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Abstract

Background
Cardiovascular disease (CVD) is determined mainly by genetic predisposition and environmental factors
such as diet. Factor VIII (FVIII) is an informative intermediate phenotype concerning atherosclerosis. An
elevated plasma level of FVIII is considered a signi�cant risk factor for CVD, providing an earlier
subclinical measure to predict CVD liability. However, many studies have been investigated using the
Multi-Ethnic Study of Atherosclerosis data, but very few studies have studied FVIII and nutrition factors
together using a linear mixed model. A genome-wide association study (GWAS) was conducted using a
mixed linear model including epistatic genetic effects, ethnicity-speci�c effects, and one cofactor
(nutrition), aiming to investigate novel loci associated with Factor VIII level and the contribution due to the
nutrition factor by comparing genetic effects of single nucleotide polymorphisms (SNPs) detected in the
baseline and conditional models.

Results
A total of �ve quantitative trait SNPs at �ve genes have been identi�ed in this study related to nutrition
entirely or partially. One SNP (rs13428770) was associated with red blood cell count, two were in protein-
coding genes, and the other two were in unknown non-coding RNA (ncRNA) genes associated with the
FVIII level individually or epistatically. Two ethnicity-speci�c epistasis effect (rs17326624 × rs1468382) is
identi�ed in the European-American and African-American population. Bioinformatics analysis results
showed that various Gene Ontology (GO) terms and pathways are associated with FVIII and nutrients in
this study. The vital role of FVIII was further documented by the fact that the detected genetic factors are
associated with CVD.

Conclusions
This study used a novel approach considering QTS by ethnicity interaction effects and applied
conditional mapping by setting different kinds of nutrition as a cofactor in the statistic model. The
nutrition factors strongly in�uence the genetic effects of detected SNPs, although the exact mechanism
remains unidenti�ed. This study offered that ethnicity-speci�c response needs to be considered in
personal medical treatment and might reveal the impacts on speci�c QTS effects due to nutrition.

Introduction
Cardiovascular disease (CVD) is the primary factor for death worldwide [1]. The causes of cardiovascular
disease are diverse, but atherosclerosis is one of the most common. Atherosclerosis is a progressive
in�ammatory disorder underlying coronary artery disease (CAD) and stroke. Although familial
aggregation of CVD has been well recognized, demonstrating a genetic component of cardiovascular risk,
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genetic risk factors alone do not cause heart disease. Genetic susceptibility, together with environmental
factors, such as diet, physical activities, tobacco smoking, and air pollution, determines CVD development
through an intricately interactive network.

Diet is a known acquired factor associated with atherosclerosis. The United States Department of
Agriculture, the American Heart Association, the American Diabetes Association, and the National
Cholesterol Education Program consensually recommend a low-fat diet mainly based on the view that fat
in the diet is atherogenic. Besides, the trend of increasing coronary mortality in the United States from
1907 to 1974 parallels the increasing ratio of animal to vegetable protein in the diet [2], which indicates
that the type of protein may also affect the course of atherosclerosis. Although heavy alcohol intake is
associated with a higher risk of coronary occlusion and arrhythmias, moderate alcohol consumption has
reduced CAD complications by altering lipoproteins and the coagulation system [3]. Though there must
be a relation between diet and atherosclerosis, the precise mechanisms and genetic components
underlying this association remained unclear.

Genes do not act alone but interact in various ways, including additively and epistatically among loci and
across pathways contributing to CVD risk at a genome-wide level. The dualism of genetic predisposition
and behavioral in�uences and their interactions has long been a hot topic in understanding the pathology
of cardiovascular diseases. While several risk factors such as race, age, gender, or family history are
unchangeable, many other important cardiovascular risk factors are modi�able by dietary intervention,
lifestyle change, drug treatment, or social policy. Thus, deciphering the genetic mechanisms underlying
CVDs will signi�cantly facilitate to development of effective treatment and preventive strategies.

