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Abstract

Introduction: Although previous genome-wide association
studies (GWASs) have identified genetic susceptibility loci
for abdominal adiposity, GWASs on Asian samples remain
scarce. Therefore, we performed a GWAS for abdominal adi-
pose tissue depots in a Korean population. Methods: A total
of 1,937 Korean men were included in the study. Areas of
abdominal fat were quantified by computed tomography.
We performed a GWAS analysis under an additive model,
and a replication study was conducted on 480 additional Ko-
rean adult men. Results: In the discovery step, we identified
a total of 10 single-nucleotide polymorphisms (SNPs) associ-
ated with adiposity indicators (p < 1 x 107). The top SNP,
rs1028014, for visceral adipose tissue (VAT) was located in
the ZMAT4 gene and remained significant after adjustment
for body mass index (BMI). Three additional SNPs were also

associated with VAT-adj-BMI and located within the SL-
C26A10, FAM155A, and COL4A1-COL4A2 genes, respectively.
In addition, we identified a SNP (rs4668224) of the MYO3B
gene for visceral-to-subcutaneous fat ratio. For subcutane-
ous adipose tissue and total adipose tissue, two (rs6585735
and rs363527) and three SNPs (rs1487892, rs9357565, and
rs1985358) were found, respectively. Overall, eight SNPs
were used in the replication study; however, none of the
SNPs reached our level of significance for replication (p <
0.0063). Nevertheless, rs4773144 of COL4A1-COL4A2 for
VAT-adj-BMI was the most interesting SNP identified in pre-
vious GWASs for coronary artery disease (based on the same
risk allele “G"), along with functional effects. Conclusion:
This study suggests for the first time that an SNP (rs4773144)
of COL4A1-COL4A2 may contribute to the increase in VAT lev-
el, especially in adult Korean men.
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Introduction

Obesity, which is defined as an excess of body fat, has
been recognized as an important determinant of cardio-
vascular disease (CVD), including hypertension, heart
failure, and coronary artery disease (CAD) [1, 2]. How-
ever, obesity is a highly heterogeneous condition with dif-
ferences observed among the individuals who are at risk
for these diseases, which can be explained by the different
regional deposition pattern of adipose tissue [3, 4]. Spe-
cifically, visceral fat accumulation appears to be more
closely related to adverse health outcomes [5, 6], whereas
the role of subcutaneous fat remains controversial [7].
Therefore, in obesity-related studies, it may be important
to use computed tomography (CT)-measured indicators
that can accurately evaluate adipose tissue compartments.

The development of obesity has a strong genetic com-
ponent, and its heritability is estimated to range between
40% and 70% [8]. Similarly, abdominal adiposity, includ-
ing visceral adipose tissue (VAT) and subcutaneous adi-
pose tissue (SAT), has genetic components [9, 10]. Previ-
ously, genome-wide association studies (GWASs) were
performed to identify novel genetic susceptibility for CT-
derived adipose fat measures and found several candidate
loci, such as RGS6, NGEF, THESL2, BBS9, ADCYS,
KCNKO9, GLIS3, and SRFBPI [11-14]. Although new ge-
netic susceptibility loci for regional fat deposition have
been discovered by these GWASs, the majority of them
focused on subjects with European ancestry. To date, no
GWAS has been performed to identify genetic loci for
CT-measured adipose tissue in Asian populations.

Regional fat deposition, especially visceral fat, varies
across different ethnic groups [15-17]. Previous studies
have shown that South Asian or Chinese individuals have
arelatively greater amount of VAT compared with Euro-
peans [15,17].In 2018, Kadowaki et al. [16] compared the
distribution of abdominal fat in four populations with
different ethnic backgrounds (i.e., Caucasians in Allegh-
eny County, Pennsylvania, in the United States, Japanese
Americans in Honolulu, Hawaii, Japanese, and Koreans).
The proportion of VAT area to total adipose tissue (TAT)
area (VAT%) was higher in Koreans or Japanese com-
pared with Caucasians. In addition, abdominal fat-relat-
ed studies conducted in the Korean population have dem-
onstrated that the relative distributions of visceral and
subcutaneous fat depots in Korean adults, especially men,
were different from those of the other populations above
[18, 19]. The area of visceral fat and subcutaneous fat in
Korean men was similar, whereas the area of visceral fat
in other populations was relatively smaller than that of
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subcutaneous fat. Such a high VAT/SAT ratio in Korean
men has been reported to contribute to the development
of various diseases such as metabolic syndrome and hy-
pertension [6, 19]. The cause of the ethnic differences in
abdominal fat deposition is not yet fully understood, but
genetic factors may be important. Therefore, it is neces-
sary to perform an independent GWAS for abdominal
adipose tissue depots in Korean men.

This study aimed to understand the genetic back-
ground of abdominal adipose tissue in Korean men. We
carried out a GWAS for abdominal adiposity measured
directly by CT in Korean adult men and report the first
GWAS results in an Asian population in this setting.

