/G
A/G
C/T
A/G
A/G

A/C/T

SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2

intron
intron
intron
intron
intron
intron
intron
intron
intron
intron
intron
intron
intron
intron
missense
intron
intron
untranslated-3

CHR: chromosome; POS: position; FUNC: function

Supplemental Table 2. Full results for single marker based association analyses

CHR SNP POS GENE MAF HWE A1 OR STAT P

19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

rs61127297
rs12982370
rs10408934
rs10413422
rs76359824
rs1865065
rs76434079
rs116957244
rs8113212
rs116979350
rs3745242
rs28860769
rs113922991
rs76638997
rs2288904
rs577950492
rs79290735
rs2288903

10713387
10715154
10716256
10718727
10721530
10724002
10726601
10730946
10732663
10733412
10736237
10737581
10738129
10741545
10742170
10751769
10752252
10754735

SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2
SLC44A2

0.11 
0.09 
0.27 
0.28 
0.33 
0.21 
0.16 
0.10 
0.31 
0.07 
0.45 
0.24 
0.13 
0.29 
0.35 
0.13 
0.06 
0.15 

0.72 
0.56 
0.91 
0.50 
0.61 
0.89 
0.61 
0.53 
0.92 
0.58 
0.65 
0.57 
1.00 
0.96 
0.77 
1.00 
0.46 
0.93 

G
A
A
C
A
C
T
T
A
G
G
A
G
A
A
A
G
T

0.97 
1.04 
1.02 
0.98 
0.97 
1.03 
0.98 
1.11 
0.97 
1.09 
1.04 
0.99 
0.95 
1.03 
0.78 
0.97 
0.97 
1.03 

-0.28 
0.32 
0.30 

-0.28 
-0.43 
0.35 

-0.29 
1.00 

-0.42 
0.66 
0.54 

-0.17 
-0.48 
0.44 

-3.63 
-0.30 
-0.24 
0.35 

0.78 
0.75 
0.76 
0.78 
0.67 
0.73 
0.77 
0.32 
0.67 
0.51 
0.59 
0.86 
0.63 
0.66 
2.81×10－4

0.76 
0.81 
0.72 

HWE: P values of Hardy-Weinberg equilibrium tests. Significant results were highlighted in bold
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Supplemental Fig.1. Q-Q plot for results of single marker based association analyses
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