Multiple measures can identify asymptomatic individuals with subclinical atherosclerosis. Carotid intima-
media thickness (cIMT) and carotid plaque are determined by ultrasonography [4], as well as coronary
artery calcium scanning by computed tomography (CAC), which are all established measures [5]. Factor
VIII (FVIII) level is another informative intermediate phenotype concerning atherosclerosis. A positive
association between factor VIII and carotid atherosclerosis in the Chinese population was found [5, 6].
Atherosclerosis Risk in Communities (ARIC) study also performed measurements of factor VIII and von
Willebrand factor (vWF or VWF) to determine their relationship to the development of atherosclerosis in
white and black populations [7]. As an essential blood-clotting protein, FVIII functions as a cofactor for
factor IXa in the adjoin coagulation pathway and circulates in a defending complex with VWF.
Environmental and genetic factors strongly in�uence plasma FVIII activity through VWF-dependent and -
independent mechanisms [8]. Although studies have identi�ed some single nucleotide polymorphisms
(SNPs) related to FVIII at the F8 [8], STXBP5, SCARA5, ABO, VWF, STAB2 genes [9], epistasis among loci,
the effects of nutrition and ethnic factors on FVIII are still uninvestigated. In the United States, CVD
incidence and prevalence differ among racial and ethnic populations, but information on subclinical CVD
in subgroups has lacked. This study includes four ethnic groups (European Americans, Chinese
Americans, African Americans, and Hispanic Americans) whose prevalence of risk factors and CVD risk
differ [10–16].
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Although many studies have been conducted with the Multi-Ethnic Study of Atherosclerosis (MESA) data,
few studies have considered FVIII and nutrition factors together. We conducted a genome-wide scan to
identify genetic variants and determine the genetic architecture and their relations with nutrition factors
that contribute to FVIII variation in four ethnic populations. Moreover, the relationship between FVIII and
CVD was also investigated in this study.

Materials And Methods
Participants

The MESA is a prospective population-based study focusing on the characterization of subclinical
cardiovascular disease and the risk elements that enable predicting CVD progression [17]. We have
downloaded the MESA data from the dbGaP (https://www.ncbi.nlm.nih.gov/gap/) database with the
accession number phs000209.v10.p2. Study participants of four ethnic groups comprise of 6,500 men
and women, almost in equal numbers, who were aged 45-84 years and permitted clinical CVD at baseline,
and initially enrolled in 2000 from six US societies: Baltimore, MD; Chicago, IL, Forsyth County, NC; Los
Angeles County, CA, Northern Manhattan, NY; and St. Paul, MN. Thirty-eight percent of the recruited
participants are European-American (EA), 28 percent African-American (AA), 22 percent Hispanic
American (HA), and 12 percent Asian, predominantly of Chinese descent American (CA). MESA's
enrollment and exclusion criteria are described previously [17]. All participants provided written informed
consent as accepted by all the Institutional Review Boards. Speci�cs of the study design and cohort
characteristics have been described elsewhere [17]. 

Genotyping, quality control, and population structure analysis

DNA was extracted from blood samples collected from participants at registration utilizing the Puregene
DNA kit (Puregen, Gentra Systems, Minneapolis, MN, USA). We have used PLINK (www.cog-
genomics.org/plink/1.9/) to perform quality control for the SNPs data. We have removed SNPs for minor
allele frequency (MAF) of < 5%, missing genotyping rate of >5%, and samples with a missing genotyping
rate of >10%. We have conducted HWE testing with p-value < 1e-06 and removed individuals with a
heterozygosity rate deviating more than 3 SD (standard deviation) from the mean. 

The PLINK command used linkage pruning (--indep-pairwise 50 10 0.1) for population structure analysis.
Two approaches were used to perform the analysis of population structure. Firstly, we run PLINK with a
few additional arguments to create PCA (principal components analysis), and secondly, we used
ADMIXTURE [18] software for conducting the population structure analysis. We used R (https://www.r-
project.org/) for drawing the plots. 

Phenotype and covariate measurements

Information on ethnicity/race, medical history, sex, age, tobacco usage, passive smoke exposure, etc.,
was gathered by self-report via a set of questionnaires. Covariates such as physical activity, diet, and
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others were measured. Five dietary factors were chosen as cofactors: (1) fat, (2) animal protein,
(3) vegetable protein, (4) alcohol, and (5) energy. Summary statistics of the sex and cofactors are given in
Additional �le 1.

Statistical analysis

We used a mixed linear model by setting cofactors for nutrition factors, namely fat, vegetable protein,
animal protein, alcohol, and energy. The following mixed linear model can be used to connect the
phenotypic value of the k-th individual in the h-th ethnic population () with all related loci:

In this mixed linear model, the ethnic effects, the interaction effects of each genetic component of SNP
and ethnicity population, the ethnic population and residual were treated as random effects, and any
other effects in the model were �xed. Each nutrition factor, namely fat, vegetable protein, animal protein,
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alcohol, and energy, was included in the model as a covariate. Heritability of individual genetic effect is

estimated by 

where the phenotypic variance is the sum of genotype variance, genotype by environment interaction
variance, and residual variance. As the conditional genetic analysis method is an effective tool for
revealing the "net" effects after excluding confounders, baseline (i.e., unconditional) effects and
conditional effects are estimated [19]. Nutrition, including fat, vegetable protein, animal protein, alcohol,
and energy, were used as a confounder in the conditional analysis.

