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Abstract: CDH13 encodes T-cadherin, which is expressed in the vasculature and cardiac myocytes
and is the receptor for hexameric and high-molecular-weight adiponectin. The CDH13 region is the
most pivotal locus associated with adiponectin level. Mediation analysis is a method to explore the
effect of a third variable, it is assumed that the magnitude of the relationship between the independent
and dependent variables will be reduced by statistical adjustment for a third variable. In addition,
mediation can further occur in the case when the mediator acts as a pathway-suppressor variable
that means a suppression effect may be suggested if the statistical removal of a mediation effect
could increase the magnitude of the relationship between the independent and dependent variables.
Here, we aimed to explore the suppression effect in a genome-wide association study, and investigate
possible mechanisms that may link adiponectin to CDH13 variants and high-density lipoprotein
cholesterol (HDL-C). Genome-wide association data for adiponectin and HDL-C were accessible
for 2349 Taiwan-biobank participants. The mediation analysis was conducted with the CDH13 lead
single nucleotide polymorphism (SNP) rs4783244. The cloned constructs of CDH13 haplotypes (GG
and TT) identified from the rs4783244 G/T and rs12051272 G/T SNPs were transiently expressed
in HEK293T cells and investigated using the luciferase reporter assay. Genome-wide association
analysis showed that HDL-C is significantly associated with variants in CDH13 after adjusting for the
adiponectin level. The lead SNP rs4783244 was significantly associated with lower adiponectin levels
and exhibited a suppression effect on HDL-C when adiponectin was included as a third factor in the
mediation analysis. Luciferase reporter assay results further demonstrated that the GG haplotype
increased enhancer activity, whereas the haplotype TT significantly reduced the activity of this
enhancer. We present the first evidence of the suppressive role of adiponectin in the genome-wide
association between CDH13 and HDL-C. CDH13 may increase the HDL-C levels, and its expression
is suppressed by adiponectin.

Keywords: CDH13; adiponectin; HDL-C; GWAS; suppression effect

1. Introduction

Adiponectin is one of the most plentiful gene products in adipose tissue. It acts a
crucial part in the metabolic arrangement of obesity, insulin sensitivity, and atherosclero-
sis [1]. Many studies have shown that adiponectin has diverse metabolic functions, such as
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anti-diabetic, anti-inflammatory, and anti-atherosclerotic activities [2]. It is believed that
adiponectin levels are regulated by genetic factors, as demonstrated by twin studies [3],
family studies [4], and genome-wide linkage studies [5], which show a moderate to high
estimate of heritability (30-70%) [6]. Furthermore, a recent report focusing on family
studies found that there is a common heritability between adiponectin levels and metabolic
syndrome [7]. Several genome-wide association studies, in which meta-analysis was per-
formed, revealed various candidate gene loci, which may affect adiponectin levels [8-10].
The CDH13 gene, which is located on chromosome 16q23.3, spans 1.2 Mb, contains 14 exons
and encodes T-cadherin. A meta-analysis showed that the CDH13 gene region is the most
crucial locus related to adiponectin levels [11]. A CDH13 intron 1 polymorphism was only
associated with the metabolic phenotype reported by two recent studies on East Asian pop-
ulations after adjusting for the level of high-molecular-weight (HMW) adiponectin [10,12].
Genome-wide association studies (GWAS) in various ethnic groups have found an asso-
ciation between a CDH13 single nucleotide polymorphism (SNP) and adiponectin and
lipid levels [9,10,12,13]. Recent research in human genetics has tended to focus on genes
that affect HDL metabolism, and to assess the probable associations of those genes with
the risk of coronary heart disease and HDL-C levels. In spite of the fact that physical and
environmental factors may alter HDL function and HDL-C levels, it is considered that
40-60% of variations in HDL-C levels can be illustrated by genetic variation [14]. Many
research reports using GWAS methods have demonstrated that common mutation asso-
ciation studies can successfully detect common polymorphisms in some genes known to
regulate HDL that are related to this variable trait [15]. Nevertheless, it is still very rare that
the known sites found by GWAS can explain the mutation sites related to HDL-C levels
suggesting that there are likely to be other pathways and target genes influencing HDL-C
levels [16-18]. Mediation analysis is a technique that is more commonly used in psychology
and social sciences [19,20]. It is a model to explore the effect of a third variable, and its
ability to influence the relationship of independent variables with dependent variables [21].
The so-called ‘mediation effect’ means that the independent variable has an effect on the
mediator, and consequently affects the dependent variable [22]. In mediation analysis,
when the direct and indirect effects of the independent variables have opposing actions,
a suppression effect occurs [23]. Our previous study of candidate genes in the general
population of Taiwan, which included mediation analysis, provided the first evidence of
suppression effects in this context [24,25]. The main purpose of this study was to use GWAS
to verify the suppression effect identified by the mediation analysis, and to find the lead
SNPs in the CDH13 gene and estimate their impact on HDL-C levels. The second purpose
was to estimate the functional activity of the CDH13 haplotype, to provide additional
information on the existence of genetic factors that contribute to the cardiovascular risk
associated with the blood lipid profile of Taiwanese individuals in the general population.

