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Abstract

Intercellular adhesion molecule–1 (ICAM1) is crucial to the development and progression of

atherosclerosis. Recent genome-wide association studies (GWAS) have revealed that single

nucleotide polymorphisms (SNPs) in two of the nuclear factor-κB (NF-κB) pathway genes,

NFKBIK and RELA, are associated with soluble ICAM1 (sICAM1) levels. However, neither

of these two gene variants is found in the Asian populations. This study aimed to elucidate

whether other candidate gene variants involved in the NF-κB pathway may be associated

with sICAM1 levels in Taiwanese. After excluding carriers of the ICAM1 rs5491-T allele,

three SNPs in the ICAM1 gene and eight SNPs in six of the NF-κB pathway genes (NFKB1,

PDCD11, TNFAIP3, NKAPL, IKBKE, and PRKCB) were analyzed for their association with

sICAM1 levels in 480 individuals. Our data showed that two SNPs, rs5498 of ICAM1 and

rs1635 of NKAPL, were significantly associated with sICAM1 levels (P = 0.002 and 0.004,

respectively) in the Taiwanese population. Using a multivariate analysis, rs5498 and rs1635

as well as the previously reported ABO genotypes and rs12051272 of the CDH13 gene were

independently associated with sICAM1 levels (P = 0.001, 0.001, 0.006 and 0.031, respec-

tively). An analysis with combined risk alleles of four candidate SNPs in the ICAM1, NKAPL,

ABO, and CDH13 genes showed an increase in sICAM1 levels with added numbers of risk

alleles and weighted genetic risk score. Our findings thus expanded the repertoire of gene

variants responsible for the regulation of sICAM1 levels in the Asian populations.

Introduction

ICAM1 is an adhesive molecule of the immunoglobulin superfamily that is regulated by the

proinflammatory cytokines and plays a crucial role in the development and progression of ath-

erosclerosis [1]. Apart from atherosclerosis, elevated plasma sICAM1 levels were observed in
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patients with unstable angina and myocardial infarction, and they served as indications for an

increased risk of ischemic stroke, myocardial infarction, and future coronary events in both

healthy individuals and patients with coronary heart disease [2–5]. A study of the Framingham

cohort has shown a cumulative effect on plasma sICAM1 levels exerted by quantitative combi-

nation of a number of clinical risk factors, suggestive of a multitude of physiological control

over ICAM1 protein expression and its post-translational processing [6].

In addition to physiological regulations, a 24% residual heritability of sICAM1was found in

the Framingham cohort [6], which provided one of the earliest evidence of the genetic regula-

tion of sICAM1 concentration. Several studies subsequently narrowed down the genetic deter-

minants of circulating sICAM1 levels to the ICAM cluster on chromosome 19 with a

heritability estimate from 0.34 to 0.59 [7, 8], and many single nucleotide polymorphisms

(SNPs) in the vicinity of the ICAM1 locus were identified to associate with sICAM1 levels [7,

9–11]. We have previously reported that the ICAM1 SNP rs5491 was associated with sICAM1

levels and metabolic syndrome in a Taiwanese population [12]. This SNP, also named ICAM1-
Kilifi (rs5491), lies in a loop close to the N-terminus of the ICAM1 protein critical to its binding

to the malaria parasite Plasmodium falciparum, human rhinovirus, lymphocyte function–asso-

ciated antigen–1 (LFA-1), and fibrinogen [13–15], and is likely a result of evolutionary adapta-

tion. Unfortunately, the rs5491-T allele creates a non-synonymous lysine-to-methionine

substitution that was known to interfere with binding of an ICAM1 epitope to several mono-

clonal antibodies used in conventional protein assays [16]. Therefore, the presence of this allele

might confound interpretation of our previous results.

Numerous efforts have been made toward identifying novel genetic regulators for sICAM1

levels. For instance, variants of the ABO and CDH13 genes (which encode the ABO histo-

blood group antigen and glycosylphosphatidylinositol-anchored cadherin 13, respectively)

were reported to associate with sICAM1 levels [10, 17, 18]. Recently, a GWAS identified and

localized the genetic determinants of sICAM1 levels to several loci in the genome, including

two SNPs, rs3136642 and rs1049728, in the NFKBIK and RELA genes which function in the

NF-κB pathway [11]. This is interesting because in the cardiovascular system, ICAM1 expres-

sion in the endothelial cells is known to be upregulated by various extracellular signals like

tumor necrosis factor-alpha and thrombin, and the majority of these signals lead to activation

of NF-κB [19]. Noticeably, the promoter region of ICAM1 contains two NF-κB binding sites,

which are -533 and -223 bases from translational start site. It has been shown by site-directed

mutagenesis and gel shift assays that RelA/p65 binds to the downstream site to activate ICAM1
transcription [20]. Since sICAM1 expressed by endothelial cells greatly facilitates transen-

dothelial migration of leukocytes [19], studying the relation between NF-κB pathway activa-

tion and ICAM1expression thus allows us to identify key players in this inflammatory process.

However, neither of these SNPs (rs3136642 and rs1049728) is present in the Asian

populations.

The NF-κB family transcription factors are central regulators of a variety of genes which are

essential to processes like inflammation, immunity, cell proliferation, differentiation, and sur-

vival [21]. The NF-κB transcription factors are distinct homo- or heterodimers formed by the

combination of RelA (p65; a product of the RELA gene), RelB, c-Rel, NF-κB1 (p105/p50;

encoded by the NFKB1 gene), and NF-κB2 (p100/p52) proteins. At its simplest, the NF-κB

dimer is normally localized in the cytoplasm, where it is kept inactive by the IκB family of

inhibitors. Upon signal transduction following extracellular stimuli, IκB is quickly phosphory-

lated by the IκB kinase (IKK) complexes and degraded, and the NF-κB dimer translocates into

the nucleus to function as a transcriptional activator or repressor for downstream genes [21].

On top of these core members of the NF-κB pathway, additional proteins participate in dif-

ferent steps of the NF-κB signal transduction, and many SNPs of these NF-κB pathway genes
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have been reported to associate with inflammation-related autoimmune diseases. For example,

Protein Kinase C-β, encoded by the PRKCB gene, recruits IKK into lipid rafts and is involved

in B-cell receptor (BCR)-mediated NF-κB activation, and the SNP rs16972959 was shown to

associate with systemic lupus erythematosus (SLE) in a Han Chinese population [22]. Poly-

morphisms in the tumor necrosis factor-alpha-induced protein 3 (TNFAIP3), a negative regu-

lator of NF-κB activation, were also found to associate with SLE [23]. Moreover, suggestive

associations were found between a SNP of the NFKB1 gene and primary Sjögren’s syndrome

[24], and between SNPs of the IKBKE gene (encoding the inhibitor of kappa light polypeptide

gene enhancer in B-cells, kinase epsilon; a noncanonical IKK) and rheumatoid arthritis [25]. It

remains unclear if any of these SNPs is associated with sICAM1 levels in the Taiwanese

population.

In order to further characterize the genetic determinants of sICAM1 levels in Taiwanese,

we excluded carriers of the rs5491-T allele and tested the relationship between a panel of eleven

SNPs in ICAM1 and selected NF-κB pathway genes and circulating sICAM1 levels in 480

individuals.

