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Abstract: Vitamin D has a potential anticarcinogenic role, possibly through regulation of cell proliferation and differ-
entiation, stimulation of apoptosis, immune modulation and regulation of estrogen receptor levels. Because breast 
cancer (BC) risk varies among individuals exposed to similar risk factors, we hypothesize that genetic variants in the 
vitamin D pathway genes are associated with BC risk. To test this hypothesis, we performed a larger meta-analysis 
using 14 published GWAS datasets in the Discovery, Biology, and Risk of Inherited Variants in Breast Cancer (DRIVE) 
Study. We assessed associations between 2,994 (237 genotyped in the DRIVE study and 2,757 imputed from the 
1000 Genomes Project) single nucleotide polymorphisms (SNPs) in 33 vitamin D pathway genes and BC risk. In 
unconditional logistic regression analysis, we found 11 noteworthy SNPs to be associated with BC risk after multiple 
comparison correction by the Bayesian false-discovery probability method (<0.80). In stepwise logistic regression 
analysis, with adjustment for age, principal components and previously published SNPs in the same study popula-
tions, we identified three independent SNPs (SNAI1 rs1047920 C>T, AMDHD1 rs11826 C>T and CUBN rs3914238 
C>T) to be associated with BC risk (P = 0.0014, 0.0020 and 0.0022, respectively). Additional expression quantita-
tive trait loci analysis revealed that the rs73276407 A allele, in a high LD with the rs1047920 T allele, was associ-
ated with decreased SNAI1 mRNA expression levels, while the rs11826 T allele was significantly associated with 
elevated AMDHD1 mRNA expression levels. Once replicated by other investigators and additional mechanistic stud-
ies, these genetic variants may serve as new biomarkers for susceptibility to BC.

Keywords: Breast cancer susceptibility, single nucleotide polymorphism, Vitamin D, expression quantitative trait 
loci analysis

Introduction

Breast cancer (BC) is the most common malig-
nancy and the second leading cause of cancer 
deaths in women in the United States [1]. In 
2019, there were about 268,600 cases esti-
mated to be diagnosed with BC in the United 
States, accounting for 15.2% of all new cancer 
cases, while an estimated 41,760 individuals 
died from BC, accounting for 6.9% of all cancer 
deaths [2]. Although the mortality of BC has 
declined due to early detection and advanced 

treatments, the incidence rate is still rising 
each year (https://seer.cancer.gov/statfacts/
html/breast.html). Therefore, it is urgent to 
search for additional risk factors to identify indi-
viduals who are at high risk of BC for early 
screening and prevention that will reduce the 
incidence and mortality of BC.

There are several risk factors for developing 
female BC, including aging, unhealthy lifestyle, 
estrogen status, germ-line mutations and fami-
ly history [3]. Genetic variation, such as single 
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nucleotide polymorphisms (SNPs) as reported 
by genome-wide association studies (GWASs) is 
believed to contribute to BC risk. However, the 
risk contribution of individual SNPs is consid-
ered small [4] as identified in the hypothesis-
free GWASs, which have always focused on the 
most important SNPs with a rigorous P value 
after the most stringent multiple test correc-
tion. Furthermore, few of the GWAS-identified 
SNPs are found to be functionally annotated.  
In the post-GWAS era, hypothesis-driven and 
combined analyses of all published GWASs are 
performed to identify cancer-risk associated 
functional SNPs in a combination of pathway 
analysis, meta-analysis, and functional analy-
sis. With such a hypothesis-driven approach, 
investigators can focus on SNPs with potential 
biological functions by using available genotyp-
ing data from previously published GWAS data-
sets with the hope to be able to identify truly 
cancer-risk associated functional variants.

Vitamin D is a fat-soluble steroid hormone 
obtained from both dietary sources and sun 
exposure to ultraviolet B radiation, and once 
present in the body, it regulates the expression 
of genes in many types of tissue [5-7]. In addi-
tion, vitamin D may have a potential anticarci-
nogenic role, by regulating cell proliferation and 
differentiation, apoptosis, immune modulation 
and estrogen receptor levels [8, 9]. Therefore, 
the vitamin D pathway plays a role in regulating 
cell growth and immune function, relevant to 
tumor progression. For example, studies have 
demonstrated that the vitamin D pathway has 
an effect on T cell function, monocyte/macro- 
phage differentiation and cytokine production 
[10-12]. Other studies have found that vitamin 
D may affect the pathogenesis, prognosis and 
survival of BC at the cellular level [13, 14]. 
Many epidemiological studies have also atte- 
mpted to determine associations of vitamin D 
levels with risk and mortality of various types of 
cancer [15-17]. In a Brazilian study of post-
menopausal BC patients, low vitamin D levels 
were found to be a risk factor for individuals 
negative for estrogen receptor with a higher 
rate of cell proliferation and positive axillary 
lymph node [18]. However, few studies have 
comprehensively investigated the effect of ge- 
netic variation in vitamin D pathway genes on 
BC risk.

Considering the importance of the vitamin D 
pathway in cancer development, we hypothe-
size that genetic variants in vitamin D pathway 

genes are associated with BC risk, and we test-
ed this hypothesis in a larger meta-analysis of 
53,107 BC case-control study subjects with 
genotyping datasets from 14 previously pub-
lished GWAS datasets in the DRIVE study.

Materials and methods

Study subjects

The subjects in this case-control meta-analysis 
were from 14 out of 17 previously published BC 
GWASs from the DRIVE study (phs001265.
v1.p1), which is different from previously us- 
ed by others named the DRIVE-Genome-Wide 
Association meta-analysis (phs001263.v1.p1); 
and the details of the specific differences 
between the two studies have been previously 
described [19]. The DRIVE study we used was 
one of five projects funded by the NCI’s Gene- 
tic Associations and Mechanisms in Oncology 
(GAME-ON) in 2010. We removed three studi- 
es out of the 17 GWASs: one was “Women of 
African Ancestry Breast Cancer Study (WAAB- 
CS)”, because it was on African ancestry study 
with a relatively small study population, and  
the other two were “The Sister Study (SISTER)” 
and “the Two Sister Study (2 SISTER)”, becau- 
se they had different research designs from 
others and used cases’ sisters as controls. As  
a result, all the subjects of European ancestry 
in 14 GWAS studies were included in the fi- 
nal analysis, including 28,758 BC cases and 
24,349 controls, whose characteristics are 
presented in Supplementary Table 1.