Genotyping data and models

A two-step strategy was used to determine the genetic architecture of FVIII in the human population to
alleviate the computational burden in the mixed model-based GWAS analysis. First, the GMDR
(Generalized Multifactor Dimensionality Reduction) method [20] was employed to screen candidate SNPs
with potential individual genetic effects or pairwise interaction effects by 1D and 2D genome scanning.
Among 458,188 SNPs, 772 SNPs on autosomes were identi�ed from the �rst step. A GPU parallel
computing software QTXNetwork (http://ibi.zju.edu.cn/software/QTXNetwork/) was used in the second
step to dissect the genetic architecture of FVIII in the MESA population. We employed mixed models to
scan signi�cant SNPs and predict genetic effects conditional on �ve different nutrition factors based on
the identi�ed candidate SNPs. Six models were tested: 0 = inclusion of no cofactor, 1 = inclusion of fat as
a cofactor, 2 = inclusion of intake of animal protein as a cofactor, 3 = inclusion of intake of vegetable
protein as a cofactor, 4 = inclusion of alcohol as a cofactor, and 5 = inclusion of energy as a cofactor to
examine the effects of nutrition on plasma FVIII concentration. Ethnicity by genetic effect interaction was
included in the mixed linear model to capture the variation of the genetic effects across ethnic
populations. The top 5 principal components (PCs) were included in our model to control the in�uences
from the population structure in this study.  

Bioinformatics and network analysis of the identi�ed SNPs associated genes

Several databases were used to identify the function of the identi�ed SNPs, including Ensemble
(http://asia.ensembl.org/), dbSNP (https://www.ncbi.nlm.nih.gov/snp/), NHGRI-EBI GWAS catalog
(https://www.ebi.ac.uk/gwas/) and UniProt (https://www.uniprot.org/) databases. We have used
NetworkAnalyst [21] for protein-protein, disease-protein, gene-TF, gene-miRNA, TF-miRNA, and protein-
chemicals interaction networks for the candidate genes associated with the identi�ed SNPs.

Results
Population structure analysis

Quality control of the genotypic data was performed by PLINK according to the speci�ed criteria, and a
total of 458,188 SNPs and 5,072 individuals were passed in the quality control and used for the �nal

http://ibi.zju.edu.cn/software/QTXNetwork/
https://www.ebi.ac.uk/gwas/
https://www.uniprot.org/
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analysis. The genotypic data set was analyzed using PCA and ADMIXTURE [18]. PCA analysis showed
that the top three PC explain 86.4% of total genetic variation (Fig. 1a, b). PC1 separated the EA (blue) and
CA (green) groups (40.2% of the variation), and the PC2 separates the AA (red) and HA (purple) (34.4%),
while PC3 separates CA from other subpopulations (11.8%) (Fig. 1a, b). We have used ADMIXTURE with
estimated population size (K) as �ve, and the results are reasonably straightforward that K = 5 is a
sensible modeling choice for MESA data (Fig. 1c, d). 

Genetic and ethnicity-speci�c effects

The interaction network plot of quantitative trait SNPs (QTSs) is presented in Fig. 2, in which there were a
total of �ve QTSs controlling calibrated FVIII would be detected by six different models. Five QTSs could
be detected by directly analyzing FVIII by �ve models (0, 2, 3, 4, and 5), among them Q2-34 (rs13428770)
and Q7-5 (rs1468382) on chromosome 2 and 7, respectively involving epistasis (additive × additive
aa, dominance × additive da, and dominance × dominance dd), Q4-40 (rs17326624) and Q7-5
(rs1468382) on chromosome 4 and 7, respectively involving epistasis (additive × additive aa, ethnicity-
speci�c additive × dominance ade1, and ade3). However, only Q2-34 (rs13428770), Q4-29 (rs12641227),
Q4-40 (rs17326624), and Q7-5 (rs1468382) could be detectable under all six models, indicating that they
are the key QTSs for FVIII (Fig. 2). One QTS Q7-44 (rs17864995) on chromosome 7 will be lost after
considering fat as a cofactor in model 1. It is indicated that the genetic effects of this QTS are
contributed by fat. The effects of additive × additive epistasis (aa) under models 2, 3, 4, and 5 and
ethnicity-speci�c additive × dominance (ade3) effect for models 1-5 were observed between QTS Q4-40
and Q7-5. It is indicated that the nutrition cofactors mask the positive additive × dominance epistatic
effects in AA ethnic group. 