Materials and Methods

Participants

The study samples were collected from 2009 to 2013 at two
health screening centers run by the Seoul National University Hos-
pital (the Seoul National University Hospital Health Promotion
Center and the Seoul National University Hospital Healthcare Sys-
tem Gangnam Center). The study included diverse subjects who live
in all 16 Korean administrative districts, including Seoul. Briefly, in
South Korea, adults in the general population usually undergo reg-
ular comprehensive health checkups for early detection or preven-
tion of various diseases, and many people across the country prefer
to visit large hospitals, such as Seoul National University Hospital,
for a more accurate comprehensive examination. For this reason, a
national sample from the general population was included in our
study. In addition, the abdominal CT scan is an option, not a man-
datory test, when the participants receive regular comprehensive
health checkups. These data were originally collected to identify ge-
netic background of abdominal adiposity traits, especially visceral
fat, in Korean population. Abdominal fat distribution is very differ-
ent according to sex, and Korean males are known to have a larger
distribution of visceral fat than females. For this reason, only adult
men were considered for initial data collection. During this period,
we collected samples from a total of 2,102 individuals who met the
inclusion criteria of our study: (1) adults aged 220 years; (2) those
who did not take any medications, such as weight-reduction drugs,
antidiabetics, and thyroid drugs; and (3) those who had not under-
gone surgery or procedures related to obesity. Of these, we excluded
165 participants for whom DNA samples or phenotypic informa-
tion, including abdominal adiposity traits, were not available. Fur-
thermore, to identify duplicate samples with high PIHAT > 0.8 [20]
among these samples, we computed the PITHAT values for each pair
of individuals using PLINK tool (version 1.9). No duplicate samples
with high PTHAT > 0.8 were observed, and therefore a total of 1,937
adult men were finally included for the GWAS analysis. In addition
to duplicate samples, we assessed the relatedness using a threshold
of PI_HAT > 0.25, and a total of 18 samples pairs were removed.
This study was approved by the Institutional Review Board of the
Seoul National University Hospital Biomedical Research Institute
and the National Cancer Center. Informed consent was waived by
the Institutional Review Board because this was a retrospective
study that used de-identified data.

Obes Facts 2022;15:590-599
DOI: 10.1159/000524670

591



Assessment of Abdominal Adiposity

Body mass index (BMI) was calculated as weight (kg) divided
by height (m?). We have described the details of abdominal adipos-
ity measurement in our previous studies [6, 18, 21]. Briefly, the
cross-sectional areas of each fat compartment in abdominal adi-
posity, measured using a CT scanner (Somatom Sensation 16 CT
scanner, Siemens AG, Erlangen, Germany), were estimated by the
Rapidia 2.8 CT software (Infinitt, Seoul, South Korea). The VAT
area was estimated by delineating the intra-abdominal fat bound
by the parietal peritoneum or transversalis fascia. The SAT area
was calculated by subtracting the VAT area from the total fat area
excluding the vertebrae and spinal muscles. Using these fat areas,
the visceral-to-subcutaneous fat ratio (VSR) was also calculated.

SNP Genotyping

We extracted genomic DNA from whole-blood samples using
a QuickGene-610L device (Fujifilm, Tokyo, Japan) according to
the manufacturer’s protocol. Genome-wide single-nucleotide
polymorphisms (SNPs) were genotyped using the HumanCore
Bead-Chip kit (Illumina, San Diego, CA, USA). Before analysis, we
checked the quality of all genotyped SNPs using SNP call rate
(>99%) and Hardy-Weinberg equilibrium (HWE) (p > 0.0005).
The common SNPs with minor allele frequencies (MAFs) 25%
were included in the analysis, to minimize the false-positive asso-
ciation results afforded by rare and low-frequency genetic variants.
Therefore, after quality evaluation, a total of 213,837 SNPs were
finally used in our GWAS analysis.

Statistical Analysis

We checked the distribution of these traits before analyses to
meet the normality assumptions. As a result, the best transforma-
tion approach for normality needed to be considered, since all ad-
iposity traits followed a non-normal distribution (all Shapiro-Wilk
p value <0.05). First of all, we transformed with natural log and
square root approaches; however, the transformed traits still did
not follow a normal distribution (all Shapiro-Wilk p value <0.05).
Therefore, we applied a rank-based inverse normal transformation
to these traits, which is robust against deviation from outliers or
normality. The MAFs and HWE p for all SNPs were calculated us-
ing the PLINK tool (version 1.9). We drew Q-Q plots using the
“qqman” package of R software (version 4.1.2) and estimated the
genomic inflation factor (\) using the “median” method. We per-
formed a multiple linear regression analysis under an additive ge-
netic model to test the associations between genome-wide SNPs
and adiposity traits using the PLINK software. The association re-
sults were adjusted for site of recruitment and age. Most of the
tested SNPs were strongly correlated with each other and were not
independent. Considering this setting, a Bonferroni correction ap-
proach based on the number of tested SNPs may result in overly
strict or conservative adjustments. Therefore, we screened the can-
didate genetic variants using a relaxed genome-wide significance
threshold of p < 1 x 107° in the discovery step. The regional asso-
ciation plot for a new adiposity locus was also visualized using the
LocusZoom software. In addition, we identified the tissue-specific
expression level of genes of interest from GTEx Portal.