These 14 GWASs included Breast Oncology 
Galicia Network (BREOGAN); Copenhagen Ge- 
neral Population Study (CGPS); Cancer Preven- 
tion Study-II Nutrition Cohort (CPSII); European 
Prospective Investigation Into Cancer and Nu- 
trition (EPIC); Melbourne Collaborative Cohort 
Study (MCCS); Multiethnic Cohort (MEC); Na- 
shville Breast Health Study (NBHS); Nurses’ 
Health Study (NHS); Nurses’ Health Study 2 
(NHS2); NCI Polish Breast Cancer Study (PBCS); 
The Prostate, Lung, Colorectal and Ovarian 
Cancer Screening Trial (PLCO); Study of Epi- 
demiology and Risk factors in Cancer Heredi- 
ty (SEARCH); Swedish Mammography Cohort 
(SMC); and Women’s Health Initiative (WHI). 
Illumina Infinium OncoArray-500k BeadChip ge- 
notyping platforms were used for these GWAS 
datasets, and information on both sex and age 
at interview was obtained for all the subjects. 
For the cases, there were three other variables 



SNPs in vitamin D pathway and breast cancer risk

2162 Am J Cancer Res 2020;10(7):2160-2173

including age at diagnosis, estrogen receptor 
status, and tumor histology type; for age vari-
ables, we used the age at diagnosis for the 
cases and the age at interview for the controls. 
A written informed consent was obtained from 
subjects by each of the original studies that 
were approved by the Institutional Review 
Boards of the Participating institutions.

Identification of vitamin D pathway genes and 
their SNP extraction

We searched for candidate genes in the vitamin 
D pathway according to the online datasets 
“PathCards” (http://pathcards.genecards.org/) 
and the databases of KEGG, BIOCARTA, RE- 
ACTOME, Canonical pathways and Gene On- 
tology (GO) in the “Molecular Signatures Da- 
tabase v7.0 (MsigDB)” (http://software.broadin-
stitute.org/gsea/msigdb/search.jsp) used by 
the keyword “vitamin D”, and previously pub-
lished studies (GWASs and vitamin D levels)
[20]. In total, we identified 33 genes as can- 
didate genes after excluding some duplicate 
genes (Supplementary Table 2).

We performed quality control before imputa-
tion with the following stringent criteria: (1) the 
minor allelic frequency (MAF) ≥1%, (2) genotyp-
ing success rate ≥95%, (3) missing rate ≤10% 
and (4) Hardy-Weinberg equilibrium (HWE) P≥1 
× 10-6. SNPs located in the 33 candidate ge- 
nes and their ± 500 kb flanking regions were 
extracted for imputation with the reference 
panel from the 1000 Genomes Project data 
(phase 3) by using IMPUTE2 software [21]. 
After quality control, SNPs within 2-kb up- and 
down-stream of genes in the vitamin D path- 
way were extracted for further analysis, and 
SNPs for the final meta-analysis with the follow-
ing criteria: (1) Imputed SNPs with an infor- 
mation score ≥0.80; (2) MAF ≥5%; (3) a geno-
typing call rate ≥95%; and (4) HWE P≥10-6.

Statistical analysis

Principal components (PCs) analysis was per-
formed for each study separately and their 
combined dataset by using Genome-wide Com- 
plex Trait Analysis (GCTA) [22]. Through univari-
ate logistic regression analysis, the associa-
tions between the top 20 PCs and BC risk were 
evaluated. In further SNP association analysis, 
significant PCs together with age as covariates 
were adjusted for in the final models. For each 

SNP, we calculated odds ratios (ORs) and 95% 
confidence intervals (CIs) with adjustment for 
covariates (age and PCs with significant asso-
ciations) by unconditional logistic regression. 
We also adjusted for the four SNPs we previ-
ously published from the DRIVE Study to iden-
tify additional independent SNPs. A meta-anal-
ysis was further performed using the results of 
an additive model of the 14 studies with the 
inverse variance method. If the Cochran’s Q 
test P-value >0.1 and I2≤50%, a fixed-effects 
model was used; otherwise a random-effects 
model was employed. The results were first cor-
rected for multiple comparisons by false dis-
covery rate (FDR). Because many SNPs under 
investigation were in high LD as a result of 
imputations, the Bayesian false-discovery 
probability (BFDP) approach was also used in 
substitution for the false discovery rate, with a 
cut-off value of 0.8 was used to reduce the 
probability of false-positive findings for multiple 
comparisons, as recommended [23]. We 
applied a prior probability of 0.1 to detect an 
upper bound of 3.0 for an association with vari-
ant genotypes or minor alleles of the SNPs. The 
number of risk genotypes (NRGs) derived from 
the independent SNPs as a genetic score was 
subsequently used to assess the joint effects 
of these SNPs. Additionally, Haploview v4.2 
[24] was employed to construct a Manhattan 
plot, and LocusZoom [25] was applied to pro-
duce regional association plots for significant 
SNPs. Other statistical analyses, if not specifi-
cally mentioned otherwise, were performed 
with SAS software Version 9.4 (SAS Institute, 
Cary, NC), R (version 3.5.0) and PLINK (version 
1.90).

Functional analysis

Potential functions of independent SNPs were 
predicted by RegulomeDB (http://www.regu-
lomedb.org/) and HaploReg [26] (http://ar- 
chive.broadinstitute.org/mammals/haploreg/
haploreg.php). In addition, the expression qu- 
antitative trait locus (eQTL) analysis was per-
formed to assess the associations between 
genotypes of independent SNPs and mRNA 
expression levels of their corresponding genes 
by using the genotyping and expression data 
from the lymphoblastoid cell lines of 373 Eur- 
opean descendants available in the 1000 Ge- 
nomes Project [27]. We also used data the 
Genotype-Tissue Expression (GTEx) Project to 
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assess the correlations between identified 
SNPs and their corresponding mRNA expres-
sion levels in whole blood and breast tissues 
(https://gtexportal.org/home/) [28].

Results

Single locus analysis

The results of the top 20 PCs are shown in 
Supplementary Table 3. The workflow of the 
present analysis is showed in Figure 1. In total, 
2,994 SNPs, including 237 genotyped SNPs 
and 2,757 imputed SNPs, were included in the 
meta-analysis of the 14 studies, and the distri-
bution of information score for these SNPs is 
showed in Supplementary Figure 3, of which 
304 SNPs were significantly associated with BC 
risk at P<0.05 in an additive model, and 11 
SNPs remained significant after multiple com-
parison corrections with BFDP <0.8 (Figure 2). 
To further identify independent SNPs associat-
ed with BC risk, stepwise logistic regression 
analyses were performed to assess the effects 
of 11 significant SNPs with adjustment for age, 
significant PCs and four previously published 
risk-associated SNPs in the DRIVE study. As  
a result, three independent SNPs (i.e., SNAI1 

rs1047920 C>T, AMDHD1 rs11826 C>T and 
CUBN rs3914238 C>T) remained statistical- 
ly significantly associated with BC risk (P = 
0.0014, 0.0020 and 0.0022, respectively) and 
used for further analysis (Table 1).