Materials and Methods

Subjects

All of the participants responded to a questionnaire on their medical history and lifestyle char-

acteristics, and were recruited during routine health examinations between October 2003 and

September 2005 at the Chang Gung Memorial Hospital. They underwent physical examina-

tions in which height, weight, waist and hip circumferences, and blood pressure (BP) in the sit-

ting position after 15 min of rest were measured. Fasting blood samples were obtained from

each subject. Exclusion criteria included a history of myocardial infarction, stroke or transient

ischemic attack, cancer, and current renal or liver disease. After 617 individuals were initially

recruited, we additionally excluded those who took regular medications for diabetes mellitus,

hypertension, and lipid-lowering drugs (8, 6, and 60 individuals, respectively), aged< 18 years

(5 individuals), and carried the ICAM1 rs5491-T alleles (58 individuals). At the end, 480 Tai-

wanese subjects of Han Chinese origin (242 men, mean age: 43.6 ± 9.5 years; 238 women,

mean age: 45.9 ± 9.5 years) were enrolled for analyses. Obesity was defined as a body mass

index (BMI)� 25 kg/m2 according to the Asian criteria [26]. Current smokers were defined as

those who smoked regularly at the time of survey. All subjects provided written informed con-

sent. The study was approved by the Ethics Committee of the Tzu-Chi Memorial Hospital

(IRB number: 04-XD01-001). The clinical characteristics and biometrics of the study popula-

tion are summarized in Table 1.

Genomic DNA extraction and genotyping

Genomic DNA was extracted as previously reported. By candidate gene approaches, in addi-

tion to the ICAM1 gene, NF-κB pathway genes that have been previously found to be associ-

ated with inflammation-related autoimmune diseases in genetic associated studies were also

selected for analysis. Oligonucleotides were generated to amplify genomic DNA fragments

encompassing the SNPs of interest according to the NCBI SNP database (http://www.ncbi.

nlm.nih.gov/SNP). In addition to ICAM1 rs5491, ten SNPs in the ICAM1 and the NF-κB path-

way genes associated with sICAM1’s transcript and protein levels were selected for genotyping

(Table 2). Four SNPs in the vicinity of the ICAM1 loci were selected based on the following cri-

teria: (1) the most significant SNPs associated with ICAM1 levels in previous reports [7, 27];

(2) compatibility with TaqMan assays; (3) cis-expression quantitative trait loci (cis-eQTL)

effect in whole blood cells in the GTEx database (http://www.gtexportal.org); (4) a threshold of
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Table 1. Clinical and biochemical characteristics of the study population.

Total Men Women P value

Number 480 242 238

Age (years) 44.74 ±9.55 43.63 ±9.51 45.87 ±9.48 0.01

BMI (kg/m2) 24.14 ±3.52 24.90 ±3.24 23.38 ±3.64 1.8×10−6

Current smokers (%) 20 35.5 4.2 3.56×10−15

Hypertension (%) 9.6 9.1 10.1 0.758

Diabetes mellitus (%) 2.7 2.9 2.5 1

CRP (mg/L) 1.62 ±6.68 1.95 ±8.87 1.29 ±3.15 0.05

Fibrinogen, μmol/L 261.94 ± 67.82 258.14 ± 69.23 265.80 ±66.28 0.216

sE-selectin(μg/L) 52.45 ±24.87 59.51 ± 25.63 45.25 ± 21.89 3.07×10−12

sP-selectin(ng/mL) 135.24 ±112.37 146.94 ± 123.50 123.35 ± 98.63 0.007

SAA (μmol/L) 5.82 ±15.56 6.49 ± 19.79 5.16 ± 9.68 0.573

sICAM1 (μg/L) 248.52 ±111.83 254.17 ± 106.20 242.80 ± 117.21 0.090

sVCAM1(μg/L) 486.77 ±134.46 487.21 ± 155.36 486.33 ± 109.64 0.833

MMP-1 (pg/mL) 502.80 ±1256.68 362.48 ± 611.92 645.48 ± 1664.47 0.988

MMP-2 (ng/mL) 126.56 ±41.60 122.74±42.80 130.42 ± 40.08 0.009

MMP-9 (mg/L) 144.73 ±115.15 156.73±116.91 132.63 ±112.29 0.023

MCP-1 (pg/mL) 73.96 ± 62.14 81.77±73.16 66.02 ±47.28 0.002

sTNFRII (pg/mL) 3230.62 ±923.52 3327.01 ± 989.43 3132.60 ± 842.10 0.024

BMI, body mass index; CRP, C-reactive protein; SAA, serum amyloid A; sE-selectin, soluble E-selectin; sP-selectin, soluble P-selectin; sICAM1, soluble

intercellular adhesive molecule 1; sVCAM1, soluble vascular cell adhesive molecule 1; MMP1, matrix metalloproteinase 1; MMP2, matrix metalloproteinase

2; MMP9, matrix metalloproteinase 9; MCP-1, Monocyte chemotactic protein-1; sTNFRII, soluble tumor necrosis factor-alpha receptor 2. Continuous

variables are presented as mean ± SD. CRP, SAA, sICAM1, sVCAM1,sE-selectin, sP-selectin, MMP1, MMP2, MMP9, MCP1, and sTNFRII values were

logarithmically transformed before statistical testing to meet the assumption of normal distributions; however, the untransformed data are shown.

doi:10.1371/journal.pone.0169516.t001

Table 2. Association between SNPs in the ICAM1 and NF-κB pathway genes and sICAM1 levels in the study subpopulation without the ICAM1

rs5491-T carriers.

SNP Gene Position Major allele Minor allele(s) MAF β(SE) P value a Adjusted P value Reference

rs5496 ICAM1 intron A G 0 - -

rs5498 ICAM1 exon 6 A G 0.246 0.042(0.013) 0.002 0.020 [9, 10]

rs281432 ICAM1 intron C G 0.286 0.024(0.012) 0.052 0.520 [9, 10]

rs281438 ICAM4 3’-UTR T G 0.129 0.024(0.016) 0.150 1 GTEx database

rs28720239 NFkB1 promoter - ATTG 0.424 0.008(0.011) 0.501 1 [11]

rs2271751 PDCD11 intron T C 0.349 0.003(0.011) 0.814 1 [53]

rs2230926 TNFAIP3 exon 4 T G/C 0.04b 0.030(0.027) 0.268 1 [21]

rs1635 NKAPL exon 1 G T 0.364 -0.031(0.011) 0.004 0.040 [28]

rs12142086 IKBKE intron C T 0.316 0.007(0.012) 0.535 1 [23]

rs16972959 PRKCB intron G A 0.257 -0.014(0.012) 0.231 1 [20]

MAF: minor allele frequency;
a: adjusted for sex, age, BMI, and smoking status;
b: MAF of the rs2230926-G allele.

Adjusted P value were shown with Bonferroni corrections.

doi:10.1371/journal.pone.0169516.t002
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minor allele frequency (MAF)� 0.10 according to the Chinese (CHB) genotype data from

HapMap (http://www.hapmap.org/). Six variants in various NF-κB pathway genes were

selected based on the following criteria: (1) functional analyses and genome-wide association

study (GWAS) data associated with rheumatic, immune, or psychiatric disorders; (2) with the

exception of rs28720239, compatibility with TaqMan assays; (3) a threshold of MAF� 0.05

according to the CHB genotype data from HapMap. Genotyping of rs28720239 was performed

using polymerase chain reactions (PCR) with restriction enzyme digestion. Genotyping of

rs2271751, rs7894407, rs7089271, rs2230926, rs1635, rs12142086, rs5496, rs5498, rs281432,

and rs16972959 was performed using TaqMan SNP Genotyping Assays from Applied Biosys-

tem (ABI, Foster City, CA, USA). Genotyping data are available in S1 Table.