Replication

The validation of genetic loci identified in the discovery step is
an effective gold-standard approach to identify real associations.
The replication cohort was sampled from the same health screen-
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ing center (Seoul National University Hospital Health Promotion
Center) as the discovery cohort but at a later time point (recruited
from 2014 to 2015). Unlike the discovery cohort where only men
were recruited, a total of 481 men and 327 women samples with
abdominal CT information were collected during this period. Of
these, only 481 adult men were included in the replication step, as
in the discovery cohort. We assessed duplicates (PIHAT > 0.8) and
related samples (PIHAT > 0.25), and 1 duplicate and 50 related
samples were removed, respectively. Phenotypic information was
obtained in the same manner as described for the initial discovery
sample. Similar to discovery cohort, the distribution of all adipos-
ity traits did not follow a normal distribution (all Shapiro-Wilk p
value <0.05). All traits were applied a rank-based inverse normal
transformation to approximate the normal distribution (all Shap-
iro-Wilk p value 20.05). We also extracted genomic DNA from the
validation samples via the same process as described for the initial
sample using a QuickGene-610L apparatus (Fujifilm, Tokyo, Ja-
pan). Among the SNPs identified in the GWAS discovery phase,
we finally selected eight candidate SNPs (rs1028014, rs9357565,
rs1871417, rs9555336, rs4773144, rs6585735, rs363527, and
rs4668224) because the PCR primers of two SNPs (rs1487892 and
rs1985358) were not available. We also checked the proxy SNPs
(within 100 kb) which are in a high LD (2 of greater than 0.8) with
the two SNPs in our GWAS array data (HumanCore Bead-Chip
kit). As a result, no proxy SNP for rs1985358 was observed (0 < r
<0.34), buta proxy SNP (rs10789547) for rs1487892 was identified
(r* = 0.91). However, the proxy SNP (rs10789547) in the replica-
tion was not additionally included in the replication due to budget
and time issues. All samples were genotyped using the TagMan
SNP Genotyping Assay and a ViiA7 genotyping system (Applied
Biosystems, Inc., Carlsbad, CA, USA) at the Genomic Medicine
Institute Research Service Center. Before analysis, we identified
the QC for validation SNPs using MAFs >5% and HWE (p 2
0.0005). All eight candidate SNPs met this criterion. Similar to the
discovery step, linear regression analyses were performed to con-
firm associations between candidate SNPs and adiposity traits in
the additive genetic model. To evaluate the statistical significance
of the replication study, we used a strict Bonferroni correction
based on the number of tested SNPs (p < 0.05/8 [number of SNPs
tested = 8] = 0.0063).

Results

Table 1 lists the basic characteristics of the subjects in-
cluded in the discovery and replication phases. In both
discovery and replication phases, all subjects were adult
men over 20 years of age (n = 1,937 for discovery and n =
480 for replication). The mean age of the replication sam-
ple (55.5 years) was higher compared with that of the dis-
covery set (48.9 years) (p < 0.0001). The mean (standard
deviation) value of BMI in discovery set (24.7 kg/m?) was
similar to that in replication set (24.3 kg/m?) (p = 0.0524).

Moreover, the distributions of VAT (cm?) and SAT
(cm?) were completely different between the discovery
and replication samples. The mean value of VAT (130.0
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Table 1.Characteristics of study participants

Characteristics Discovery step (n=1,937)  Replication step (n=480) p value
n (%) or mean (SD) n (%) or mean (SD)

Sex Men Men -
Year of recruitment  2009-2013 2014-2015 -
Recruitment site

Site A 1,437 480

Site B 500 - N
Age, years 48.9 (7.0) 55.5(9.8) <0.0001
BMI, kg/m? 24.7 (2.8) 24.3(3.0) 0.0524
WC, cm 88.4(7.7) 87.6 (8.5) 0.2680
VAT, cm? 130.0 (53.0) 153.2(72.2) <0.0001
SAT, cm? 141.4 (55.4) 131.5(54.6) 0.0005
VSR 0.98 (0.90) 1.22 (0.55) <0.0001
TAT, cm? 271.4(95.8) 284.7 (107.4) 0.0135

BMI, body mass index; WC, waist circumference; VAT, visceral adipose tissue; SAT,
subcutaneous adipose tissue; VSR, visceral-to-subcutaneous ratio; TAT, total adipose tissue.
Data are provided as means (standard deviations) for continuous variables such as age, BMI,
WG, VAT, SAT, VSR, and TAT.

Table 2. Genome-wide association results for abdominal adipose tissue in a discovery sample (p < 1 x 107)

Trait Chr  SNP Position® Major/minor MAF Function  Nearest gene (distance) f3 (SE) p value® p value©
allele

VAT 8 rs1028014 40698232 (@2) 0.25 Intron ZMAT4 (-) —-0.19(0.04) 2.42x1077 3.03x1077
19 rs1985358 3729042 A/C 0.30 Intron TJP3 (-) —-0.16 (0.03) 2.16x107® 9.25x 1077
6 rs9357565 47881668 G/A 0.20 Intron PTCHD4 (-) 0.18(0.04) 5.87x107® 9.09x10°°

VAT-adj-BMI 12 rs1871417 58018979 T/C 0.29 Intron SLC26A10 (-) —-0.11(0.03) 595x10°° 1.44x107
13 rs9555336 107904621 G/A 0.25 Intron FAM155A (-) 0.12(0.03) 7.62x10°° 4.90x10°°
8 rs1028014 40698232 (@2) 0.25 Intron ZMAT4 (-) -0.12(0.03) 8.66x10°° 1.04x107°
13 rs4773144 110960712 A/G 0.37 Intron COL4A1-COL4A2 (-) 0.11(0.02) 9.25x10°% 9.66x107°

SAT 10 rs6585735 123203921 T/C 0.47 Intergenic FGFR2 (33.9kb) -0.15(0.03) 1.89x10°% 3.22x10°
21 rs363527 31014373 /T 0.18  Intron GRIKT (=) 0.18(0.04) 857x10° 895x107°

VSR 2 rs4668224 171082383 T/G 0.45 Intron MYO3B (-) 0.15(0.03) 1.29%10°° 8.12x1077