The QTS effects and QTS × ethnicity interaction effects of �ve SNPs are presented in the G × E plot (Fig.
3). For Q2-34, negative additive effects were observed for all models, whereas dominance effects were
positive for all models; an ethnicity-speci�c additive effect was identi�ed in CA and AA populations for
models 0, 1, and 4. Only the ethnicity-speci�c additive effect was identi�ed in the CA population for
models 3 and 5, but no ethnicity effect was observed for model 2. For Q4-29, no additive effect was
observed in model 1 but detected negative effects in the other �ve models (0, 2, 3, 4, and 5). All models in
two ethnicities identi�ed an ethnicity-speci�c additive effect, including a positive effect for the CA
population and a negative for the AA population. All six models in three ethnicities identi�ed the ethnicity-
speci�c dominance effect: the positive effects for EA and HA populations and the negative effects for the
AA population. For Q4-40, only positive dominance effects were identi�ed for models 2, 3, 4, and 5
without ethnicity-speci�c effects (Fig. 3 and Additional �le 2). For Q7-5, the positive additive effect for
models 2, 3, 4, and 5 was identi�ed, and ethnicity-speci�c negative additive effects were identi�ed by �ve
models (0, 1, 2, 3, and 5) in the EA population (Additional �le 2). For Q7-44, positive additive effect but
ethnicity-speci�c negative additive effect are identi�ed by �ve models (0, 2, 3, 4, and 5) for the EA
population (Additional �le 2). 
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All models identi�ed signi�cant epistasis effects for Q2-34 × Q7-5 (positive effect for aa and dd, negative
effect for da) without ethnicity-speci�c effect (Additional �le 2). Negative epistatic effects (aa) were
identi�ed when setting animal protein, vegetable protein, alcohol, and energy as a cofactor in the model
for epistasis Q4-40 × Q7-5 (Additional �le 2). Also, ethnicity-speci�c additive × dominance negative
effects have been identi�ed for the EA population by all models. Interestingly, ethnicity-speci�c additive ×
dominance positive effect was observed when only considered nutrition as a cofactor in Q4-40 × Q7-5 for
the AA population (Additional �le 2).

The predicted effects of QTS and QTS × ethnicity interaction with high signi�cance (−log10 (P-value) >
5.0) are presented in Table 1 for four individual QTSs and two pairs of epistatic QTSs. Negative additive
effects but dominant positive effects were highly signi�cant for Q2-34 for all the models (Table 1). Highly
signi�cant ethnicity-speci�c dominant effects of Q4-29 could be detected for two ethnicities (EA and AA
populations) but in opposite patterns. Positive EA-speci�c dominant effect but negative AA-speci�c
dominant were observed for all models (Table 1). Among all the signi�cant QTSs, only the positive
dominance effects of Q4-40 and positive additive effects if Q7-5 were highly signi�cant and predictable
for models 2, 3, 4, and 5 (Table 1). All models for Q2-34 × Q7-5 identi�ed highly signi�cant epistasis
effects (positive for aa, negative for da). Also, highly signi�cant negative epistatic effects (aa) between
Q4-40 and Q7-5 were identi�ed for models 2, 3, 4, and 5 (Table 1).

Table 1 Predicted QTS effects and QTS × ethnicity interaction effects with high signi�cance and
heritability for FVIII under the different model setting



Page 9/24

ID Chr_QTS_SNP Gene Effect Model Predict -
log10(P)

h2 (%)

2-34 2_rs13428770_C_G 24 kb 3' of STK25 a 0 -12.86 90.09 13.67

1 -12.74 88.40 13.64

2 -12.80 89.30 10.07

3 -12.86 90.17 10.09

4 -12.91 91.44 10.26

5 -12.75 88.71 9.9

d 0 8.60 33.47 3.06

1 8.54 32.96 3.06

2 8.58 33.33 2.26

3 8.50 32.75 2.21

4 8.38 32.01 2.16

5 8.54 33.02 2.22

4-29 4_rs12641227_G_T LOC105377567 de1 0 5.55 6.29 1.28

1 5.18 5.53 1.12

2 5.62 6.43 0.97

3 5.70 6.59 0.99

4 6.55 8.53 1.32

5 5.78 6.77 1.02

de3 0 -10.78 7.63 4.81

1 -10.94 7.83 5.03

2 -10.71 7.54 3.52

3 -10.76 7.60 3.53

4 -11.17 8.18 3.84

5 -10.77 7.61 3.53

4-40 4_rs17326624_T_C SCRG1 d 2|0 22.86 83.41 16.06

3|0 22.73 82.46 15.75

4|0 22.35 80.30 15.36
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5|0 22.79 82.97 15.82