Laboratory examinations and assays

Medical history and blood samples were obtained as previously reported [28]. The levels of

most markers, including serum C-reactive protein (CRP), serum amyloid A (SAA), sICAM1,

soluble vascular cell adhesive molecule (sVCAM1), soluble E-selectin (sE-selectin), matrix

metalloproteinase 2 (MMP-2), and matrix metalloproteinase 9 (MMP-9), were measured

using a sandwich enzyme-linked immunosorbent assay (ELISA) developed in-house (S1 Mate-

rials and Methods). The levels of circulating plasma matrix metalloproteinase 1 (MMP-1),

monocyte chemotactic protein 1 (MCP-1), soluble P-selectin (sP-selectin), and soluble tumor

necrosis factor receptor II (sTNFRII) were measured using commercially available ELISA kits

from R&D (Minneapolis, MN, USA). The mean intra-assay CVs from serum specimens were

7.1, 8.5, 2.1, 4.2, 4.1, 6.1, and 7.1%, and the mean inter-assay CVs were 9.5, 8.1, 3.8, 6.8, 3.4, 8.8,

and 9.1% for CRP, SAA, sICAM1, sVCAM1, sE-selectin, MMP-2, and MMP-9 levels, respec-

tively. The mean intra-assay CVs from plasma specimens were 3.8, 3.0, 2.2, 3.1, and 5.5%, and

the mean inter-assay CVs were 5.7, 8.8, 4.1, 4.5, and 8.2% for MCP-1, sP-selectin, sTNFRII,

and MMP-1 levels, respectively.

Statistical analyses

The chi-square test was used to compare categorical variables of smoking status, hypertension,

and diabetes mellitus. The clinical characteristics of the continuous variables were expressed as

means ± SD and tested using two-sample t-test or analysis of variance (ANOVA). Pearson and

partial correlation coefficients were used to examine the relationship between sICAM1 levels

and clinical and biochemical factors. A generalized linear model was used to analyze levels of

sICAM1 in relation to predictors of the investigated genotypes and confounders. Additive

models were used for numeric association tests after recoding our SNPs from categorical vari-

ables to continuous variables, such as 0, 1 and 2 of a particular allele. The Bonferroni method

was used to correct for multiple comparisons where applicable. The genetic risk scores were

created using two methods: a simple count method (genetic risk allele: GRA) and a weighted

method (genetic risk score: GRS) [29, 30]. Both methods assumed each SNP to be indepen-

dently associated with sICAM1 levels (i.e., no interaction between SNPs). We assumed an

additive effect of risk alleles for each SNP, and applied linear weighting of 0, 1, or 2 to geno-

types containing corresponding number of risk alleles. The count model assumed each SNP in

the panel contributed equally to sICAM1 levels, and the GRA was calculated by summing up

values for each SNP. The weighted GRS was calculated by multiplying the estimated beta-coef-

ficient of each SNP by the number of corresponding risk alleles (0, 1, or 2). The values of CRP,

SAA, sICAM1, sVCAM1, sE-selectin, sP-selectin, MMP-1, MMP-2, MMP-9, MCP-1, and

sTNFRII levels were logarithmically transformed prior to statistical analyses to adhere to a

normality assumption. P< 0.05, obtained using two-sided tests, was considered statistically
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significant. In addition, stepwise linear regression analysis was performed to determine inde-

pendent predictors of sICAM1 levels. Associations between genotype score and plasma levels

of sICAM1 was calculated using linear regression. Deviation from the Hardy–Weinberg equi-

librium (HWE) and the linkage disequilibrium between polymorphisms were investigated

using Golden Helix SVS Win32 7.3.1 (Golden Helix).

Results

Subject characteristics

We excluded carriers of the rs5491-T allele prior to all statistical analyses. Table 1 summarizes

the demographic features, clinical profile, and values of a panel of inflammation markers of

the study participants stratified by sex. The male subjects had higher BMI and levels of sE-

selectin, sP-selectin, MMP-9, MCP-1, and sTNFRII, and a significant portion of them were

current smokers (P< 0.05). In contrast, female subjects were slightly older and had signifi-

cantly higher MMP-2 levels (P< 0.05).

Associations between sICAM1 levels and cardiovascular risk factors

Unadjusted and age, sex, BMI, and smoking status-adjusted correlation coefficients between

sICAM1 levels and measured cardiovascular risk factors are shown in Table 3. We found sig-

nificant and positive correlations between sICAM1 levels and levels of CRP, sE-selectin, sP-

selectin, sVCAM1, sTNFRII, MMP-9, and fasting serum insulin, and negative correlations

between sICAM1 levels and HDL-cholesterol and adiponectin levels (P< 0.01). A positive cor-

relation between sICAM1 levels and the HOMA-IR index was also found (P< 0.01). Adjust-

ment for age, sex, BMI, and smoking status did not substantially alter these correlations.

Associations between sICAM1 levels and various SNPs of the candidate

genes

We genotyped a panel of SNPs in ICAM1 and several NF-κB pathway genes involved in chronic

inflammation, and tested the associations between these SNPs and sICAM1 levels (Table 2).

These SNPs included rs5496, rs5498, and rs281432 of ICAM1, rs28720239 of NFKB1, rs2230926

of TNFAIP3, rs12142086 of IKBKE, and rs16972959 of PRKCB. Our data showed that sICAM1

levels were associated with rs5498 of ICAM1 (P = 0.002), thus corroborating the previous find-

ings regarding the self-regulation of ICAM1 protein expression. However, we failed to detect

any significant association between SNPs in the above NF-κB pathway genes and sICAM1 lev-

els. We then tested the associations between sICAM1 levels and additional four SNPs:

rs2271751, rs7894407, and rs7089271 of PDCD11 (Program Cell Death 11), and rs1635 of

NKAPL (NF-κB activating protein-like). PDCD11 is a NFKB1-binding protein responsible for

the biogenesis of rRNA, and NKAPL is a paralogue of the NF-κB activating protein NKAP.

Our data revealed that only rs1635 of NKAPL was significantly associated with sICAM1 levels

(P = 0.004). The differences remained significant even after the use of stringent Bonferroni cor-

rection for multiple tests (P = 0.020 and P = 0.040, for rs5498 and rs1635, respectively).

We also searched in the GTEx database for SNPs that had cis-eQTL effect on ICAM1 (S2

Table). The SNP rs192560669 was genotyped in 100 subjects but the MAF was zero. Likewise,

based on the CHB genotype data from HapMap, the MAF of rs192560669 was also zero. We

then selected rs281438 which has a MAF� 0.10 in the Asian populations, and strong linkage

with both rs281436 and rs281437. Our association analysis showed that after adjusting for age,

sex, BMI, and smoking status, rs281438 remained modestly associated with sICAM1

(P = 0.043) in a recessive model (data not shown). Since rs281438 had strong linkage with

NF-κB Pathway Gene Variants for sICAM1 Levels
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rs281437 according to the GTEx database, our result thus tentatively lent support to a previous

finding by Bielinski et al. on the association between rs281437 and sICAM1 levels [7]. The

association between rs281438 and sICAM1 levels became insignificant after Bonferroni correc-

tion, however.

Stepwise regression and risk allele analyses of sICAM1 levels

We next studied the effects of various risk variables on sICAM1 levels using stepwise linear

regression adjusted for sex, age, BMI, smoking status, and the ABO histo-blood group

Table 3. Association between circulatingsICAM1 levels and cardiovascular risk factors in the study subpopulation with age� 18 years and with-

out the ICAM1 rs5491-T carriers.