TAT 1 rs1487892 106692416 G/A 0.33 Intron GUCY1A2 (-) —-0.15(0.03) 5.60x10°° 7.76x 107
6 rs9357565 47881668 G/A 0.20 Intron PTCHD4 (-) 0.18(0.04) 6.22x10°° 1.40x107°
19 rs1985358 3729042 A/C 0.30 Intron TIP3 (-) —-0.15(0.03) 7.46x107® 3.64x10°°

Chr, chromosome; SNP, single-nucleotide polymorphism; MAF, minor allele frequency; SE, standard error; VAT, visceral adipose tissue; BMI, body mass index;
SAT, subcutaneous adipose tissue; VSR, visceral-to-subcutaneous ratio; TAT, total adipose tissue. 2 SNP positions are based on Human GRCh37/hg19 from UCSC
Genome Browser. ® p value was calculated from discovery cohort after removing duplicate samples (PIHAT > 0.8). p value was calculated from discovery cohort

after removing related samples (PIHAT > 0.25).

cm?) in discovery set was slightly lower than that of SAT
(141.4 cm?), and the mean VSR was 0.98, whereas the
mean VAT (153.2 cm?) in replication set was higher than
the SAT (131.5 cm?).

The results of the genome-wide association analysis
for adiposity traits are shown in Figure 1 and Table 2. Fig-
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ure 1 depicts quantile-quantile and Manhattan plots of p
values from the GWAS. The genomic inflation factor is
approximately 1, indicating no population stratification
(Fig. 1). More detailed association results for adiposity
traits are summarized in Table 2. Three SNPs for VAT
reached our significance level of p < 1 x 107°. The top
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Fig. 1. Q-Q and Manhattan plots for (a) VAT, (b) VAT-adj-BMI, (c) SAT, (d) VSR, and (e) TAT in discovery

step.

SNP, rs1028014 (p = 2.42 x 1077), for VAT was located in
anintron of the ZMAT4 gene. Two other SNPs (rs1985358
and rs9357565) were located in the introns of the TJP3
and PTCHD4 genes, respectively. For VAT-adj-BMI, a
total of four SNPs passed our GWAS threshold. The top
SNP, rs1028014, identified in VAT remained significant
after adjustment for BMI. The two SNPs (rs9555336 and
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rs4773144) associated with VAT-adj-BMI were located
within introns of the FAM155A and COL4A1-COL4A2
genes on chromosome 13, respectively. In addition, SNP
rs1871417 located in the introns of the SLC26A10 on
chromosome 12 was observed for VAT-adj-BMI. In ad-
dition, we identified two significant loci on chromosomes
10 and 21 for SAT. rs6585735, which is located 33.9 kb
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Table 3. Replication results for abdominal adipose tissue from validation cohort

Trait Chr  SNP Position? Major/minor MAF  Nearest gene (distance) (3 (SE) p value® p value®
allele

VAT 8 rs1028014 40698232 (2} 0.25 ZMAT4 (=) —-0.03(0.08) 0.7334 0.5916
6 rs9357565 47881668 G/A 0.22 PTCHD4 (-) 0.12 (0.09) 0.1702  0.2010

VAT-adj-BMI 12 rs1871417 58018979 T/C 0.31 SLC26A10 (-) —0.03(0.05) 0.4463 0.3907
13 rs9555336 107904621 G/A 0.22 FAMT155A (-) 0.07 (0.05) 0.2186  0.3932
8 rs1028014 40698232 /T 0.25 ZMAT4 (-) —0.04 (0.05) 0.3884 0.4567
13 rs4773144 110960712 A/G 0.36 COL4A1-COL4A2 (-) 0.02 (0.05) 0.6946 0.7737

SAT 10 rs6585735 123203921 T/C 0.43 FGFR2 (33.9kb) -0.10(0.07) 0.1551  0.1098
21 rs363527 31014373 T 0.15 GRIKT (=) 0.07 (0.09) 0.4270 0.5613

VSR 2 rs4668224 171082383 T/G 0.48 MYO3B (-) 0.02 (0.02) 0.2522  0.2198

TAT 6 rs9357565 47881668 G/A 0.22 PTCHDA4 (-) 0.08 (0.06) 0.2016 0.2128

Chr, chromosome; SNP, single-nucleotide polymorphism; SE, standard error; VAT, visceral adipose tissue; BMI, body mass index; SAT,
subcutaneous adipose tissue; VSR, visceral-to-subcutaneous ratio; TAT, total adipose tissue. 2 SNP positions are based on Human GRCh37/
hg19 from UCSC Genome Browser. ®p value was calculated from discovery cohort after removing duplicate samples (PIHAT > 0.8). p value
was calculated from discovery cohort after removing related samples (PIHAT > 0.25).

away from the FGFR2 gene, was the SNP with the stron-
gest p (1.89 x 107°) for SAT, whereas rs4668224, which is
located in the intron of the MYO3B gene on chromosome
2, was identified for VSR. We also identified three candi-
date SNPs related to TAT that passed our screening cri-
teria. Among them, rs1487892, which is located in the
intron of the GUCY1A2 gene on chromosome 11, was the
SNP with the strongest signal (p = 5.60 x 107°) for TAT.
In addition, the summary statistics of all SNPs of the top
hits (e.g., with 1 x 107> < p value <1 x 107%) were present-
ed in online supplementary Tables S1-S5 (see www.
karger.com/doi/10.1159/000524670 for all online suppl.
material). The statistic power of our sample was calcu-
lated with the genetic power calculator [22]. The sample
had approximately 75% power, assuming a total QTL
variance of 60%, and additive QTL effects of 10%, MAF
of 30%, and a marker-allele D’ value of 0.2. We also cal-
culated statistical power for candidate SNPs based on ef-
fect estimates and allele frequencies from our discovery
findings. The powers were estimated to range from 24%
to 99%, and the power for three SNPs was higher than
90%, including COL4AI1-COL4A2 rs4773144 (95%),
FGFR2 16585735 (99%), and MYO3B rs4668224 (99%)
(data not shown).