7-5 7_rs1468382_G_A LOC107986841 a 2|0 7.86 43.80 3.8

3|0 7.98 45.07 3.88

4|0 7.93 44.79 3.86

5|0 8.09 46.33 3.99

2-
34/7-
5

2_rs13428770_C_G/

7_rs1468382_G_A

STK25/
LOC107986841

aa 0 11.06 56.88 20.24

1 10.89 55.13 19.94

2 11.00 56.26 14.87

3 11.06 56.85 14.92

4 10.63 52.97 13.9

5 10.97 56.00 14.66

da 0 -10.51 27.03 9.14

1 -10.33 26.11 8.96

2 -10.51 27.03 6.79

3 -10.41 26.51 6.6

4 -10.17 25.51 6.36

5 -10.39 26.45 6.58

4-
40/7-
5

4_rs17326624_T_C/

7_rs1468382_G_A

SCRG1/
LOC107986841

aa 2|0 -7.18 30.37 6.34

3|0 -7.31 31.42 6.52

4|0 -7.69 34.87 7.27

5|0 -7.52 33.20 6.89

Notes: Environment (Ethnicity) de�ned as in Fig. 2. Genetic effect: a = additive effect, d = dominance
effect, aa = additive × additive epistasis effect, dd = dominance × dominance epistasis effect, da =
dominance × additive epistasis effect; ae1 = EA-speci�c additive effect, ae3 = AA-speci�c additive effect,
ae4 = HA-speci�c additive effect, aae3 = AA-speci�c additive × additive epistasis effect, dae2 = CA-
speci�c dominance × additive epistasis effect. −log10 (P) = minus log10 (P−value). h2 (%) = heritability
(%). Model: 0 = detectable with no cofactor, 1 = detectable with fat as cofactor, 2 = detectable with animal
protein as cofactor, 3 = detectable with vegetable protein as cofactor, 4 = detectable with alcohol as
cofactor; 5 = detectable with energy as cofactor; x|0 = detectable only with x as cofactor, and not
detectable with no cofactor.
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Positive AA-speci�c additive effect of Q2-34  was observable without setting cofactor, and this QTS effect
was absent when considering the nutrition of animal protein, vegetable protein, and energy (Additional �le
3). It is indicated that the AA-speci�c additive effect could be due to animal protein, vegetable protein, and
energy. A negative additive effect  was observable for the Q4-29, and this QTS effect was absent when
including the fat as a cofactor, indicating that this effect could be due to the fat (Additional �le 3). The
EA-speci�c additive effect of Q7-5 was negative, and this QTS effect was absent when including the
alcohol as a cofactor in the model, indicating that the effect of Q7-5 might be due to the alcohol.
Moreover, a positive additive effect (a = 2.00) and EA-speci�c additive effect  was identi�ed, and the QTS
Q7-44 effect was absent when the model considered fat as a cofactor. This effect might be happening
due to the fat (Additional �le 3). Some kinds of nutrition could also suppress the genetic effects of QTSs
on the FVIII level. A positive dominant effect of Q4-40 and the positive additive effect of Q7-5 could be
inhibited by animal protein, vegetable protein, alcohol, and energy (Additional �le 4). Also, animal protein,
vegetable protein, alcohol, and energy can suppress the epistasis effects of Q4-40 × Q7-5 (negative effect
for aa and positive effect for ade3).

Heritability results by all models

Estimated heritability was listed in Table 2 for six models. For model 0, the total heritability  was primarily
due to additive effects  and epistasis effects. When including fat as a cofactor in model 1, the total
heritability was only decreased indicating that some gene expression will be lost when removing the
effect of fat as a cofactor. But the total heritability was increased in models 2, 3, 4 and 5 as compared
with the model with no cofactor. It could be due to the exposure of signi�cant dominant effect of Q4-40
(rs17326624), an additive effect of Q7-5 (rs1468382), epistatic effects (aa), and ethnicity-speci�c
additive × dominance epistatic effect (ade3) between Q4-40 and Q7-5 after accounting for fat, animal
protein, vegetable protein, alcohol and energy effects in model 2, 3, 4 and 5, respectively. 

Table 2 Estimated heritability (%) for FVIII under different model settings

Model              

0 14.33 3.06 30.01 3.06 2.29 0.95 53.70

1 13.64 3.06 29.55 2.60 2.31 1.75 52.91

2 14.32 18.32 28.46 1.59 1.71 1.19 65.59

3 14.42 17.95 28.50 2.01 1.71 1.26 65.85

4 14.50 17.52 28.00 2.57 1.96 1.23 65.78

5 14.34 18.04 28.60 1.94 1.72 1.28 65.92

Notes: Heritability:  = heritability for additive effects;  = heritability for dominance effects; = heritability for
epistasis effects including AA, AD, DA, DD;  = heritability for ethnicity-speci�c additive interaction effects;
 = heritability for ethnicity-speci�c dominance effects; = heritability for ethnicity-speci�c epistasis effects;
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= total heritability. Model: 0 = with no cofactor, 1 = with fat as cofactor, 2 = with animal protein as
cofactor, 3 = with vegetable protein as cofactor, 4 = with alcohol as cofactor; and 5 = with energy as
cofactor.