The locations of these three SNPs and their 
associations with BC risk are presented in 
Supplementary Table 4. There was no heteroge-no heteroge-
neity found among the 14 GWASs for the ef- 
fects of these three independent SNPs. The  
forest plots of three independent SNPs by the 
meta-analysis are presented in Supplementary 
Figure 1. The results showed that two SNPs 
were associated with a significantly decreased 
risk of BC (SNAI1 rs1047920 C>T: OR = 0.92, 
95% CI = 0.88-0.97, P = 6.14 × 10-4; and 
AMDHD1 rs11826 C>T: OR = 0.95, 95% CI = 
0.92-0.98, P = 2.77 × 10-4), while the other  
SNP was associated with a significantly incre- 
ased BC risk (CUBN rs3914238 C>T: OR = 1.05, 
95% CI = 1.02-1.07, P = 3.16 × 10-4). Regional 
association plots of the three independent 
SNPs in the 100 kb up- and down-stream re- 
gions are summarized in Supplementary Fi- 
gure 2. As shown in Table 2, the effects of the 
SNAI1 rs1047920 T, AMDHD1 rs11826 T and 
CUBN rs3914238 T alleles on BC risk were sta-

Figure 1. The workflow of present study. 
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tistically significant (trend test in univariate 
analysis: P = 0.001, 0.002 and 0.002, respec-
tively; trend test in multivariate analysis: P = 
0.001, 0.002 and 0.003, respectively).

Combined genotype analyses of the three in-
dependent SNPs

To assess the joint effect of the three indepen-
dent SNPs on BC risk, we further combined risk 
genotypes of SNAI1 rs1047920 CC, AMDHD1 
rs11826 CC and CUBN rs3914238 CT+TT into 
a genetic score as the NRG, which categorized 
all the individuals into four groups with 0 to 3 
risk genotypes. The trend test indicated that 
the increased NRG was significantly associat- 
ed with BC risk (P<0.0001, Table 2). According 
to the effect values and the frequency of each 

group, we further dichotomized all the individu-
als into two groups: low-risk (0-2 NRG) and 
high-risk (3 NRG). We found that the high-risk 
group had a higher BC risk (in multivariate an- 
alysis: OR = 1.07, 95% CI = 1.03-1.11, P = 
0.0005, Table 2).

Stratified analysis of combined risk genotypes 
on BC risk

To further evaluate the interaction between 
genotypes and age, we stratified the analysis 
by age. As shown in Table 3, we found that the 
risk was more evident in the subgroup of age 
>60 (in univariate analysis: OR = 1.10, 95% CI 
= 1.04-1.16, P = 0.0005; in multivariate analy-
sis: OR = 1.10, 95% CI = 1.04-1.15, P = 0.0007) 
compared with that for the subgroup of age 

Figure 2. Manhattan Plot of the 2,994 SNPs of Vitamin D pathway Genes in the DRIVE study. The x-axis represents 
each chromosome. The y-axis represents the association P values (-log10 transformed) with breast cancer risk. The 
red horizontal line indicates P value equal to 0.05 and the blue horizontal line represents BFDP value equal to 0.8. 
Abbreviations: AMDHD1, amidohydrolase domain containing 1; BFDP, Bayesian false-discovery probability; CUBN, 
cubilin; DRIVE, Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; SNAI1, snail family transcriptional 
repressor 1.

Table 1. Three genetic variants as independent BC risk predictors obtained from stepwise logistic 
regression analysis in the DRIVE study
SNP1 Location MAF Category2 Frequency OR (95% CI)1 P1

SNAI1 rs1047920_T 20q13.13 0.07 CC/CT/TT 45730/6957/276 0.93 (0.88-0.97) 0.0014
AMDHD1 rs11826_T 12q23.1 0.24 CC/CT/TT 30973/18993/2997 0.96 (0.93-0.98) 0.0020
CUBN rs3914238_T 10p13 0.38 CC/CT/TT 20752/24693/7518 1.04 (1.01-1.07) 0.0022
1Stepwise logistic regression analysis included age, PC1, PC3, PC4, PC5, PC6, PC8, PC10, PC11, PC14, PC16, four previ-
ously published risk-associated SNPs (rs1323697, rs1264308, rs141308737 and rs1469412) in the same study by Jie Ge 
(PMID: 31026346) and 11 SNPs (rs3914238, rs1047920, rs7913144, rs7898138, rs11424438, rs2271464, rs77090490, 
rs4141977, rs11826, rs1800629 and rs1800628). 2The most left-hand side “category” was used as the reference. Note: there 
were 20 PCs in the combined datasets as listed in Supplementary Table 3, of which ten remained significant and were adjusted 
in the final stepwise logistic regression analysis. Abbreviations: AMDHD1, amidohydrolase domain containing 1; BC, breast 
cancer; CI, confidence interval; CUBN, cubilin; DRIVE, Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; SNP, 
single nucleotide polymorphism; MAF, minor allele frequency; OR, odds ratio; SNAI1, snail family transcriptional repressor 1. 
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≥60. Further subgroup analysis (ER status and 
histological type) also revealed that the risk 
was more evident in the subgroup aged >60 
than in the subgroup of age ≥60 among indi-
viduals with ER+ and invasive tumor. Both ER 
status and histological type had any effect on 
BC risk associated with the genotypes, nor het-
erogeneity was found between these strata (all 
P>0.05) (Table 3).

LD analysis and functional prediction of the 
three independent SNPs

Functional prediction by RegulomeDB showed 
that SNAI1 rs1047920 C>T, AMDHD1 rs11826 
C>T and CUBN rs3914238 C>T had Regulome- 

DB scores of 4, 6 and no data, respectively. We 
further searched for SNPs in high-LD (r2≥0.7) 
with these three independent SNPs and made 
functional prediction by using HaploReg. We 
found that SNAI1 rs1047920 C>T located in the 
3’-UTR may change the motifs of BDP1 and 
LF-A1, which is also located in DNase I hyper-
sensitive sites and that AMDHD1 rs11826 C>T 
is located in the 3’-UTR with the selected eQTL 
for 5 hits, whereas CUBN rs3914238 C>T  
may change the motifs of Hand1 and PU.1 
(Supplementary Table 5). We further assessed 
potential functions of these three independent 
SNPs using data from the ENCODE Project. The 
results revealed that SNAI1 rs1047920 C>T is 

Table 2. Associations between three independent SNPs in the vitamin D pathway genes and BC risk 
in the DRIVE study

Genotype NControl/NCase

Univariate analysis Multivariate analysis1

OR (95% CI) P OR (95% CI) P
SNAI1 rs1047920 C>T
    CC 20787/24943 1.00 1.00
    CT 3324/3633 0.91 (0.87-0.96) 0.0003 0.91 (0.87-0.96) 0.0003
    TT 124/152 1.02 (0.81-1.30) 0.861 1.02 (0.80-1.30) 0.869
    Trend test 0.001 0.001
    CT+TT 3448/3785 0.92 (0.87-0.96) 0.0004 0.91 (0.87-0.96) 0.0004
AMDHD1 rs11826 C>T
    CC 14033/16940 1.00 1.00
    CT 8761/10232 0.97 (0.93-1.00) 0.074 0.97 (0.93-1.00) 0.069
    TT 1441/1556 0.89 (0.83-0.96) 0.004 0.89 (0.82-0.96) 0.002
    Trend test 0.002 0.002
    CT+TT 10202/11788 0.96 (0.93-0.99) 0.013 0.96 (0.92-0.99) 0.011
CUBN rs3914238 C>T
    CC 9676/11076 1.00 1.00
    CT 11183/13510 1.06 (1.02-1.10) 0.004 1.05 (1.02-1.09) 0.006
    TT 3376/4142 1.07 (1.02-1.13) 0.010 1.07 (1.01-1.13) 0.014
    Trend test 0.002 0.003
    CT+TT 14559/17652 1.06 (1.02-1.10) 0.001 1.06 (1.02-1.10) 0.002
Number of combined risk genotypes2