To verify the GWAS findings obtained in the discov-
ery phase, a replication study was conducted in an ad-
ditional cohort of Korean adult men, and the results are
summarized in Table 3. A total of eight SNPs were test-
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ed for association with each adiposity trait in 480 adult
men. Unfortunately, we observed that none of the SNPs
in the total samples reached our significance level (p <
0.0063). Nevertheless, we focused on one genetic locus
(COL4A1-COL4A2) that is well known to be associated
with obesity and CAD in other previous studies. De-
tailed information on the genomic location near the
COL4A1-COL4A2 gene is shown in Figure 2. In fact,
gene expression data from GTEx showed that the ex-
pression level of the COL4A1 gene was relatively high
in VAT compared with various other tissues (online
suppl. Fig. S1). Moreover, the level of expression of the
COL4A1 gene in VAT was slightly higher than that de-
tected in SAT.

Furthermore, we assessed the associations of SNPs
from previously published loci of abdominal adiposity
[11-14] (online suppl. Table S6). At the locus level, we
identified the nine loci (NGEF, RGS6, LYPLALI, FTO,
BBS9, KCNK9, MLLT10, CYCSP30, and GLIS3) with a
nominal association with abdominal fat. Of these
known SNPs, three variants (rs12374818, rs10506943,
and rs7919823) were absent in East Asian. We con-
firmed the frequency of these variants from NCBI db-
SNP (https://www.ncbi.nlm.nih.gov/snp/), and the all
frequencies of alternative alleles in East Asian popula-
tion were zero.
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Discussion and 2 (COL4A2) are extracellular matrix proteins that

The purpose of this study was to discover new genetic
loci for abdominal fat traits measured by CT in a Korean
population. We performed a GWAS for adiposity traits,
such as VAT, VAT-adj-BMI, SAT, TAT, and VSR, in
adult Korean men. A total of 10 SNPs for these adiposity
traits reached the genome-wide threshold of p < 1 x 1072,
eight of which were tested in the replication step. None of
the SNPs in the total cohort of adult men achieved our
significance level for a replication (p < 0.0063).

Although there were no significantly validated SNPs,
we specifically focused on a genetic locus of COL4A1-CO-
L4A2, which is well known to be associated with obesity
and CAD [23-26]. Collagen type IV alpha 1 (COL4A1l)
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constitute a major structural component of basement
membranes. They are widely expressed in multiple tissues,
including the adipose tissue, lung, and heart. This locus
has been previously associated with childhood obesity in
Hispanics. In 2012, Comuzzie et al. [23] reported that
weight z-score change showed the significant association
with an intronic variant (rs494558) in COL4A1 on chro-
mosome 13. In addition, in previous large-scale associa-
tion studies, genetic variants of COL4A1-COL4A2 were
found to be associated with CAD [24-26].In 2011, Schun-
kert and colleagues [26] carried out a large-scale GWAS
meta-analysis for CAD in populations with European an-
cestry. They found 13 new susceptibility loci for CAD, one
of which was the rs4773144 SNP of COL4A1-COL4A2 that

Kim/Son/Sung/Yun/Kwon/Cho/Kim/
Park



was identified in our study. This genetic locus was con-
firmed by the CARDIoOGRAM Consortium study, which
is based on individuals of European and South Asian an-
cestry [25], and the risk allele (G) was also the same as that
of our result. Notably, Yang and colleagues [27] investi-
gated the functional effects of rs4773144, an intronic SNP
known as a major risk variant of CAD, and found that this
variant regulates the level of expression of COL4A1-CO-
L4A2, vascular cell survival, and atherosclerotic plaque
stability. This finding may be useful for explaining the link
between this genetic variant and CAD risk.

In addition, several studies have reported significant
associations between COL4A 1-COL4A2 variants and car-
diovascular events, such as hemorrhagic stroke and spo-
radic cerebral small vessel disease [28, 29]. Obesity is one
of the major risk factors for these diseases, especially ab-
dominal visceral fat [30, 31]. Abdominal fat accumula-
tion is associated with an increased risk of CVD, and this
negative effect is stronger for VAT compared with SAT
[31]. The ratio between VAT and SAT is also an indepen-
dent predictor of cardiovascular events and mortality
[30]. Given that visceral fat has a negative effect on CVD,
the link between COL4A1-COL4A2 variants and CVD
may be explained by VAT. Interestingly, an analysis of the
obese secretome in VAT and SAT showed that COL4A2
was only detected in the VAT obese secretome and not in
the SAT secretome [32]. This supports our finding that a
genetic variant of COL4A1-COL4A2 is associated with
abdominal visceral fat, independently of BMI.