Bioinformatics and network analysis of the targeted genes of the QTSs

NetworkAnalyst [21] showed that 22 protein-coding genes were associated with STK25 (Fig. 4a). Gene
ontology (GO) of these genes was carried out using the PANTHER database (http://pantherdb.org). PPI
network generated by the STRING database (http://string-db.org) for the identi�ed genes, and the results
showed that these genes were associated with binding (GO: 0005488), molecular function regulator (GO:
0098772), and catalytic activity (GO: 0003824) in the molecular function category (Additional �le 7a).
Most of the genes were engaged in the cellular process (GO: 0009987), cellular component organization
or biogenesis (GO: 0071840), biological regulation (GO: 0065007), and metabolic process (GO: 0008152)
in the biological process category (Additional �le 7b). In the cellular component category, most of the
protein-coding genes were involved in a cell (GO: 0005623) and cell part (GO: 0044464) (Additional �le
7c). Pathway analysis showed that most genes are involved in the FGF signaling pathway
(P00021) (Additional �le 7d). These results indicated that diverse GO terms and pathways were
associated with FVIII and nutrients. 

One of the candidate genes, GRM8, was associated with several diseases such as alcohol withdrawal
delirium, alcoholic intoxication, anxiety disorders and small cell carcinoma of the lung, which might have
a relationship between different nutrients and FVIII (Fig. 4b). The gene-TFs network analysis showed that
one gene, STK25, interacted with 28 TFs, most involved in diverse pathways. Notably, Zinc �nger protein
(ZFP64, ZNF423, ZNF341), DNA methyltransferase 1-associated protein 1 (DMAP1), DNA-binding protein
(RFXANK), cell division cycle 5-like protein (CDC5L), E3 ubiquitin-protein ligase (TRIM22),
hypermethylated in cancer 1 protein (HIC1), and transcriptional repressor p66-alpha (GATAD2A) were
some of them (Fig. 4c). Results of the gene-miRNA show that the 52 miRNA are involved with SCRG1 (Fig.
4d). We used the miRDB database (http://mirdb.org/) to extrapolate these miRNA functions [22].  We
found that 15 miRNAs were in association with different genes. These miRNAs were involved in
immunity-related GTPase Q, transmembrane protein 30B, serine protease 16, glutamate receptor-
interacting protein, and SWI/SNF-related, matrix-associated actin-dependent regulator of chromatin,
subfamily a, containing DEAD/H box 1 (Additional �le 5). 

We found only STK25 and GRM8 genes associated with different TF-miRNA, where a noticeable number
of TFs are on the basic helix-loop-helix transcription factor and C2H2 zinc �nger transcription factor (Fig.
4d and Additional �le 6a). Besides, 14 miRNAs were associated with these genes. Importantly, LIM zinc
�nger domain containing 1, ubiquitin-conjugating enzyme E2 H, methyl-CpG binding domain protein 2,
forkhead box N3, cytoplasmic linker associated protein 1, F-box protein 34, apolipoprotein O like,
polypeptide N-acetylgalactosaminyltransferase 3 were involved with FVIII and nutrients in this studies
(Fig. 4e and Additional �le 6b). Moreover, protein-chemicals interaction showed that GRM8 and SCRG1
were associated with different chemicals, playing essential roles in regulating FVIII and nutrients (Fig. 4f).

http://pantherdb.org/
http://string-db.org/
http://mirdb.org/
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We also investigated the expression of the identi�ed genes using the human protein atlas database
(https://www.proteinatlas.org/). Blood cell-speci�c expression analysis showed that only STK25 and
SCRG1 gene expression were found in different blood cell type lineages (Additional �le 8). Expression
results showed that both genes were expressed in diverse blood cells, including NK-cell, T-reg, Basophil,
Eosinophil, and Neutrophil. Notably, the highest or lowest expression was found in NK-cell and neutrophil
cells, respectively, for the STK25 gene. Interestingly, the highest expression level was found in Neutrophil
cells for the SCRG1 gene (Additional �le 8). 