    0 596/628 1.00 1.00
    1 5128/5640 1.04 (0.93-1.18) 0.475 1.05 (0.93-1.18) 0.451
    2 11284/13489 1.14 (1.01-1.27) 0.031 1.14 (1.01-1.28) 0.028
    3 7232/8976 1.18 (1.05-1.32) 0.006 1.18 (1.05-1.33) 0.005
    Trend test <0.0001 <0.0001
    0-2 17008/19757 1.00 1.00
    3 7232/8976 1.07 (1.03-1.11) 0.0005 1.07 (1.03-1.11) 0.0005
Abbreviations: AMDHD1, amidohydrolase domain containing 1; BC: breast cancer; CI: confidence interval; CUBN, cubilin; 
DRIVE: Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; OR: odds ratio; SNAI1, snail family transcriptional 
repressor 1; SNP: single nucleotide polymorphism. 1Adjusted for age, PC1, PC3, PC4, PC5, PC6, PC8, PC10, PC11, PC14 and 
PC16. 2Risk genotypes were rs1047920 CC, rs11826 CC and rs3914238 CT+TT.
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located at H3K27AC acetylation enriched re- 
gion (Supplementary Figure 4).

Correlation analysis

We further performed correlation analysis 
between genotypes of the three independent 
SNPs and their corresponding mRNA expres-
sion levels in the publically available RNA-seq 
data of lymphoblastoid cell lines generated 
from 373 European descendants in the 1000 
Genomes Project. We found that the rs10479- 
20 C>T SNP was not significantly associated 
with levels of mRNA expression of SNAI1 in all 
additive, dominant and recessive genetic mod-
els (P = 0.093, P = 0.102, and P = 0.491, resp- 
ectively; Supplementary Figure 5A-C) but that 
another SNP (rs73276407 G>A) with a high LD 
(r2 = 0.71) of rs1047920 C>T was significant- 
ly associated with decreased levels of mRNA 
expression of SNAI1 in additive and dominant 
models (P = 0.017 and P = 0.021, respectively; 
Figure 3A and 3B), but not for the recessive 
model (P = 0.303, Figure 3C). We also found 
that rs11826 C>T was not significantly associ-
ated with levels of mRNA expression of AM- 
DHD1 in all additive, dominant and recessive 
genetic models (P = 0.894, P = 0.815, and P = 
0.861, respectively; Supplementary Figure 
5D-F), while rs3914238 C>T was also not sig-
nificantly associated with levels of mRNA ex- 

pression of CUBN in all additive, dominant  
and recessive genetic models (P = 0.889, P = 
0.864, and P = 0.608, respectively; Supple- 
mentary Figure 5G-I).

To gain more evidence on the correlations 
between the independent SNPs and mRNA 
expression levels, we further evaluated eQTL 
using data from the GTEx Project (http://www.
gtexportal.org/home). The results showed that 
rs11826 C>T had a positive correlation with 
AMDHD1 mRNA expression levels in breast tis-
sue (P = 6.00 × 10-4, Figure 3D) and the whole 
blood (P = 1.30 × 10-7, Figure 3E). However, 
there were no significant associations between 
rs1047920 genotypes and SNAI1 mRNA 
expression levels in the whole blood (P = 0.670; 
Supplementary Figure 5J) or breast tissue (P = 
0.900; Supplementary Figure 5K) from GTEx, 
nor there were any significant associations 
between rs3914238 genotypes and CUBN 
mRNA expression levels in the whole blood (P = 
0.350; Supplementary Figure 5L) or breast tis-
sue (P = 0.170; Supplementary Figure 5M) from 
GTEx.

Discussion

To investigate whether genetic variants in the 
vitamin D pathway genes contribute to BC  
risk, we assessed associations between 2,994 

Table 3. Stratified analysis for associations between the combined risk genotypes and BC in the 
DRIVE study

Characteristics
NRG 0-2 NRG 3 Univariate analysis Multivariate analysis1

Pinter

2

Control Case Control Case OR (95% CI) P OR (95% CI) P
Age
    ≤60 8866 8541 3852 3872 1.04 (0.99-1.10) 0.120 1.04 (0.99-1.10) 0.156 0.163
    >60 8142 11216 3380 5104 1.10 (1.04-1.16) 0.0005 1.10 (1.04-1.15) 0.0007
ER+ vs. control
    ≤60 8866 5270 3852 2322 1.01 (0.95-1.08) 0.656 1.02 (0.96-1.09) 0.470 0.135
    >60 8142 7925 3380 3570 1.09 (1.03-1.15) 0.005 1.09 (1.03-1.15) 0.004
ER- vs. control
    ≤60 8866 1283 3852 634 1.14 (1.03-1.26) 0.014 1.09 (0.98-1.21) 0.118 0.655
    >60 8142 1238 3380 551 1.07 (0.96-1.20) 0.207 1.05 (0.94-1.17) 0.356
Invasiveness vs. control
    ≤60 8866 7620 3852 3454 1.04 (0.99-1.10) 0.132 1.04 (0.99-1.10) 0.140 0.213
    >60 8142 10212 3380 4634 1.09 (1.04-1.15) 0.001 1.09 (1.04-1.15) 0.001
In-situ vs. control
    ≤60 8866 747 3852 343 1.06 (0.93-1.21) 0.416 1.04 (0.91-1.19) 0.555 0.223
    >60 8142 807 3380 393 1.17 (1.03-1.33) 0.014 1.16 (1.02-1.32) 0.020
1Adjusted for PC1, PC3, PC4, PC5, PC6, PC8, PC10, PC11, PC14 and PC16. 2Pinter: P value for interaction analysis between age and NRG. Ab-
breviations: BC: breast cancer; CI: confidence interval; DRIVE: Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; ER: estrogen 
receptor; NRG: number of risk genotypes; OR: odds ratio.
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Figure 3. The expression quantitative trait loci (eQTLs) analysis for SNAI1 rs73276407 (high LD with SNAI1 rs1047920, r2 = 0.71) and AMDHD1 rs11826. Correla-
tion between SNAI1 mRNA expression and rs73276407 genotype in 373 Europeans from the 1000 Genomes Project in the (A) additive model, (B) dominant model 
and (C) recessive model; Correlation between AMDHD1 mRNA expression and rs11826 genotype in the GTEx Project (D) Breast tissue, (E) Whole Blood. Abbrevia-
tions: AMDHD1, amidohydrolase domain containing 1; GTEx, Genotype-Tissue Expression; LD, Linkage disequilibrium; SNAI1, snail family transcriptional repressor 
1.
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SNPs in 33 vitamin D pathway genes and BC 
risk by using a large-scale meta-analysis of 14 
GWASs in the DRIVE study. We identified three 
potential susceptibility variants (i.e., SNAI1 
rs1047920 at 20q13.13, AMDHD1 rs11826 at 
12q23.1, and CUBN rs3914238 at 10p13) that 
were independently or jointly associated with 
BC risk. Individuals with a higher NRG of these 
three genetic variants had a higher BC risk. 
Further eQTL analysis showed that the SNAI1 
rs73276407 A allele, in a high LD with the 
rs1047920 T allele, was associated with decre- 
ased SNAI1 mRNA expression levels in lympho-
blastoid cell lines, while the AMDHD1 rs11826 
T allele was found to be significantly associated 
with elevated AMDHD1 mRNA expression lev-
els in the whole blood cells and breast tissues. 
These findings suggest that SNPs in vitamin D 
pathway genes may play important biological 
roles in the development of BC, possibly by 
influencing their gene expression.