To date, genome-wide associations regarding abdom-
inal adiposity have been primarily studied in specific pop-
ulations, such as those with European ancestry [11-14].
In 2009, Norris et al. [13] performed a GWAS for CT-
derived measures of adiposity for the first time in a His-
panic sample and found novel loci, such as RGS6 and
NGEEF, related to adipose fat measures. Our research team
discovered that an intronic SNP (rs11678490) of NGEF
was associated with VAT, independently of BMI, in Ko-
rean men [18]. Another GWAS on body fat distribution
performed sex-specific analyses and discovered the asso-
ciation of a genetic variant (rs1659258) located near
THESL2 with VAT in women alone [11]. In 2016, Sung
et al. [14] replicated this variant in European American
women and identified additional loci that affected VAT
(BBS9, ADCYS8, and KCNK9) and SAT (MLLT10/DNA-
JCI/EBLNI). In addition, a recent family-based genome-
wide study performed on Mexican Americans revealed
several loci for regional fat deposition (GLIS3 and
SRFBPI). Those authors also identified interactive effects
with sex at the PAPPA2 and TBX15 loci via a genome-

A GWAS for Adiposity in Korean Adults

wide SNP-sex interaction analysis [12]. In our sample,
five loci (LYPLALI, FTO, BBS9, ADCYS, and GLIS3)
showed the nominal associations at the gene level.

This was the first GWAS to identify candidate SNPs
for abdominal fat traits measured by CT in an Asian pop-
ulation. Although several GWASs have reported new ge-
netic loci associated with VAT or SAT in specific popula-
tions, GWASs on Asian populations remain scarce.
Therefore, we provided important evidence of the asso-
ciation between the COL4AI1-COL4A2 variant (i.e.,
rs4773144) and VAT in Korean men. Nevertheless, our
study has several limitations. First, none of the SNPs
reached a genome-wide significance level of p < 5 x 1078
for a = 0.05. Thus, we considered the relaxed criterion of
p <1x 107 to select top-ranking SNPs. Second, the sam-
ple size used in the replication analysis was not sufficient
to verify the top-ranking SNPs. This was because an ab-
dominal CT scan was an optional, rather than mandatory,
test at the time at which the participants received regular
comprehensive health checkups. This may also lead to a
bias if more healthy or more sick people have the CT scan
performed. Third, our study failed to replicate the candi-
date SNPs. Lastly, all SNPs identified by GWAS in the
discovery step lay within the single intron of a gene or in
the intergenic region. An additional imputation research
is needed to enhance coverage across the genome.

Conclusion

This study suggests a susceptibility locus (i.e., COL4AI-
COL4A2) that contributes to abdominal visceral fatamong
adult Korean men, despite failing to replicate the results
of the discovery phase. Considering that visceral fat close-
ly affects CVD, this finding suggests that the previously
known associations between the COL4A1-COL4A2 vari-
ants and CVD in other populations may be more clearly
interpreted as a mediator, VAT. However, additional
studies are needed to establish the causality between CO-
L4A1-COL4A2 variants, visceral abdominal fat, and CVD.

Acknowledgments

There are no acknowledgments to declare.

Statement of Ethics

This study was approved by the Institutional Review Board of
the Seoul National University Hospital Biomedical Research Insti-
tute (H-1901-096-1004) and the National Cancer Center

Obes Facts 2022;15:590-599
DOI: 10.1159/000524670

597



(NCC2019-0106). Informed consent was waived by the Institu-
tional Review Board because this was a retrospective study that
used de-identified data.

Author Contributions

H.-J.K,, J.-LK,, and J.-H.P. conceived and designed the study.

H.-Y.S. and J.S. performed the experiments. H.-].K., JM.Y., HK,,
and B.C. analyzed and interpreted the data. H.-J.K. wrote this pa-

Conflict of Interest Statement

The authors declare no conflict of interests.

per and J.-1.K., and J.-H.P. reviewed the paper.

Data Availability Statement

Funding Sources

This research was supported by Basic Science Research Pro- ackr.

gram through the National Research Foundation of Korea (NRF)

funded by the Ministry of Education (Grant No.
2018R1D1A1A09083190, 2020R1A6A1A03047972, and
2021R1F1A1060847).

References

Jahangir E, De Schutter A, Lavie CJ. The rela-
tionship between obesity and coronary artery
disease. Transl Res. 2014 Oct;164(4):336-44.
Poirier P, Giles TD, Bray GA, Hong Y, Stern
JS, Pi-Sunyer FX, et al. Obesity and cardiovas-
cular disease: pathophysiology, evaluation,
and effect of weight loss: an update of the 1997
American heart association scientific state-
ment on obesity and heart disease from the
obesity committee of the council on nutrition,
physical activity, and metabolism. Circula-
tion. 2006 Feb;113(6):898-918.

Brandao I, Martins MJ, Monteiro R. Metabol-
ically healthy obesity-heterogeneity in defini-
tions and unconventional factors. Metabo-
lites. 2020 Jan;10(2):48.

Tchernof A, Després JP. Pathophysiology of
human visceral obesity: an update. Physiol
Rev. 2013 Jan;93(1):359-404.

Hayashi T, Boyko EJ, McNeely MJ, Leonetti
DL, Kahn SE, Fujimoto WY. Visceral adipos-
ity, not abdominal subcutaneous fat area, is
associated with an increase in future insulin
resistance in Japanese Americans. Diabetes.
2008 May;57(5):1269-75.

Kim HJ, Kwon H, Jeong SM, Hwang SE, Park
JH. Effects of abdominal visceral fat com-
pared with those of subcutaneous fat on the
association between PM10 and hypertension
in Korean men: a cross-sectional study. Sci
Rep. 2019 Apr;9(1):5951.