Discussion
Like most complex diseases, CVD involves multiple genetic and environmental factors that act in concert.
A large proportion of CVD is preventable through lifestyle modi�cations. Studies showed that the
hemostatic system is affected by diet, including alcohol [23], and may be the desired target for treatments
to minimize the threat of CVD [24]. Researches have shown that a balanced diet, realistic physical
exercise, drinking less alcohol, and quitting smoking are bene�cial to people at a major risk of CVD [25–
27]. Many studies showed that nutrition, including vegetable intake, is negatively correlated with the
threats of CVDs and potentially advantageous in restraining and caring for CVD [28, 29]. CVD is also
related to the high hemostatic factor comprising FVIII [30, 31]. Recent studies showed that high blood
pressure, dystrophy, and metabolic dyshomeostasis are crucial CVD risk factors connected to the onset
and progression of atherosclerosis [32]. CVD could be controlled by crucial behavioral approaches such
as dietary and lifestyle intercessions [33]. The study found that DASH (Dietary Approach to Stop
Hypertension) diet has been discovered to highly alleviate blood pressure in hypertensive patients and
also signi�cant improvements in recognized cardiovascular risk factors, including concentrations of
fasting glucose [34] and total cholesterol [35].

The present study unveils the roles of interactions of genes and nutrition factors played in the genetic
architecture of the FVIII level. Five QTSs were detected by analyzing FVIII by all six models except model
1, but only four QTSs such as rs13428770 (Q2-34 ), rs12641227 (Q4-29 ), rs17326624 (Q4-40) and
rs1468382 (Q7-5) detectable under all six models by QTXNetwork, suggesting that they are the vital QTSs
for Factor VIII. We have found negative effects in the �ve models except model 1 for QTS rs12641227.
We have found two epistasis effects (Q2-34 × Q7-5 and Q4-40 × Q7-5) in this study. Two ethnicity-speci�c
epistasis effect (Q4-40 × Q7-5) was identi�ed in EA and AA population. For example, ethnicity-speci�c
negative epistatic (additive × dominance) effects were identi�ed by all models in the EA population. We
are assuming that this ethnicity-speci�c epistatic effect was due to the largest proportion consisted of
38.5% EA population. The African-American ethnicity-speci�c positive epistatic (additive × dominance)
effect was identi�ed when only considered nutrition as a cofactor, supposing the largest amount of FVIII
(107.6 ± 1.2) contained in the African-American ethnicity compared with other ethnicities (Additional �le 1
and Additional �le 2). Moreover, the genetic effects of QTSs on the FVIII level could also be suppressed by
the effects of animal protein, vegetable protein, alcohol, and energy (Additional �le 4).

https://www.proteinatlas.org/
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This study identi�ed QTS rs13428770, associated with red blood cell count
(https://www.ebi.ac.uk/gwas/variants/rs13428770) [36]. Moreover, two QTS rs12641227 and rs1468382,
intron variant uncharacterized LOC105377567 and LOC107986841, respectively, are also identi�ed in this
study. Additionally, another QTS rs17326624 is located in the intron region of SCRG1 (Scrapie-responsive
gene 1) and associated with neurodegenerative changes observed in transmissible spongiform
encephalopathies. It might act in host reaction to prion-connected infections. The SCRG1 may be partially
included in the membrane or excreted by the cells because of its hydrophobic N-terminus. Besides, the
encoded protein can cooperate with bone marrow stromal cell antigen 1 (BST1) to increase the distinction
capacities of human mesenchymal stem cells throughout the tissue and bone renewal [37]. Researches
have shown that contagion is a blood connection to BSE (bovine spongi-form encephalitis) and variant
vCJD (Creutzfeldt–Jakob disease). The vCJD infection has been reported to exist through factor VIII
concentrates or non-leukocyte-reduced red cells [38].

Studies showed that type 2 diabetes and CVD are caused by NAFLD (Nonalcoholic fatty liver disease)
and the possibility of increasing liver failure, cirrhosis of the liver, and hepatocarcinoma [39]. A recent
study has discovered STK25 (serine/threonine-protein kinase 25) as a vital controller of NAFLD
improvement and energy homeostasis [39]. Research showed that the genetic interruption of STK25
confronted with an elevated-fat diet inhibits liver steatosis and is convoyed by improved conserved
general glucose tolerance and insulin sensibility in mice compared with wild-type littermate [40]. Another
study found a positive correlation among nonalcoholic steatohepatitis (NASH) development, STK25
mRNA and protein abundance in human liver surgeries [39, 41]. Furthermore, the same research group
described that hepatocytes inhibit lipid aggregation and enhance insulin sensitivity [42], and similarly
reduces NASH features in STK25 knockdown in humans [41]. The QTS rs17864995 was near the gene
GRM8 (glutamate metabotropic receptor 8). Research showed that GRM8 is involved in alcohol addiction
progress, with proof of a relationship with an electrophysiological endophenotype and level of reaction to
alcohol [43]. Accordingly, genes associated with regulating glutamate transmission are probable
biological prospects for participation in increasing alcohol addiction [44]. Non-additive effects are
important factors in the GWAS study for controlling complex traits, and these effects are mostly delivered
to the FVIII levels in this study. The total heritability of FVIII was 53.70%, and the heritability in the
conditional models was ranged from 65.59% - 65.92% except model 1. The highest heritability
contributed by epistasis effects by all models ranges between 28% - 30.01% (Table 2). These results
suggested that various nutrition cofactors might have diverse effects on the genetic effects of the
detected SNPs.