Vitamin D may play a controlling role in normal 
breast cell growth and has the ability to stop 
cancer cell growth in the breast. The bioactive 
form of vitamin D is 1,25-dihydroxyvitamin D 
that is largely considered a chemoprevention 
agent for its anti-cancer effect [29]. Several 
experimental studies have shown that 1,25- 
dihydroxyvitamin D can induce cell differentia-
tion and apoptosis as well as inhibit angiogen-
esis and cell proliferation in normal and malig-
nant breast cells [30, 31]. In the present study, 
we showed that genetic variants in some genes 
of the vitamin D pathway were associated with 
BC risk; however, their exact biological mecha-
nisms need to be further investigated. Further- 
more, the inconsistence observed for the cor-
relations between genotypes of the risk-associ-
ated SNPs and mRNA expression levels of their 
corresponding genes in different human tis-
sues (i.e., blood cells and breast tissues) re- 
main to be resolved in more rigorously designed 
experimental and mechanistic studies.

SNAI1, also known as SLUGH2, SNA, SNAH, 
SNAIL or SNAIL1, encodes SNAIL that is a tran-
scription factor and regulates the epithelial to 
mesenchymal transition by activating N-cad- 
herin and repressing E-cadherin during embry-
onic development and cell migration [32, 33]. 
Few studies have investigated the roles of 
SNAI1 in BC susceptibility. One study found that 
in the immune cells from the peripheral blood 
of BC patients, the expression of SNAI1 was 

significantly higher in stage I patients than that 
in other higher stages [34], suggesting the 
involvement of this gene in early carcinogene-
sis. Another study showed that breast tumor 
tissue had lower levels of SNAl1 protein prod-
uct than normal breast tissue [35], further sug-
gesting the involvement of this gene in breast 
carcinogenesis. One GWAS study has indicated 
that MYT1 shares the same location of 
20q13.13 as SNAl1 [36], but the previously 
reported rs6062356 SNP in MYT1 was not in 
LD with SNAI1 rs1047920 (Supplementary 
Figure 6A), nor MYT1 has any effect on the 
function of vitamin D. However, we found in the 
present study that the SNAI1 rs73276407 A 
allele, in a high LD with the rs1047920 T allele, 
might down-regulate the expression of SNAI1, 
suggesting that SNAI1 may play an oncogenic 
role in BC risk. Nevertheless, how SNAI1 
rs73276407 C>T influences BC risk needs 
additional experimental investigation.

AMDHD1 is also known as HMFT1272, and 
there were few studies focusing on the roles of 
AMDHD1 in oncogenesis, especially in BC. In 
one study on quantitative analysis of gene 
expression, AMDHD1 was found to be overex-
pressed in adrenal adenoma, compared with 
adrenal cancer [37]. Data from one GWAS of 
esophageal squamous cell carcinoma showed 
a statistically significant association between 
SNPs in AMDHD1 (other than the ones identi-
fied in the present study) and cancer risk [38]. 
Although the GWAS study indicated that 
LINC02452 shared the same location at 
12q23.1 as AMDHD1 [36], AMDHD1 rs11826 
has no LD with the previously published LIN- 
C02452 rs77034926 (Supplementary Figure 
6B) and lack of functional analysis. In the pres-
ent study, we found that the rs11826 T allele 
might up-regulate the expression of AMDHD1, 
suggesting that AMDHD1 may play a protective 
role in BC risk, but we did not have additional 
experimental data to explain how AMDHD1 
rs11826 C>T influenced BC risk.

CUBN encodes cubilin that is a large protein 
with three types of domain, an N-terminal 
stretch, 27 CUB domains and eight epidermal 
growth-factor-like repeats [39]. One study sh- 
owed that mutations of CUBN caused glycosyl-
ation, endoplasmic reticulum retention, and 
abrogation of surface expression [40]. A meta-
exome-wide association study of 33,985 Euro- 
peans found that a novel CUBN mutation was 
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associated with albuminuria levels, with a 3.5-
fold increase in the effect in type 2 diabetes 
compared with non-diabetic individuals [41], 
and CUBN variants have also been associated 
with albuminuria [42, 43]. A genome-wide co- 
lorectal cancer association study has identified 
a promising cancer risk-associated intronic 
CUBN rs10904849 SNP [44]. However, there is 
no report on an association between SNPs in 
CUBN and BC risk. One BC GWAS study indicat-
ed that FRMD4A shared the same location 
10p13 as CUBN [36], but the previously report-
ed FRMD4A rs10906522 is not in LD with 
CUBN rs3914238 (Supplementary Figure 6C). 
In the present study, we did not find any evi-
dence for an association between CUBN rs- 
3914238 and its mRNA expression levels. The- 
refore, further experimental studies are need-
ed to explain biological mechanisms underly- 
ing the observed associations between CUBN 
rs3914238 and BC risk.

The present study has several limitations that 
should be mentioned. First, some known risk 
factors, such as unhealthy lifestyle, physical 
activities, and incomplete information on estro-
gen status prevented us from complete adjust-
ment in the analysis. Second, the biological 
mechanisms by which these three indepen- 
dent SNPs may influence BC risk remain un- 
clear. Third, the risk-predicting model was built 
in non-Hispanic white, which may not be gener-
alizable to the general population. Finally, our 
study was based on a signaling pathway and 
did not adjust the previously published BC risk 
associated SNPs, but only adjust previously 
published SNPs from the DRIVE study.