Clinical and biochemical parameters Unadjusted Adjusted for age, sex, BMI, and

smoking status

r P value r P value

Demographics Age 0.090 0.036 0.114 0.008

BMI 0.106 0.013 0.085 0.048

Waist circumference 0.098 0.022 -0.012 0.776

Weight-hip ratio 0.073 0.087 -0.007 0.877

Blood Pressure* Systolic BP 0.070 0.104 0.007 0.878

Diastolic BP 0.072 0.091 0.028 0.518

Mean BP 0.076 0.075 0.020 0.644

Glucose metabolism** Fasting plasma glucose 0.050 0.070 0.026 0.545

Fasting serum insulin 0.167 8.82×10−5 0.134 0.002

HOMA-IR index 0.162 1.36 ×10−4 0.132 0.002

Lipid profiles# Total cholesterol 0.027 0.533 -0.005 0.899

LDL-cholesterol 0.015 0.730 -0.0004 0.993

HDL-cholesterol -0.183 1.68×10−5 -0.149 0.001

Triglyceride 0.172 5.17×10−5 0.100 0.020

Inflammation marker CRP 0.212 5.42×10−7 0.169 7.36×10−5

Fibrinogen 0.110 0.010 0.081 0.059

sE-selectin 0.367 6.86×10−19 0.350 4.28×10−17

sP-selectin 0.165 1.02×10−4 0.148 0.001

sVCAM1 0.377 5.90×10−20 0.384 1.22×10−20

sTNFRII 0.179 2.59×10−5 0.153 3.32×10−4

MCP-1 -0.19 0.662 -0.030 0.487

MMP-1 0.029 0.502 0.031 0.477

MMP-2 0.002 0.968 0.017 0.685

MMP-9 0.154 3.18×10−4 0.140 0.001

SAA 0.074 0.086 0.051 0.236

Adipokines Leptin 0.050 0.246 0.039 0.359

Resistin 0.026 0.542 0.019 0.666

Lipocalin2 0.012 0.782 -0.009 0.840

Adiponectin -0.146 0.001 -0.120 0.005

Abbreviations as Table 1. BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, homeostasis model assessment of

insulin resistance; eGFR, estimated glomerular filtration rate; 8-OHdG: 8-hydroxy-2-deoxyguanosine.

BP levels and lipid variables were analyzed with the exclusion of subjects using antihypertensive drugs and/or lipid-lowering agents. Fasting plasma

glucose and insulin and HOMA-IR index were analyzed with the exclusion of anti-diabetic medications. CRP level was calculated with the exclusion of

subjects with CRP levels above 10 mg/L. Microalbuminuria/creatinine was calculated with the exclusion of subjects with Microalbuminuria/creatinine>300.

doi:10.1371/journal.pone.0169516.t003

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 7 / 15



genotypes (non-O and O) that were previously shown to affect sICAM1 levels (Table 4). These

risk variables included the smoking status, age, the ABO histo-blood group genotypes,

rs12051272 of CDH13, rs5498 of ICAM1, and rs1635 of NKAPL. Our data showed that rs5498

of ICAM1, rs1635 of NKAPL, the ABO genotypes, and rs12051272 of CDH13 all independently

associated with sICAM1 levels (P = 0.001, 0.001, 0.006, and 0.031, respectively). We then quan-

tified the effects of a combination of risk alleles of four SNPs on sICAM1 levels. The SNPs

used in this analysis were rs5498 of ICAM1, rs1635 of NKAPL, rs12051272 of CDH13, and

non-O of ABO genotype. Our data revealed that sICAM1 levels increased significantly with

increasing number of risk alleles in both the GRA and the GRS models (Fig 1, P = 9.13 × 10−9

for GRA and P = 2.57 × 10−8 for GRS, respectively) (Fig 1).

Discussion

This study analyzed the association between variants of ICAM1 and selected NF-κB pathway

genes and circulating sICAM1 levels in a Taiwanese population. Our data revealed that two

SNPs, rs5498 of ICAM1 and rs1635 of NKAPL, were significantly associated with sICAM1 lev-

els. We found while sICAM1 levels were positively associated with age, HOMA-IR index, and

circulating levels of CRP, sE-selectin, sP-selectin, sVCAM1, sTNFRII, MMP-9, and fasting

serum insulin, they were negatively associated with levels of HDL-cholesterol and adiponectin.

Using multivariate analyses, our data showed that rs5498 of ICAM1, rs1635 of NKAPL, the

ABO genotypes, and rs12051272 of CDH13 were all independently associated with sICAM1

levels. Finally, from our analysis of the effect of a combination of risk alleles of four SNPs on

sICAM1 levels, we showed that sICAM1 levels increased significantly with increasing number

of risk alleles. These results will certainly enrich our understanding of ICAM1’s involvement

in cardiovascular atherosclerosis.

The SNP rs1635 of the NKAPL gene encodes a threonine-to-glutamine substitution at

amino acid 152 in exon 1 of NKAPL, and was previously shown to associate with schizophrenia

in separate Han Chinese populations [31–33]. Although NKAPL was found to be expressed in

the brain in postnatal day 0 mice [33], it was still elusive regarding how a structural change in

the NKAPL protein caused malfunction in the nervous system in humans, and no indication

of its involvement in inflammation was provided. The rs1635 mutation might alter protein

folding, protein-protein interaction, or protein expression and subcellular localization and

contribute to the phenotype (i.e., sICAM1 levels) we observed in this study. Indeed, when we

carried out in silico analysis using MutationAssesor (http://mutationassesor.org) [34], we did

find medium functional impact of the T152N mutation. Moreover, according to the HapMap

database (release #24, CHB), rs1635 is in linkage disequilibrium (LD) with another NKAPL

Table 4. sICAM1 levels: stepwise linear regression analysis, including genotypes.

Variables Beta R2 P value

smoking 0.072 0.024 < 0.001

KAPL rs1635-CC genotype 0.068 0.046 0.001

ICAM1 rs5498-GG genotype 0.052 0.064 0.001

age 0.002 0.082 0.002

ABO genotypes-non-O 0.042 0.098 0.006

CDH13rs12051272-TT genotype 0.054 0.108 0.031

P values were adjusted for sex, age, BMI, smoking status.

doi:10.1371/journal.pone.0169516.t004
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SNP rs12000 which is a missense mutation linked to Schizophrenia [31, 32]. According to

these previous studies and our own in silico finding, the combination of these two missense

mutations can possibly alter NKAPL protein structure synergistically, which may partially

explain the defects in neuronal wiring and central nervous system development seen in the

Schizophrenia patients. Interestingly, the T152N mutation of rs11635 and the Y96C mutation

of rs12000 potentially disrupt an AGC/GRK/BARK/BARK1 and an Abl phosphorylation site

(score = 30.786, cutoff = 7.635 and score = 6.055, cutoff = 2.697, respectively) based on online

predictions (http://gps.biocuckoo.org). These results suggested that the rs1635 mutation might

possibly generate gain-, switch-, or loss-of-function of a domain of the NKAPL protein.

Recently, a knock-out mice study has found that NKAPL, like its paralogue and ancestral

form NKAP from which it was derived, functions as a transcriptional corepressor of the Notch

signaling pathway [35]. Unlike NKAP, it was found to be specifically expressed in the testes

and possibly required for the self-renewal–differentiation balance of the spermatogonial stem

cells. Since the authors did not provide a detailed temporal expression profile of NKAPL using

either qRT-PCR or whole-mount in situ hybridization, it might be possible that it is expressed

in tissues other than the testes in adulthood, and its role in the cardiovascular system may be

overlooked. The discovery of its involvement in Notch signal transduction is particularly

intriguing because the Notch–NF-κB signaling axis has been clearly demonstrated in the

inflammatory and myeloproliferating processes in the bone marrow stromal environment

Fig 1. Levels of sICAM1 among non-rs5491-T allele carriers corresponding to different number of risk alleles in rs5498 of ICAM1, rs1635 of

NKAPL, rs12051272 of CDH13 and non-O of ABO. The associated results were presented as GRA model (A) and GRS model (B). (A) The

sICAM1 levels (mean ± SD) of subjects carrying various number of risk alleles were as follows: no risk allele (4.7% of the population): 207.8 ± 80.9 mg/

dL; one risk allele (35.3% of the population): 219.5 ± 69.3 mg/dL; two risk alleles (41.2% of the population): 261.8 ± 114.1 mg/dL; three risk alleles

(17.3% of the population): 273.9 ± 130.0 mg/dL; four risk alleles (1.5% of the population): 417.9 ± 332.8 mg/dL; P = 9.13 × 10−9 after adjusting for age,

sex, BMI, and smoking status. (B) The sICAM1 levels (mean ± SD) were calculated for each quartile of the GRS as follows: GRS = 0 (4.7% of the

population): 207.8 ± 80.9 mg/dL; first quartile (35.3% of the population): 219.5 ± 69.3 mg/dL; second quartile (22.0% of the population): 259.6 ± 103.9

mg/dL; third quartile (16.7% of the population): 256.4 ± 99.7mg/dL; fourth quartile (21.4% of the population): 288.9 ± 166.8 mg/dL; P = 2.57 × 10−8 after

adjusting for age, sex, BMI, and smoking status.

doi:10.1371/journal.pone.0169516.g001
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[36]. It is reasonable to hypothesize that the NKAPL protein is kept at a low level in the endo-

thelial cells of the cardiovascular system to restrain Notch signaling, and its dysregulation acti-

vates the NF-κB pathway which ultimately leads to cleavage and release of ICAM1 into the

blood stream. Future research is needed to study whether NKAPL participates in this scenario,

whether it represses the transcription of any NF-κB signaling activator, and whether its gain-

or loss-of-function leads to NF-κB-dependent inflammatory responses in the cardiovascular

environment (e.g. cytokine and sICAM1 production).