NetworkAnalyst results showed that 22 protein-coding genes are associated with STK25, where most of
the genes are involved in diverse GO terms and pathways, which indicates that various GO and pathways
might be involved in the interaction amongst FVIII and nutrients (Fig. 4a). Disease-gene association
showed that several diseases such as alcohol withdrawal, delirium, alcoholic intoxication, anxiety
disorders, and small cell carcinoma of the lung are associated with GRM8, which might have a
relationship between different nutrients and FVIII (Fig. 4b). The study of miRNA (microRNA) is essential
for discovering gene expression pro�ling of atrial �brosis disease, which many factors induce, including
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lung diseases, high blood pressure, heart attack, and coronary artery disease [45]. A total of 28 TFs are
associated with STK25, where Zinc �nger protein-encoding genes are the most. The gene-miRNA results
showed that the 52 miRNA are involved with SCRG1, and protein-chemicals interaction showed that
GRM8 and SCRG1 are associated with different chemicals, which might play essential roles in regulating
FVIII and nutrients.

Conclusions
This study used a novel approach based on the mixed linear model for detecting multiple QTSs, including
epistasis and QTS by ethnicity interaction effects. Among the six models used in this study, models 2-5
had greater than 65% of total heritability contributed by different effects, including epistasis and
dominance effects. It indicated that epistasis and G × E interactions are crucial components of the
genetic architecture of complex diseases. Among the 5 SNPs detected in six models with signi�cance,
they had ethnicity-speci�c (G × E) effects. It suggested that ethnicity-speci�c responses need to be
considered in personal medical treatment. This study applied conditional mapping by setting different
kinds of nutrition as a cofactor in the statistic model. This technology can reveal the impacts on speci�c
QTS effects due to nutrition.
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Figure 1

Population structure analysis using PCA and ADMIXTURE for MESA data. (a, b) PCA analysis displaying
population structure of EA (European-American) (N=1,952) (blue), CA (Chinese-American) (N=635)
(green), AA (African-American) (N=1,302) (red), HA (Hispanic-American) (N=1,183) (purple). PC1 and PC2
explained approximately 74.6%, and PC2 and PC3 explained 46.2% of the total variation. (c) Population
structure of 5,072 individuals for K = 1 to 5 using ADMIXTURE software. Vertical lines correspond to
individuals, and colors indicate the different genetic group, and (d) Cross-validation plot. A good value of
K will exhibit a low cross-validation error compared to other K values.
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Figure 2

Network plot of detected QTSs for Factor VIII under six analysis models. M_0 = no cofactor, M_1 = fat as
cofactor, M_2 = animal protein as cofactor, M_3 = vegetable protein as cofactor, M_4 = alcohol as
cofactor, M_5 = energy as cofactor. The identi�ed QTSs rs13428770, rs12641227, rs17326624,
rs1468382 and rs17864995 represents by the id 2-34, 4-29, 4-40, 7-5, and 7-44, respectively in this study.
Notes: Circle = QTS with additive effect; Square = QTSs with dominant effect; Red color = QTS with
general effects for four ethnic groups; Green color = QTS with ethnic-speci�c effects; Blue color = QTS
with both general and ethnic-speci�c effects; Black color = QTS with signi�cant epistasis effects but
without detected individual effects; Line between two QTSs = epistasis effect, and the colors indicate the
identical explanation as above. We have added Q (short for quantitative trait SNP) before each id 2-34, 4-
29, 4-40, 7-5, and 7-44 throughout this manuscript.
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Figure 3

G × E plot of detected QTSs for Factor VIII under six analysis models. Models are de�ned as in Fig. 2.
Notes: The X-axis represents the SNP ID as in Fig. 2 along with their different types of effects, and the Y-
axis represents the values of genetic effects for QTS; Red column = general effect for four ethnic
populations, green line = ethnic-speci�c effects as 1 for European-American (EA), 2 for Chinese-American
(CA), 3 for African-American (AA), and 4 = Hispanic-American (HA); A = additive effect, D = dominant
effect, AA = additive × additive epistasis effect, AD = additive × dominance epistasis effect, DA =
dominance × additive epistasis effect and DD = dominance × dominance epistasis effect.
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Figure 4

Network analysis of QTSs associated genes by using the NetworkAnalyst. (a) PPI network, (b) Disease-
protein interaction, (c) Protein-TF, (d) Gene-miRNA, (e) TF-miRNA, and (f) Protein-chemicals interaction.
Red balls denote the seed genes.
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