In summary, we have comprehensively ana-
lyzed SNPs in the vitamin D pathway genes for 
their associations with BC risk using genotyp-
ing data from 14 previously published GWASs 
among 53,107 subjects of European descend-
ants, and we identified three independent BC 
susceptibility loci in the vitamin D pathway 
genes (i.e., SNAI1 rs1047920, AMDHD1 rs11- 
826, and CUBN rs3914238). Once replicated 
by other investigators, these genetic variants 
may serve as new biomarkers for predicting BC 
risk.
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Supplementary Table 1. Summary of 14 breast cancer GWASs from the DRIVE Study*

Study Full name Sample size  
(cases/controls) Countries

BREOGAN Breast Oncology Galicia Network 1,387/755 Spain
CGPS Copenhagen General Population Study 1,415/725 Denmark
CPSII Cancer Prevention Study-II Nutrition Cohort 3,067/3,036 USA
EPIC European Prospective Investigation Into Cancer and Nutrition 3,863/3,662 France, Germany, Greece, Italy, Netherlands, Spain, UK
MCCS Melbourne Collaborative Cohort Study 872/821 Australia
MEC Multiethnic Cohort 682/732 USA
NBHS Nashville Breast Health Study 889/797 USA
NHS Nurses’ Health Study 1,598/1,806 USA
NHS2 Nurses’ Health Study 2 1,615/1,910 USA
PBCS NCI Polish Breast Cancer Study 1,934/2,052 Poland
PLCO The Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial 870/860 USA
SEARCH Study of Epidemiology and Risk factors in Cancer Heredity 4,062/1,841 UK
SMC Swedish Mammography Cohort 1,522/716 Sweden
WHI Women’s Health Initiative 4,982/4,636 USA
Total 28,758/24,349
Abbreviations: DRIVE: Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; GWAS: Genome-wide association studies; *Other 3 studies (2 SISTER, SISTER and 
WAABCS) were excluded, because they did not have either the cases or controls of European Descent.
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Supplementary Table 2. List of 33 selected genes in the vitamin D pathway

Dataset/Journal Name of pathway/article Name of genes Number 
of genes

REACTOME REACTOME_VITAMIN_D_CALCIFEROL_METABOLISM CUBN, CYP24A1, CYP27B1, CYP2R1, GC, LGMN, 
LRP2, PIAS4, SUMO2, UBE2I, VDR

11

GO GO_NEGATIVE_REGULATION_OF_VITAMIN_D_BIOSYNTHETIC_PROCESS CYP27B1, GFI1, NFKB1, SNAI1, SNAI2 5
GO GO_REGULATION_OF_VITAMIN_D_BIOSYNTHETIC_PROCESS CYP27B1, GFI1, IFNG, IL1B, NFKB1, SNAI1, SNAI2, 

TNF, VDR
9

GO GO_VITAMIN_D_BINDING CALB1, GC, IRX5, KL, S100G, VDR 6
GO GO_VITAMIN_D_BIOSYNTHETIC_PROCESS CYP27A1, CYP27B1, CYP2R1, CYP3A4, GFI1, 

IFNG, IL1B, NFKB1, SNAI1, SNAI2, TNF, VDR
12

GO GO_VITAMIN_D_METABOLIC_PROCESS CUBN, CYP11A1, CYP1A1, CYP24A1, CYP27A1, 
CYP27B1, CYP2R1, CYP3A4, FGFR1, GC, LGMN, 
LRP2, PIAS4, VDR

14

BIOCARTA NO DATA - 0
KEGG NO DATA - 0
Canonical pathways NO DATA - 0
Pathcards VITAMIN D METABOLISM CYP24A1, CYP27A1, CYP27B1, DHCR7, GC, PTH, 

RXRA, RXRB, VDR, CYP2R1
10

Nature communication Genome-wide association study in 79,366 European-ancestry individuals 
informs the genetic architecture of 25-hydroxyvitamin D levels

AMDHD1, CYP2R1, CYP24A1, DHCR7, GC, 
SEC23A

6

Total AMDHD1, CALB1, CUBN, CYP24A1, CYP27B1, CYP2R1, CYP11A1, CYP1A1, CYP27A1, CYP3A4, DHCR7, FGFR1, GC, GFI1, 
IFNG, IL1B, IRX5, KL, LGMN, LRP2, NFKB1, PTH, PIAS4, RXRA, RXRB, S100G, SEC23A, SNAI1, SNAI2, SUMO2, TNF, UBE2I, 
VDR (after removing the duplicated 40 genes) 

33

Keyword: Vitamin D. Organism: Homo sapiens. Website: http://software.broadinstitute.org/gsea/msigdb/search.jsp; https://pathcards.genecards.org/.
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Supplementary Table 3. P values for the associations between the first 20 principal components and breast cancer risk across the 14 studies 
obtained from logistic regression analysis 
PC PLCO BREOGAN SEARCH PBCS MEC SMC EPIC NBHS CGPS CPSII MCCS NHS NHS2 WHI Total
PC1 0.1037 0.5805 0.2867 0.0454 0.3991 0.0380 0.7795 0.0021 0.0006 0.4725 0.8840 0.0450 0.1618 0.0046 0.0073
PC2 0.0568 <0.0001 0.0487 0.0054 0.5331 0.5216 0.7077 0.2561 0.0018 0.9709 0.3143 0.0034 0.0000 0.0553 0.4113
PC3 0.8118 0.0000 0.0131 0.0002 0.2660 0.3160 0.1530 0.9698 0.5786 0.0527 0.3018 0.7830 0.5546 0.7260 0.0052
PC4 0.0446 0.0003 0.0189 0.1641 0.7901 0.0093 0.2301 0.4936 0.0087 0.8038 0.1680 0.1080 0.8805 0.6848 <0.0001
PC5 0.4040 <0.0001 0.2412 0.0005 0.6816 0.0016 0.0833 0.9152 0.9242 0.1130 0.7407 0.8735 0.9646 0.5264 0.0001
PC6 0.9355 0.8375 0.3452 0.0300 0.4022 0.0514 0.3276 0.2717 0.2902 0.0489 0.4852 0.4453 0.4242 0.4947 0.0348
PC7 0.0064 0.0172 0.3320 0.9963 0.7884 0.0301 0.2413 0.1694 0.0114 0.2128 0.4673 0.2337 0.4330 0.7594 0.8664
PC8 0.6881 <0.0001 0.6223 0.6397 0.3538 0.3700 0.2941 0.2188 0.0098 0.9488 0.7606 0.8417 0.3357 0.5643 0.0097
PC9 0.9842 0.0028 0.8906 0.4724 0.3383 0.0001 0.4834 0.3539 0.1410 0.8688 0.1291 0.0627 0.7938 0.2913 0.6651
PC10 0.0024 0.0001 0.0047 0.5835 0.2688 0.0092 0.2498 0.2566 0.3851 0.1504 0.2482 0.0742 0.1640 0.6210 <0.0001
PC11 0.2690 0.3033 0.8024 0.3455 0.3232 0.0201 0.7979 0.2314 0.1016 0.0609 0.4782 0.4643 0.1699 0.4135 0.0001
PC12 0.0193 0.0070 0.5973 0.4480 0.3409 0.0171 0.0557 0.0079 0.0360 0.3422 0.2218 0.1781 0.7040 0.2996 0.2278
PC13 0.5667 0.7368 0.4179 0.1628 0.6539 0.4115 0.5987 0.6322 0.2025 0.4899 0.3618 0.3892 0.6420 0.2667 0.6936
PC14 0.5210 0.0773 0.6156 0.9417 0.9678 0.7219 0.0637 0.6152 0.0029 0.7316 0.3297 0.1117 0.4411 0.0416 0.0026
PC15 0.3947 0.0430 0.0008 0.7612 0.9218 0.0039 0.1798 0.1498 0.6950 0.4773 0.2890 0.7490 0.6949 0.8926 0.2451
PC16 0.3687 0.1415 0.1605 0.6169 0.7086 0.7873 0.2597 0.9809 0.5170 0.1966 0.5652 0.3401 0.6612 0.1433 0.0449
PC17 0.0914 0.0388 0.0120 0.0489 0.1571 0.3439 0.1780 0.0407 0.5787 0.4500 0.2360 0.7130 0.8080 0.5594 0.4563
PC18 0.1300 0.3079 0.0953 0.2101 0.6809 0.7605 0.3856 0.5882 0.6820 0.4223 0.5085 0.1953 0.2607 0.3737 0.1143
PC19 0.4476 0.2744 <0.0001 0.2677 0.7638 0.4543 0.3552 0.0640 0.9202 0.7738 0.4906 0.9082 0.7693 0.2010 0.1980
PC20 0.1147 <0.0001 0.0030 0.8132 0.1847 0.7416 0.2996 0.3378 0.0001 0.9941 0.3284 0.1682 0.0205 0.9548 0.3403
The DRIVE Studies: BREOGAN, Breast Oncology Galicia Network; CGPS, Copenhagen General Population Study; CPSII, Cancer Prevention Study-II Nutrition Cohort; EPIC, European 
Prospective Investigation Into Cancer and Nutrition; MCCS, Melbourne Collaborative Cohort Study; MEC, Multiethnic Cohort; NBHS, Nashville Breast Health Study; NHS, Nurses’ 
Health Study; NHS2, Nurses’ Health Study 2; PBCS, NCI Polish Breast Cancer Study; PLCO, The Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; SEARCH, Study of 
Epidemiology and Risk factors in Cancer Heredity; SMC, Swedish Mammography Cohort; WHI, Women’s Health Initiative. Abbreviations: PC: principal component.
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Supplementary Figure 1. Forest plot for three independent SNPs. (A) SNAI1 rs1047920; (B) AMDHD1 rs11826; (C) CUBN rs3914238. Abbreviations: AMDHD1, 
amidohydrolase domain containing 1; CUBN, cubilin; SNAI1, snail family transcriptional repressor 1; SNP, single nucleotide polymorphism.