In addition to its association with sICAM1 levels, the ICAM1 SNP rs5498 has been shown

to associate with a plethora of diseases in Asians including diabetic microvascular complica-

tions [37], proliferative diabetic retinopathy [38], oral carcinogenesis [39], migraine [40], and

coronary atherosclerosis [41]. Because rs5498 encodes a lysine-to-glutamic acid mutation at

position 469 (K469E) which alters the electrostatic property of the binding site for ICAM1’s

ligand LFA-1 [42], it is likely that changes in ICAM1’s affinity to LFA-1 contribute to the

inflammation-related diseases. However, a recent study using atomic force microscopy did not

find any difference in single-molecule adhesion ability between the K469 and the E469 iso-

forms [43]. Instead, the ICAM1 isoform containing G241 and E469 was expressed at a signifi-

cantly higher level than that of the other isoforms. The G241R mutation of ICAM1, encoded

by the SNP rs1799969, is located in the binding domain for the macrophage-1 antigen [42].

Therefore, these data suggest that the susceptibility of rs5498 to diseases possibly lies in differ-

ential ICAM1 protein expression rather than differential LFA-1 binding, and the differential

protein expression is dependent on specific residues at both the LFA-1 and MAC-1 binding

sites. Furthermore, since production of sICAM1 has been attributed to a consensus MMP-9

cleavage site (the P-X-X-Hy-T motif where X is any and Hy is a hydrophobic residue) at posi-

tion 404–408 N-terminal to the transmembrane domain of ICAM1 [44], the rs5498 mutation

possibly does not alter the susceptibility of ICAM1 to proteolytic cleavage. Based on the above

evidence, the difference in circulating sICAM1 concentration seen in rs5498 carriers in our

study is thus likely a consequence of a difference in the amount of ICAM1 expressed in the

endothelial cells and the other tissues.

In recent years, a number of approaches have been proposed to address the inadequacy of

traditional association studies, which are often limited in their scope and ability to detect

genetic variants that may be potentially relevant to cardiovascular diseases. One type of

approach, pathway analysis and related techniques, has become an essential tool for discover-

ing key genetic components of cardiovascular diseases from large-scale GWAS data. For exam-

ple, statistical techniques like gene set analysis or gene set enrichment analysis have been

applied to GWAS datasets to uncover significant KEGG (Kyoto Encyclopedia of Genes and

Genomes) pathways for dilated cardiomyopathy and calcific aortic valve disease [45, 46].

Another approach, which is slightly different but nonetheless cogent, uses previously-pub-

lished data of cardiovascular disease-related genes to query the SNP database. The selected

SNPs are then either used to build gene-centric chips or scored directly for associations [47,

48]. In this study, we took a similar candidate SNP approach and discovered a new player in

the NF-κB pathway previously unknown to affect circulating sICAM1 concentration. Our

results therefore suggest that pathway-informed candidate gene approach can be a handy tool

to complement traditional association studies, and it vigorously accelerates the discovery of

disease-relevant genes.

In this study we also demonstrated the use of both the unweighted and weighted genetic

risk score (GRA and GRS, respectively) of selected SNP alleles in directly predicting the

sICAM1 levels. Previously, the GRS has been extensively used to discover the underlying

genetic architecture of disease traits. For instance, by informed selection of relevant SNPs

according to the results of GWAS and other association studies, it has been used to predict the
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risks of gestational diabetes mellitus, newborn adiposity, and hypertension in different popula-

tions [49, 50]. Different GRSs were also constructed to show associations with various lipid

traits and levels of CRP [51, 52]. Our study provided another example of the application of the

GRS in predicting biomarker levels which might in turn point to the severity of inflammatory

diseases. Further studies will be required to determine if the GRS can also be used in prognosis

of long-term cardiovascular adverse events in our sample population.

Conclusion

Our data suggested that most of the NF-κB pathway gene variants analyzed in our hands were

not associated with sICAM1 levels. Nevertheless, with the finding of the association of NKAPL
rs1635 with sICAM1 levels, it might be possible to uncover more variants of the NF-κB path-

way genes that influence sICAM1 levels in Taiwanese in the future.

Limitations

One limitation of this study is the relatively low number of subjects genotyped; replication of

the current results in a second cohort would support the strength of the study. Independent

association studies with larger sample size and functional data are required to confirm our

results before any definitive conclusions can be drawn. Another limitation is the study’s cross-

sectional design, which means that the results may be used to draw only limited inference

regarding the relationship between exposure and outcome. Our study design and SNP selec-

tion criteria may not be comprehensive. While some SNPs were not included into this study,

our conclusion may be biased towards emphasizing the importance of certain members of the

NF-κB pathway.

Supporting Information

S1 Materials and Methods. Supplementary Materials and Methods.

(DOCX)

S1 Table. Primer sequences used in genotyping.

(DOCX)

S2 Table. The GTEx database for SNPs that had cis-eQTL effect on ICAM1.

(DOCX)

Acknowledgments

This study was supported by a grant from the Taipei Tzu Chi Hospital, Buddhist Tzu Chi Med-

ical Foundation (TCRD-TPE-103-RT-2, TCRD-I103-01-01, TCRD-TPE-NCS-102-01, TCRD-

TPE-MOST-103-01, TCRD-TPE-MOST-104-09), a grant from the Tzu Chi University, Hua-

lien, Taiwan (TCIRP102001-02Y1, TCMMP104-06-03), and a grant from the National Science

Council (NSC 101-2314-B-303–023 -MY3, MOST 104-2314-B-303-013-MY3) to Y.-L. Ko and

a grant from the Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation (TCRD-

TPE-102-3, TCRD-TPE-103-22) to M.-S. Teng. We greatly appreciate technical support from

the Core Laboratory of the Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation.

Author Contributions

Conceptualization: SW YLK.

Data curation: MST.

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169516.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169516.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169516.s003


Formal analysis: WYH CHY.

Funding acquisition: YLK.

Methodology: MST.

Project administration: YLK.

Resources: LAH JFL LKE.

Software: SW.

Supervision: YLK.

Validation: YYL.

Writing – original draft: SW MST.

Writing – review & editing: CWS YLK.