Storz C, Heber SD, Rospleszcz S, Machann J,
Sellner S, Nikolaou K, et al. The role of vis-
ceral and subcutaneous adipose tissue mea-
surements and their ratio by magnetic reso-
nance imaging in subjects with prediabetes,
diabetes and healthy controls from a general
population without cardiovascular disease. Br
J Radiol. 2018 Sep;91(1089):20170808.
Herrera BM, Lindgren CM. The genetics of
obesity. Curr Diab Rep. 2010 Dec;10:498-
505.

10

11

12

13

14

15

Fox CS, Massaro JM, Hoffmann U, Pou KM,
Maurovich-Horvat P, Liu CY, et al. Abdomi-
nal visceral and subcutaneous adipose tissue
compartments: association with metabolic
risk factors in the Framingham heart study.
Circulation. 2007 Jul;116(1):39-48.

Hong Y, Rice T, Gagnon J, Despres JP, Nadeau
A, Perusse L, et al. Familial clustering of insu-
lin and abdominal visceral fat: the HERI-
TAGE family study. ] Clin Endocrinol Metab.
1998 Dec;83(12):4239-45.

Fox CS, Liu Y, White CC, Feitosa M, Smith
AV, Heard-Costa N, et al. Genome-wide as-
sociation for abdominal subcutaneous and
visceral adipose reveals a novel locus for vis-
ceral fat in women. PLoS Genet. 2012;8(5):
€1002695.

Gao C, Langefeld CD, Ziegler JT, Taylor KD,
Norris JM, Chen Y, et al. Genome-wide study
of subcutaneous and visceral adipose tissue
reveals novel sex-specific adiposity loci in
Mexican Americans. Obesity. 2018 Jan;26(1):
202-12.

Norris JM, Langefeld CD, Talbert ME, Wing
MR, Haritunians T, Fingerlin TE, et al. Ge-
nome-wide association study and follow-up
analysis of adiposity traits in Hispanic Amer-
icans: the IRAS family study. Obesity. 2009
Oct;17(10):1932-41.

Sung Y], Perusse L, Sarzynski MA, Fornage
M, Sidney S, Sternfeld B, et al. Genome-wide
association studies suggest sex-specific loci
associated with abdominal and visceral fat.
Int ] Obes. 2016 Apr;40(4):662-74.
Eastwood SV, Tillin T, Dehbi HM, Wright A,
Forouhi NG, Godsland I, et al. Ethnic differ-
ences in associations between fat deposition
and incident diabetes and underlying mecha-
nisms: the SABRE study. Obesity. 2015 Mar;
23(3):699-706.

598

Obes Facts 2022;15:590-599

DOI: 10.1159/000524670

16

17

18

19

20

21

22

23

Data that support the findings of this study are available on
reasonable request from the corresponding author at pjhn@snu.

Kadowaki S, Miura K, Kadowaki T, Fujiyoshi A,
El-Saed A, Masaki KH, et al. International com-
parison of abdominal fat distribution among
four populations: the ERA-JUMP study. Metab
Syndr Relat Disord. 2018 May;16(4):166-73.
Lear SA, Humphries KH, Kohli S, Chockalin-
gam A, Frohlich JJ, Birmingham CL. Visceral
adipose tissue accumulation differs according
to ethnic background: results of the multicul-
tural community health assessment trial (M-
CHAT). Am ] Clin Nutr. 2007 Aug;86(2):
353-9.

Kim HJ, Park JH, Lee S, Son HY, Hwang J,
Chae J, et al. A common variant of NGEF is
associated with abdominal visceral fat in Ko-
rean men. PLoS One. 2015;10(9):e0137564.
Kim S, Cho B, Lee H, Choi K, Hwang SS, Kim
D, et al. Distribution of abdominal visceral
and subcutaneous adipose tissue and meta-
bolic syndrome in a Korean population. Dia-
betes Care. 2011 Feb;34(2):504-6.

Muifio E, Cércel-Marquez J, Carrera C, Llu-
cia-Carol L, Gallego-Fabrega C, Cullell N, et
al. Genetic variation is associated with post-
reperfusion therapy parenchymal hematoma.
A GWAS meta-analysis. ] Clin Med. 2021 Jul;
10(14):3137.

Chung §J, Kim D, Park MJ, Kim Y§, Kim JS,
Jung HC, et al. Metabolic syndrome and vis-
ceral obesity as risk factors for reflux oesoph-
agitis: a cross-sectional case-control study of
7,078 Koreans undergoing health check-ups.
Gut. 2008 Oct;57(10):1360-5.

Purcell S, Cherny SS, Sham PC. Genetic pow-
er calculator: design of linkage and associa-
tion genetic mapping studies of complex
traits. Bioinformatics. 2003;19(1):149-50.
Comuzzie AG, Cole SA, Laston SL, Vorugan-
ti VS, Haack K, Gibbs RA, et al. Novel genetic
loci identified for the pathophysiology of
childhood obesity in the Hispanic population.
PLoS One. 2012;7(12):e51954.