Supplementary Figure 2. Regional association plots contained 100 kb up and downstream of the gene regions in (A) SNAI1, (B) AMDHD1 and (C) CUBN. Abbrevia-
tions: AMDHD1, amidohydrolase domain containing 1; CUBN, cubilin; SNAI1, snail family transcriptional repressor 1.
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Supplementary Figure 3. Distribution plot for imputation info quality. Abbreviations: BREOGAN, Breast Oncology Galicia Network; CGPS, Copenhagen General Popu-
lation Study; CPSII, Cancer Prevention Study-II Nutrition Cohort; EPIC, European Prospective Investigation Into Cancer and Nutrition; MCCS, Melbourne Collaborative 
Cohort Study; MEC, Multiethnic Cohort; NBHS, Nashville Breast Health Study; NHS, Nurses’ Health Study; NHS2, Nurses’ Health Study 2; PBCS, NCI Polish Breast 
Cancer Study; PLCO, The Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; SEARCH, Study of Epidemiology and Risk factors in Cancer Heredity; SMC, 
Swedish Mammography Cohort; WHI, Women’s Health Initiative.
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Supplementary Table 5. Function prediction of three independent SNPs and other SNPs in high linkage disequilibrium (LD) (r2  ≥ 0.7) in the 
same genes

Haploreg v4.1b

SNPs Chr Gene RegDBa LD 
(r2)

Promoter  
histone marks

Enhancer  
histone marks DNAse Proteins  

bound
Motifs  

changed

GRASP 
QTL 
hits

Selected 
eQTL 
hits

dbSNP  
func annot

rs2356587 10 CUBN 6 0.84 16 altered motifs intronic

rs1801234 10 CUBN No Data 0.84 IPSC synonymous

rs3914238 10 CUBN No Data 1 Hand1, PU.1 intronic

rs144169849 10 CUBN 3b 0.91 BLD 7 tissues 4 altered motifs intronic

rs11424438 10 CUBN - 0.94 FAT, SKIN 13 tissues 7 altered motifs intronic

rs7898138 10 CUBN 5 0.96 FAT, SKIN 13 tissues 6 tissues Foxj1, Foxk1, TEF intronic

rs7913144 10 CUBN 4 0.96 4 tissues 12 tissues 8 tissues CTCF, RAD21 CDP intronic

rs2271464 10 CUBN No Data 0.96 5 tissues ESDR intronic

rs2932908 10 CUBN No Data 0.75 IPSC Pax-5 intronic

rs1512701 10 CUBN 5 0.81 SPLN CEBPB 5 altered motifs intronic

rs79322116 12 AMDHD1 4 0.8 24 tissues BRN 33 tissues 4 bound proteins 8 altered motifs 4 hits 5’-UTR

rs79175383 12 AMDHD1 4 0.81 24 tissues 34 tissues 4 bound proteins 4 hits

rs7955759 12 AMDHD1 4 0.77 24 tissues BRN 37 tissues 9 bound proteins CHD2, ZBTB33 8 hits 6 hits 5’-UTR

rs1436121 12 AMDHD1 2b 0.8 24 tissues BRN 49 tissues 10 bound proteins 5 altered motifs 9 hits 7 hits synonymous

rs7956040 12 AMDHD1 3a 0.81 15 tissues 12 tissues 4 tissues 4 hits intronic

rs7956351 12 AMDHD1 2b 0.81 15 tissues 12 tissues BLD, BLD, LNG 8 altered motifs 4 hits intronic

rs75497549 12 AMDHD1 4 0.82 15 tissues 12 tissues SKIN GATA, RXRA, p300 4 hits intronic

rs76989777 12 AMDHD1 3a 0.81 LIV, ADRL BLD, MUS, SPLN BLD, ADRL, KID Hbp1, Mtf1 4 hits intronic

rs7966871 12 AMDHD1 No Data 0.81 LIV, ADRL BLD, MUS, SPLN IPSC, LIV CHOP::CEBPalpha, Ets 3 hits intronic

rs7966688 12 AMDHD1 6 0.81 LIV, ADRL BLD, MUS, SPLN 5 altered motifs 4 hits intronic

rs7953691 12 AMDHD1 5 0.81 LIV, ADRL 4 altered motifs 4 hits intronic

Supplementary Table 4. Associations between three independent SNPs in the vitamin D pathway genes and breast cancer risk in the DRIVE 
study with multiple testing corrections