References
1. Lawson C, Wolf S. ICAM-1 signaling in endothelial cells. Pharmacol Rep. 2009; 61(1):22–32. PMID:

19307690

2. Ogawa H, Yasue H, Miyao Y, Sakamoto T, Soejima H, Nishiyama K, et al. Plasma soluble intercellular

adhesion molecule-1 levels in coronary circulation in patients with unstable angina. Am J Cardiol. 1999;

83(1):38–42. PMID: 10073782

3. Haim M, Tanne D, Boyko V, Reshef T, Goldbourt U, Leor J, et al. Soluble intercellular adhesion mole-

cule-1 and long-term risk of acute coronary events in patients with chronic coronary heart disease. Data

from the Bezafibrate Infarction Prevention (BIP) Study. J Am Coll Cardiol. 2002; 39(7):1133–8. PMID:

11923036

4. Tanne D, Haim M, Boyko V, Goldbourt U, Reshef T, Matetzky S, et al. Soluble intercellular adhesion

molecule-1 and risk of future ischemic stroke: a nested case-control study from the Bezafibrate Infarc-

tion Prevention (BIP) study cohort. Stroke. 2002; 33(9):2182–6. PMID: 12215584

5. Ridker PM, Hennekens CH, Roitman-Johnson B, Stampfer MJ, Allen J. Plasma concentration of soluble

intercellular adhesion molecule 1 and risks of future myocardial infarction in apparently healthy men.

Lancet. 1998; 351(9096):88–92. doi: 10.1016/S0140-6736(97)09032-6 PMID: 9439492

6. Keaney JF Jr., Massaro JM, Larson MG, Vasan RS, Wilson PW, Lipinska I, et al. Heritability and corre-

lates of intercellular adhesion molecule-1 in the Framingham Offspring Study. J Am Coll Cardiol. 2004;

44(1):168–73. doi: 10.1016/j.jacc.2004.03.048 PMID: 15234428

7. Bielinski SJ, Pankow JS, Foster CL, Miller MB, Hopkins PN, Eckfeldt JH, et al. Circulating soluble

ICAM-1 levels shows linkage to ICAM gene cluster region on chromosome 19: the NHLBI Family Heart

Study follow-up examination. Atherosclerosis. 2008; 199(1):172–8. doi: 10.1016/j.atherosclerosis.

2007.10.006 PMID: 18045607

8. Kent JW Jr., Mahaney MC, Comuzzie AG, Goring HH, Almasy L, Dyer TD, et al. Quantitative trait locus

on Chromosome 19 for circulating levels of intercellular adhesion molecule-1 in Mexican Americans.

Atherosclerosis. 2007; 195(2):367–73. doi: 10.1016/j.atherosclerosis.2006.10.005 PMID: 17112530

9. Bielinski SJ, Reiner AP, Nickerson D, Carlson C, Bailey KR, Thyagarajan B, et al. Polymorphisms in the

ICAM1 gene predict circulating soluble intercellular adhesion molecule-1(sICAM-1). Atherosclerosis.

2011; 216(2):390–4. doi: 10.1016/j.atherosclerosis.2011.02.018 PMID: 21392767

10. Pare G, Chasman DI, Kellogg M, Zee RY, Rifai N, Badola S, et al. Novel association of ABO histo-blood

group antigen with soluble ICAM-1: results of a genome-wide association study of 6,578 women. PLoS

Genet. 2008; 4(7):e1000118. doi: 10.1371/journal.pgen.1000118 PMID: 18604267

11. Pare G, Ridker PM, Rose L, Barbalic M, Dupuis J, Dehghan A, et al. Genome-wide association analysis

of soluble ICAM-1 concentration reveals novel associations at the NFKBIK, PNPLA3, RELA, and

SH2B3 loci. PLoS Genet. 2011; 7(4):e1001374. doi: 10.1371/journal.pgen.1001374 PMID: 21533024

12. Hsu LA, Chang CJ, Wu S, Teng MS, Chou HH, Chang HH, et al. Association between functional vari-

ants of the ICAM1 and CRP genes and metabolic syndrome in Taiwanese subjects. Metabolism. 2010;

59(12):1710–6. doi: 10.1016/j.metabol.2010.04.004 PMID: 20494378

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/19307690
http://www.ncbi.nlm.nih.gov/pubmed/10073782
http://www.ncbi.nlm.nih.gov/pubmed/11923036
http://www.ncbi.nlm.nih.gov/pubmed/12215584
http://dx.doi.org/10.1016/S0140-6736(97)09032-6
http://www.ncbi.nlm.nih.gov/pubmed/9439492
http://dx.doi.org/10.1016/j.jacc.2004.03.048
http://www.ncbi.nlm.nih.gov/pubmed/15234428
http://dx.doi.org/10.1016/j.atherosclerosis.2007.10.006
http://dx.doi.org/10.1016/j.atherosclerosis.2007.10.006
http://www.ncbi.nlm.nih.gov/pubmed/18045607
http://dx.doi.org/10.1016/j.atherosclerosis.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17112530
http://dx.doi.org/10.1016/j.atherosclerosis.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/21392767
http://dx.doi.org/10.1371/journal.pgen.1000118
http://www.ncbi.nlm.nih.gov/pubmed/18604267
http://dx.doi.org/10.1371/journal.pgen.1001374
http://www.ncbi.nlm.nih.gov/pubmed/21533024
http://dx.doi.org/10.1016/j.metabol.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20494378


13. Fernandez-Reyes D, Craig AG, Kyes SA, Peshu N, Snow RW, Berendt AR, et al. A high frequency Afri-

can coding polymorphism in the N-terminal domain of ICAM-1 predisposing to cerebral malaria in

Kenya. Hum Mol Genet. 1997; 6(8):1357–60. PMID: 9259284

14. Craig A, Fernandez-Reyes D, Mesri M, McDowall A, Altieri DC, Hogg N, et al. A functional analysis of a

natural variant of intercellular adhesion molecule-1 (ICAM-1Kilifi). Hum Mol Genet. 2000; 9(4):525–30.

PMID: 10699175

15. Staunton DE, Dustin ML, Erickson HP, Springer TA. The arrangement of the immunoglobulin-like

domains of ICAM-1 and the binding sites for LFA-1 and rhinovirus. Cell. 1990; 61(2):243–54. PMID:

1970514

16. Register TC, Burdon KP, Lenchik L, Bowden DW, Hawkins GA, Nicklas BJ, et al. Variability of serum

soluble intercellular adhesion molecule-1 measurements attributable to a common polymorphism. Clin

Chem. 2004; 50(11):2185–7. doi: 10.1373/clinchem.2004.036806 PMID: 15502096

17. Teng MS, Hsu LA, Wu S, Sun YC, Juan SH, Ko YL. Association of CDH13 genotypes/haplotypes with

circulating adiponectin levels, metabolic syndrome, and related metabolic phenotypes: the role of the

suppression effect. PLoS One. 2015; 10(4):e0122664. doi: 10.1371/journal.pone.0122664 PMID:

25875811

18. Teng MS, Hsu LA, Wu S, Chou HH, Chang CJ, Sun YZ, et al. Mediation analysis reveals a sex-

dependent association between ABO gene variants and TG/HDL-C ratio that is suppressed by sE-

selectin level. Atherosclerosis. 2013; 228(2):406–12. doi: 10.1016/j.atherosclerosis.2013.03.032 PMID:

23623010

19. Rahman A, Fazal F. Hug tightly and say goodbye: role of endothelial ICAM-1 in leukocyte transmigra-

tion. Antioxid Redox Signal. 2009; 11(4):823–39. doi: 10.1089/ARS.2008.2204 PMID: 18808323

20. Ledebur HC, Parks TP. Transcriptional regulation of the intercellular adhesion molecule-1 gene by

inflammatory cytokines in human endothelial cells. Essential roles of a variant NF-kappa B site and p65

homodimers. J Biol Chem. 1995; 270(2):933–43. PMID: 7822333

21. Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and its regulation. Cold Spring

Harb Perspect Biol. 2009; 1(4):a000034. doi: 10.1101/cshperspect.a000034 PMID: 20066092

22. Sheng YJ, Gao JP, Li J, Han JW, Xu Q, Hu WL, et al. Follow-up study identifies two novel susceptibility

loci PRKCB and 8p11.21 for systemic lupus erythematosus. Rheumatology (Oxford). 2011; 50

(4):682–8.