Kim/Son/Sung/Yun/Kwon/Cho/Kim/
Park


https://www.karger.com/Article/FullText/524670?ref=1#ref1
https://www.karger.com/Article/FullText/524670?ref=2#ref2
https://www.karger.com/Article/FullText/524670?ref=2#ref2
https://www.karger.com/Article/FullText/524670?ref=3#ref3
https://www.karger.com/Article/FullText/524670?ref=3#ref3
https://www.karger.com/Article/FullText/524670?ref=4#ref4
https://www.karger.com/Article/FullText/524670?ref=4#ref4
https://www.karger.com/Article/FullText/524670?ref=5#ref5
https://www.karger.com/Article/FullText/524670?ref=6#ref6
https://www.karger.com/Article/FullText/524670?ref=6#ref6
https://www.karger.com/Article/FullText/524670?ref=7#ref7
https://www.karger.com/Article/FullText/524670?ref=7#ref7
https://www.karger.com/Article/FullText/524670?ref=8#ref8
https://www.karger.com/Article/FullText/524670?ref=9#ref9
https://www.karger.com/Article/FullText/524670?ref=10#ref10
https://www.karger.com/Article/FullText/524670?ref=11#ref11
https://www.karger.com/Article/FullText/524670?ref=12#ref12
https://www.karger.com/Article/FullText/524670?ref=13#ref13
https://www.karger.com/Article/FullText/524670?ref=14#ref14
https://www.karger.com/Article/FullText/524670?ref=15#ref15
https://www.karger.com/Article/FullText/524670?ref=16#ref16
https://www.karger.com/Article/FullText/524670?ref=16#ref16
https://www.karger.com/Article/FullText/524670?ref=17#ref17
https://www.karger.com/Article/FullText/524670?ref=18#ref18
https://www.karger.com/Article/FullText/524670?ref=19#ref19
https://www.karger.com/Article/FullText/524670?ref=19#ref19
https://www.karger.com/Article/FullText/524670?ref=20#ref20
https://www.karger.com/Article/FullText/524670?ref=21#ref21
https://www.karger.com/Article/FullText/524670?ref=22#ref22
https://www.karger.com/Article/FullText/524670?ref=23#ref23

24 AdiD,XieX,MaYT,FuZY, Yang YN, LiXM,
et al. Association of COL4Al genetic poly-
morphisms with coronary artery disease in
Uygur population in Xinjiang, China. Lipids

Health Dis. 2013 Oct;12:153.

25 Consortium CAD, Deloukas P, Kanoni S,
Willenborg C, Farrall M, Assimes TL, et al.
Large-scale association analysis identifies new
risk loci for coronary artery disease. Nat Gen-

et. 2013 Jan;45(1):25-33.

26 Schunkert H, Konig IR, Kathiresan S, Reilly
MP, Assimes TL, Holm H, et al. Large-scale
association analysis identifies 13 new suscep-
tibility loci for coronary artery disease. Nat

Genet. 2011 Mar;43(4):333-8.

A GWAS for Adiposity in Korean Adults

27

28

29

Yang W, Ng FL, Chan K, Pu X, Poston RN,
Ren M, et al. Coronary-heart-disease-associ-
ated genetic variant at the COL4A1/COL4A2
locus affects COL4A1/COL4A2 expression,
vascular cell survival, atherosclerotic plaque
stability and risk of myocardial infarction.
PLoS Genet. 2016 Jul;12(7):e1006127.
Jeanne M, Labelle-Dumais C, Jorgensen J,
Kauffman WB, Mancini GM, Favor J, et al.
COL4A2 mutations impair COL4A1 and CO-
L4A2 secretion and cause hemorrhagic
stroke. Am ] Hum Genet. 2012 Jan;90(1):91-
101.

Rannikmae K, Davies G, Thomson PA, Bevan
S, Devan W/, Falcone GJ, et al. Common vari-
ation in COL4A1/COL4A2 is associated with
sporadic cerebral small vessel disease. Neu-
rology. 2015 Mar;84(9):918-26.

30

31

32

Ladeiras-Lopes R, Sampaio F, Bettencourt N,
Fontes-Carvalho R, Ferreira N, Leite-Moreira
A, et al. The ratio between visceral and subcu-
taneous abdominal fat assessed by computed
tomography is an independent predictor of
mortality and cardiac events. Rev Esp Cardiol.
2017 May;70(5):331-7.

Lee JJ, Pedley A, Hoffmann U, Massaro JM,
Fox CS. Association of changes in abdominal
fat quantity and quality with incident cardio-
vascular disease risk factors. ] Am Coll Car-
diol. 2016 Oct;68(14):1509-21.

Roca-Rivada A, Bravo SB, Perez-Sotelo D,
Alonso J, Castro AI, Baamonde I, et al.
CILAIR-based secretome analysis of obese
visceral and subcutaneous adipose tissues re-
veals distinctive ECM remodeling and inflam-
mation mediators. Sci Rep. 2015 Jul;5:12214.

Obes Facts 2022;15:590-599

DOI: 10.1159/000524670

599


https://www.karger.com/Article/FullText/524670?ref=24#ref24
https://www.karger.com/Article/FullText/524670?ref=24#ref24
https://www.karger.com/Article/FullText/524670?ref=25#ref25
https://www.karger.com/Article/FullText/524670?ref=25#ref25
https://www.karger.com/Article/FullText/524670?ref=26#ref26
https://www.karger.com/Article/FullText/524670?ref=26#ref26
https://www.karger.com/Article/FullText/524670?ref=27#ref27
https://www.karger.com/Article/FullText/524670?ref=28#ref28
https://www.karger.com/Article/FullText/524670?ref=29#ref29
https://www.karger.com/Article/FullText/524670?ref=29#ref29
https://www.karger.com/Article/FullText/524670?ref=30#ref30
https://www.karger.com/Article/FullText/524670?ref=31#ref31
https://www.karger.com/Article/FullText/524670?ref=31#ref31
https://www.karger.com/Article/FullText/524670?ref=32#ref32

	startTableBody
	startTableBody
	startTableBody