SNP Location Gene Type Allelea MAF Phet
b I2 Pc FDR

BFDP (Prior probabilityd)

0.1 0.01 0.001
rs3914238 10p13 CUBN Imputed C/T 0.38 0.38 6.21 7.97E-05 0.234 4.16E-06 4.58E-05 4.62E-04
rs1047920 20q13.13 SNAI1 Imputed C/T 0.07 0.94 0 4.61E-04 0.234 0.324 0.840 0.982
rs11826 12q23.1 AMDHD1 Imputed C/T 0.24 0.60 0 5.79E-04 0.248 0.631 0.950 0.995
aReference allele/effect (minor) allele; bP value for heterogeneity by Cochrane’s Q test; cMeta-analysis in the fixed-effects model if Q test P>0.100 and I2<50.0%; otherwise: random-
effects model; dCalculated using study subjects to detect an upper bound of 3.0 and a prior probability of 0.1. Abbreviations: AMDHD1, amidohydrolase domain containing 1; BFDP, 
Bayesian false-discovery probability; CUBN, cubilin; FDR, false discovery rate; SNAI1, snail family transcriptional repressor 1; SNP, single nucleotide polymorphism.
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rs12579607 12 AMDHD1 5 0.81 LIV, ADRL Nkx2, Nkx3, TCF4 8 hits 7 hits intronic

rs35929186 12 AMDHD1 5 0.81 ESDR, ESC, LIV 5 altered motifs 4 hits intronic

rs12582506 12 AMDHD1 No Data 0.81 ESDR, ESC, LIV Brachyury, RXR:LXR, Sox 8 hits 7 hits intronic

rs35756705 12 AMDHD1 1f 0.83 5 tissues 2 hits 4 hits intronic

rs4762643 12 AMDHD1 4 0.83 5 tissues IPSC, LIV 10 bound proteins CTCF 10 hits 8 hits intronic

rs1982138 12 AMDHD1 No Data 0.84 4 altered motifs 9 hits 8 hits synonymous

rs4762256 12 AMDHD1 1f 0.84 IPSC, LIV LIV FOXA1, FOXA2, P300 Duxl, FXR, Pbx-1 10 hits 8 hits intronic

rs11826 12 AMDHD1 6 1 5 hits 3’-UTR

rs4141977 20 SNAI1 4 0.95 20 tissues 6 tissues 7 tissues POL2 Klf7 intronic

rs77090490 20  SNAI1 2b 0.95 15 tissues 11 tissues SKIN, MUS, MUS CDP, Pou2f2, Pou3f3 intronic

rs6091079 20 SNAI1 5 0.92 ESDR, ESC, FAT 16 tissues 12 tissues LF-A1, Pax-6 intronic

rs1047920 20 SNAI1 4 1 7 tissues EGR1 BDP1, LF-A1 3’-UTR

rs73276407 20 SNAI1 No Data 0.71 17 tissues ESDR, ESDR, ESC 6 altered motifs

rs16995019 20 SNAI1 5 0.8 14 tissues HEN1

rs11481333 20  SNAI1 5 0.83 8 tissues ESDR 8 altered motifs

rs73276408 20 SNAI1 No Data 0.83 8 tissues

rs60578213 20 SNAI1 3a 0.83 8 tissues 6 tissues USF1 GATA, Pax-4, Zfp740

rs8116864 20 SNAI1 4 0.83 4 tissues 11 tissues MAX BCL

rs73910366 20 SNAI1 5 0.8 10 tissues 6 tissues 4 altered motifs

rs16995020 20 SNAI1 5 0.8 10 tissues 6 tissues Ehf, Mef2, p53

rs6091082 20  SNAI1 5 0.8 6 tissues Fox, TATA

rs77971891 20 SNAI1 6 0.8 LNG 6 altered motifs

rs6020182 20 SNAI1 No Data 0.8 BLD 5 altered motifs

rs7263384 20 SNAI1 No Data 0.8 RFX5, TATA

rs6095732 20 SNAI1 6 0.8 YY1

rs6020184 20 SNAI1 5 0.8 ESDR, PLCNT, LNG STAT, Znf143

rs7274092 20 SNAI1 5 0.8 5 tissues ESDR Hsf

rs3886627 20 SNAI1 5 0.8 ESDR, BLD, LIV

rs3886626 20  SNAI1 5 0.8 ESDR, BLD, LIV 5 altered motifs

rs6091083 20 SNAI1 5 0.8 BLD 4 tissues 4 tissues Pax-5

rs6095733 20 SNAI1 6 0.78 BLD 7 altered motifs

rs6091084 20 SNAI1 4 0.79 5 tissues 5 tissues EBF1 Brachyury, Eomes

rs6095734 20 SNAI1 No Data 0.79 4 tissues E2A, SP2, p300

rs56851604 20 SNAI1 5 0.79 ESDR, BLD 7 tissues E2A, Pax-5, p300

rs112694468 20 SNAI1 6 0.79 BLD 9 altered motifs

rs78487338 20 SNAI1 5 0.77 7 tissues IPSC, SKIN LBP-1, SRF
aRegulomeDB (http://www.regulomedb.org); bHaploReg v4.1 (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php). Abbreviations: Chr, chromosome; dbSNP funcannot, dbSNP function annotation; SNP, single-nucleotide 
polymorphism.
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Supplementary Figure 4. Functional prediction of SNPs in the ENCODE Project. (A) Location and functional prediction of SNPs rs1047920, (B) Location and func-
tional prediction of SNPs rs11826. (C) Location and functional prediction of SNPs rs3914238. Abbreviations: SNP, single nucleotide polymorphism.
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Supplementary Figure 5. Correlation between SNAI1 mRNA expression and rs1047920 genotype in 373 Europeans from the 1000 Genomes Project in the (A) addi-
tive model, (B) dominant model and (C) recessive model; Correlation between AMDHD1 mRNA expression and rs11826 genotype in 373 Europeans from the 1000 
Genomes Project in the (D) additive model, (E) dominant model and (F) recessive model; Correlation between CUBN mRNA expression and rs3914238 genotype in 
373 Europeans from the 1000 Genomes Project in the (G) additive model, (H) dominant model and (I) recessive model; Correlation between SNAI1 mRNA expres-
sion and rs1047920 genotype in the GTEx Project (J) Whole Blood (K) Breast tissue; Correlation between CUBN mRNA expression and rs3914238 genotype in the 
GTEx Project (L) Whole Blood (M) Breast tissue. Abbreviations: AMDHD1, amidohydrolase domain containing 1; CUBN, cubilin; GTEx: Genotype-Tissue Expression; 
SNAI1, snail family transcriptional repressor 1.
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Supplementary Figure 6. LD analysis between independent SNPs and the previously reported SNPs in the same 
location (PMID: 29059683). (A) rs1047920, (B) rs11826 and (C) rs3914238.