23. Musone SL, Taylor KE, Lu TT, Nititham J, Ferreira RC, Ortmann W, et al. Multiple polymorphisms in the

TNFAIP3 region are independently associated with systemic lupus erythematosus. Nat Genet. 2008;

40(9):1062–4. doi: 10.1038/ng.202 PMID: 19165919

24. Nordmark G, Kristjansdottir G, Theander E, Appel S, Eriksson P, Vasaitis L, et al. Association of EBF1,

FAM167A(C8orf13)-BLK and TNFSF4 gene variants with primary Sjogren’s syndrome. Genes Immun.

2011; 12(2):100–9. doi: 10.1038/gene.2010.44 PMID: 20861858

25. Dieguez-Gonzalez R, Akar S, Calaza M, Perez-Pampin E, Costas J, Torres M, et al. Genetic variation

in the nuclear factor kappaB pathway in relation to susceptibility to rheumatoid arthritis. Ann Rheum Dis.

2009; 68(4):579–83. doi: 10.1136/ard.2007.087304 PMID: 18434448

26. Consultation WHOE. Appropriate body-mass index for Asian populations and its implications for policy

and intervention strategies. Lancet. 2004; 363(9403):157–63. doi: 10.1016/S0140-6736(03)15268-3

PMID: 14726171

27. Bielinski SJ, Pankow JS, Li N, Hsu FC, Adar SD, Jenny NS, et al. ICAM1 and VCAM1 polymorphisms,

coronary artery calcium, and circulating levels of soluble ICAM-1: the multi-ethnic study of atherosclero-

sis (MESA). Atherosclerosis. 2008; 201(2):339–44. doi: 10.1016/j.atherosclerosis.2008.02.031 PMID:

18420209

28. Wu S, Hsu LA, Teng MS, Lin JF, Chang HH, Chang PY, et al. Association of matrix metalloproteinase 9

genotypes and cardiovascular disease risk factors with serum matrix metalloproteinase 9 concentra-

tions in Taiwanese individuals. Clin Chem Lab Med. 2010; 48(4):543–9. doi: 10.1515/CCLM.2010.099

PMID: 20184534

29. Cornelis MC, Qi L, Zhang C, Kraft P, Manson J, Cai T, et al. Joint effects of common genetic variants on

the risk for type 2 diabetes in U.S. men and women of European ancestry. Ann Intern Med. 2009; 150

(8):541–50. PMID: 19380854

30. Ripatti S, Tikkanen E, Orho-Melander M, Havulinna AS, Silander K, Sharma A, et al. A multilocus

genetic risk score for coronary heart disease: case-control and prospective cohort analyses. Lancet.

2010; 376(9750):1393–400. doi: 10.1016/S0140-6736(10)61267-6 PMID: 20971364

31. Chen SF, Chao YL, Shen YC, Chen CH, Weng CF. Resequencing and association study of the NFKB

activating protein-like gene (NKAPL) in schizophrenia. Schizophr Res. 2014; 157(1–3):169–74. doi:

10.1016/j.schres.2014.05.038 PMID: 24972756

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9259284
http://www.ncbi.nlm.nih.gov/pubmed/10699175
http://www.ncbi.nlm.nih.gov/pubmed/1970514
http://dx.doi.org/10.1373/clinchem.2004.036806
http://www.ncbi.nlm.nih.gov/pubmed/15502096
http://dx.doi.org/10.1371/journal.pone.0122664
http://www.ncbi.nlm.nih.gov/pubmed/25875811
http://dx.doi.org/10.1016/j.atherosclerosis.2013.03.032
http://www.ncbi.nlm.nih.gov/pubmed/23623010
http://dx.doi.org/10.1089/ARS.2008.2204
http://www.ncbi.nlm.nih.gov/pubmed/18808323
http://www.ncbi.nlm.nih.gov/pubmed/7822333
http://dx.doi.org/10.1101/cshperspect.a000034
http://www.ncbi.nlm.nih.gov/pubmed/20066092
http://dx.doi.org/10.1038/ng.202
http://www.ncbi.nlm.nih.gov/pubmed/19165919
http://dx.doi.org/10.1038/gene.2010.44
http://www.ncbi.nlm.nih.gov/pubmed/20861858
http://dx.doi.org/10.1136/ard.2007.087304
http://www.ncbi.nlm.nih.gov/pubmed/18434448
http://dx.doi.org/10.1016/S0140-6736(03)15268-3
http://www.ncbi.nlm.nih.gov/pubmed/14726171
http://dx.doi.org/10.1016/j.atherosclerosis.2008.02.031
http://www.ncbi.nlm.nih.gov/pubmed/18420209
http://dx.doi.org/10.1515/CCLM.2010.099
http://www.ncbi.nlm.nih.gov/pubmed/20184534
http://www.ncbi.nlm.nih.gov/pubmed/19380854
http://dx.doi.org/10.1016/S0140-6736(10)61267-6
http://www.ncbi.nlm.nih.gov/pubmed/20971364
http://dx.doi.org/10.1016/j.schres.2014.05.038
http://www.ncbi.nlm.nih.gov/pubmed/24972756


32. Wang Z, Yang B, Liu Y, Shugart YY, Cheng Z, Jin C, et al. Further evidence supporting the association

of NKAPL with schizophrenia. Neurosci Lett. 2015; 605:49–52. doi: 10.1016/j.neulet.2015.08.023

PMID: 26297123

33. Yue WH, Wang HF, Sun LD, Tang FL, Liu ZH, Zhang HX, et al. Genome-wide association study identi-

fies a susceptibility locus for schizophrenia in Han Chinese at 11p11.2. Nat Genet. 2011; 43(12):

1228–31. doi: 10.1038/ng.979 PMID: 22037552

34. Reva B, Antipin Y, Sander C. Predicting the functional impact of protein mutations: application to cancer

genomics. Nucleic Acids Res. 2011; 39(17):e118. doi: 10.1093/nar/gkr407 PMID: 21727090

35. Okuda H, Kiuchi H, Takao T, Miyagawa Y, Tsujimura A, Nonomura N, et al. A novel transcriptional fac-

tor Nkapl is a germ cell-specific suppressor of Notch signaling and is indispensable for spermatogene-

sis. PLoS One. 2015; 10(4):e0124293. doi: 10.1371/journal.pone.0124293 PMID: 25875095

36. Wang L, Zhang H, Rodriguez S, Cao L, Parish J, Mumaw C, et al. Notch-dependent repression of miR-

155 in the bone marrow niche regulates hematopoiesis in an NF-kappaB-dependent manner. Cell Stem

Cell. 2014; 15(1):51–65. doi: 10.1016/j.stem.2014.04.021 PMID: 24996169

37. Su X, Chen X, Liu L, Chang X, Yu X, Sun K. Intracellular adhesion molecule-1 K469E gene polymor-

phism and risk of diabetic microvascular complications: a meta-analysis. PLoS One. 2013; 8(7):

e69940. doi: 10.1371/journal.pone.0069940 PMID: 23922864

38. Fan WY, Liu NP. Meta-analysis of association between K469E polymorphism of the ICAM-1 gene and

retinopathy in type 2 diabetes. Int J Ophthalmol. 2015; 8(3):603–7. doi: 10.3980/j.issn.2222-3959.2015.

03.30 PMID: 26086016

39. Lin CW, Chuang CY, Tang CH, Chang JL, Lee LM, Lee WJ, et al. Combined effects of icam-1 single-

nucleotide polymorphisms and environmental carcinogens on oral cancer susceptibility and clinicopath-

ologic development. PLoS One. 2013; 8(9):e72940. doi: 10.1371/journal.pone.0072940 PMID:

24069166

40. He Q, Lin X, Wang F, Xu J, Ren Z, Chen W, et al. Associations of a polymorphism in the intercellular

adhesion molecule-1 (ICAM1) gene and ICAM1 serum levels with migraine in a Chinese Han popula-

tion. J Neurol Sci. 2014; 345(1–2):148–53. doi: 10.1016/j.jns.2014.07.030 PMID: 25145994

41. Yang M, Fu Z, Zhang Q, Xin Y, Chen Y, Tian Y. Association between the polymorphisms in intercellular

adhesion molecule-1 and the risk of coronary atherosclerosis: a case-controlled study. PLoS One.

2014; 9(10):e109658. doi: 10.1371/journal.pone.0109658 PMID: 25310099

42. Vora DK, Rosenbloom CL, Beaudet AL, Cottingham RW. Polymorphisms and linkage analysis for

ICAM-1 and the selectin gene cluster. Genomics. 1994; 21(3):473–7. doi: 10.1006/geno.1994.1303

PMID: 7525451

43. Bai R, Yi S, Zhang X, Liu H, Fang X. Role of ICAM-1 polymorphisms (G241R, K469E) in mediating its

single-molecule binding ability: atomic force microscopy measurements on living cells. Biochem Bio-

phys Res Commun. 2014; 448(4):372–8. doi: 10.1016/j.bbrc.2014.04.113 PMID: 24792184

44. Fiore E, Fusco C, Romero P, Stamenkovic I. Matrix metalloproteinase 9 (MMP-9/gelatinase B) proteo-

lytically cleaves ICAM-1 and participates in tumor cell resistance to natural killer cell-mediated cytotoxic-

ity. Oncogene. 2002; 21(34):5213–23. doi: 10.1038/sj.onc.1205684 PMID: 12149643

45. Guauque-Olarte S, Messika-Zeitoun D, Droit A, Lamontagne M, Tremblay-Marchand J, Lavoie-Char-

land E, et al. Calcium Signaling Pathway Genes RUNX2 and CACNA1C Are Associated With Calcific

Aortic Valve Disease. Circ Cardiovasc Genet. 2015; 8(6):812–22. doi: 10.1161/CIRCGENETICS.115.

001145 PMID: 26553695

46. Backes C, Meder B, Lai A, Stoll M, Ruhle F, Katus HA, et al. Pathway-based variant enrichment analy-

sis on the example of dilated cardiomyopathy. Hum Genet. 2016; 135(1):31–40. doi: 10.1007/s00439-

015-1609-7 PMID: 26547721

47. Lei J, Rudolph A, Moysich KB, Behrens S, Goode EL, Bolla MK, et al. Genetic variation in the immuno-

suppression pathway genes and breast cancer susceptibility: a pooled analysis of 42,510 cases and

40,577 controls from the Breast Cancer Association Consortium. Hum Genet. 2016; 135(1):137–54.

doi: 10.1007/s00439-015-1616-8 PMID: 26621531

48. Shah T, Zabaneh D, Gaunt T, Swerdlow DI, Shah S, Talmud PJ, et al. Gene-centric analysis identifies

variants associated with interleukin-6 levels and shared pathways with other inflammation markers. Circ

Cardiovasc Genet. 2013; 6(2):163–70. doi: 10.1161/CIRCGENETICS.112.964254 PMID: 23505291

49. Chawla R, Badon SE, Rangarajan J, Reisetter AC, Armstrong LL, Lowe LP, et al. Genetic risk score for

prediction of newborn adiposity and large-for-gestational-age birth. J Clin Endocrinol Metab. 2014; 99

(11):E2377–86. doi: 10.1210/jc.2013-4221 PMID: 25137420

50. Lim NK, Lee JY, Lee JY, Park HY, Cho MC. The Role of Genetic Risk Score in Predicting the Risk of

Hypertension in the Korean population: Korean Genome and Epidemiology Study. PLoS One. 2015; 10

(6):e0131603. doi: 10.1371/journal.pone.0131603 PMID: 26110887

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 14 / 15

http://dx.doi.org/10.1016/j.neulet.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26297123
http://dx.doi.org/10.1038/ng.979
http://www.ncbi.nlm.nih.gov/pubmed/22037552
http://dx.doi.org/10.1093/nar/gkr407
http://www.ncbi.nlm.nih.gov/pubmed/21727090
http://dx.doi.org/10.1371/journal.pone.0124293
http://www.ncbi.nlm.nih.gov/pubmed/25875095
http://dx.doi.org/10.1016/j.stem.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24996169
http://dx.doi.org/10.1371/journal.pone.0069940
http://www.ncbi.nlm.nih.gov/pubmed/23922864
http://dx.doi.org/10.3980/j.issn.2222-3959.2015.03.30
http://dx.doi.org/10.3980/j.issn.2222-3959.2015.03.30
http://www.ncbi.nlm.nih.gov/pubmed/26086016
http://dx.doi.org/10.1371/journal.pone.0072940
http://www.ncbi.nlm.nih.gov/pubmed/24069166
http://dx.doi.org/10.1016/j.jns.2014.07.030
http://www.ncbi.nlm.nih.gov/pubmed/25145994
http://dx.doi.org/10.1371/journal.pone.0109658
http://www.ncbi.nlm.nih.gov/pubmed/25310099
http://dx.doi.org/10.1006/geno.1994.1303
http://www.ncbi.nlm.nih.gov/pubmed/7525451
http://dx.doi.org/10.1016/j.bbrc.2014.04.113
http://www.ncbi.nlm.nih.gov/pubmed/24792184
http://dx.doi.org/10.1038/sj.onc.1205684
http://www.ncbi.nlm.nih.gov/pubmed/12149643
http://dx.doi.org/10.1161/CIRCGENETICS.115.001145
http://dx.doi.org/10.1161/CIRCGENETICS.115.001145
http://www.ncbi.nlm.nih.gov/pubmed/26553695
http://dx.doi.org/10.1007/s00439-015-1609-7
http://dx.doi.org/10.1007/s00439-015-1609-7
http://www.ncbi.nlm.nih.gov/pubmed/26547721
http://dx.doi.org/10.1007/s00439-015-1616-8
http://www.ncbi.nlm.nih.gov/pubmed/26621531
http://dx.doi.org/10.1161/CIRCGENETICS.112.964254
http://www.ncbi.nlm.nih.gov/pubmed/23505291
http://dx.doi.org/10.1210/jc.2013-4221
http://www.ncbi.nlm.nih.gov/pubmed/25137420
http://dx.doi.org/10.1371/journal.pone.0131603
http://www.ncbi.nlm.nih.gov/pubmed/26110887


51. Meroufel DN, Mediene-Benchekor S, Lardjam-Hetraf SA, Ouhaibi-Djellouli H, Boulenouar H, Hamani-

Medjaoui I, et al. Associations of common SNPs in the SORT1, GCKR, LPL, APOA1, CETP, LDLR,

APOE genes with lipid trait levels in an Algerian population sample. Int J Clin Exp Pathol. 2015; 8

(6):7358–63. PMID: 26261636

52. Zubair N, Mayer-Davis EJ, Mendez MA, Mohlke KL, North KE, Adair LS. Genetic risk score and adipos-

ity interact to influence triglyceride levels in a cohort of Filipino women. Nutr Diabetes. 2014; 4:e118.

doi: 10.1038/nutd.2014.16 PMID: 24932782

53. Civelek M, Hagopian R, Pan C, Che N, Yang WP, Kayne PS, et al. Genetic regulation of human

adipose microRNA expression and its consequences for metabolic traits. Hum Mol Genet. 2013; 22

(15):3023–37. doi: 10.1093/hmg/ddt159 PMID: 23562819

NF-κB Pathway Gene Variants for sICAM1 Levels

PLOS ONE | DOI:10.1371/journal.pone.0169516 January 17, 2017 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/26261636
http://dx.doi.org/10.1038/nutd.2014.16
http://www.ncbi.nlm.nih.gov/pubmed/24932782
http://dx.doi.org/10.1093/hmg/ddt159
http://www.ncbi.nlm.nih.gov/pubmed/23562819