2. Materials and Methods
2.1. Subjects

The subjects of this study consisted of 2349 subjects from the Taiwan Biobank (TWB),
their related information were collected from recruitment centers throughout Taiwan from
2008 to 2015 [26]. Written informed consent was collected from all subjects before en-
rollment. The recruited participants had no history of coronary artery disease, stroke,
cancer, or systemic disease, and a total of 150 subjects were removed from the study
according to the following criteria: retraction of informed consent after participation
(2 subjects), fasting < 6 hours (38 subjects), and quality control (QC) for the GWAS
(110 subjects). The study was approved by The Institutional Review Board of Taipei
Tzu Chi Hospital (approval number: 08-XD-011), Buddhist Tzu Chi Medical Foundation.

2.2. GWAS Population

The TWB genotype array for high-throughput Affymetrix Axiom genotyping platform
was designed by the Taiwan Biobank study group. SNPs on the Axiom Genome-Wide CHB
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1 Array plate (Affymetrix, Inc., Santa Clara, CA, USA) with 5% minor allele frequencies
(MAFs) in a set of 2349 samples from the Taiwanese Han Chinese population. With
the support of the National Center of Genome Medicine of the Academia Sinica, the
genomic DNA was genotyped using the Axiom TM-TWB genome-wide array comprising
646862 SNPs. A call rate of > 97% was noted in all samples for analysis. The QC for SNPs
was established as follows: minor allele frequency < 0.05, SNP call rate < 3% and violation
of Hardy-Weinberg equilibrium (p value < 10~°) were excluded from following analyses.
A total of 2199 subjects and 614823 SNPs were recruited for the GWAS analysis after QC.

2.3. Genomic DNA Extraction and Genotyping

DNA was isolated from blood samples of the TWB participants, using a QlAamp DNA
blood kit (Qiagen, Valencia, CA, USA) following the guidance of the manufacturer. SNP
genotyping was carried out adopting custom TWB chips, and performed on the Axiom
Genome-Wide Array Plate System (Affymetrix, Santa Clara, CA, USA).

2.4. Laboratory Examinations and Assays

The clinical phenotypes included body mass index (BMI), body weight, body height,
waist-to-hip ratio, waist circumference, and systolic and diastolic blood pressure were
selected for analysis. BMI was calculated as body weight (kg)/height (m?). Biochem-
istry data obtained for analysis included fasting plasma glucose, as well as lipid pro-
files, including TG levels, high-density lipoprotein (HDL), low-density lipoprotein choles-
terol (LDL-C), and total cholesterol. The commercial kits for adiponectin (R&D System:s,
Minneapolis, MN, USA) was adopted to measure serum adiponectin levels.

2.5. Mediation Analysis

A mediation model was assumed (Figure S1) to investigate the mediation effects
of adiponectin levels on the association between the CDH13 lead SNP and HDL-C, and
the suppression effects were confirmed by investigating the following four criteria [19]:
Criterion one demonstrates that the association between the independent variable and
mediator must be significant (). Criterion two demonstrates that, after adjusting for
the independent variable, the association between the mediator and dependent variable
must be significant (). The calculated product of the two regression coefficients from
criterion one and criterion two (x[3) was considered as the mediation (indirect) effect, which
expressed the intermediate pathways from the independent variable to the mediator, and
in turn to the dependent variable. The regression coefficient connecting the independent
variable to the dependent variable when adjusting for the mediator was computed as
the direct effect (y'). Criterion three demonstrates that the total effect (xf3+y') must be
significant, which was expressed as the association between the independent variable
and dependent variable. Criterion four demonstrates that the mediation effect which
was determined by using the Sobel test and must be significant [21,27,28]. In addition,
a status in which the direct effect was larger than the total effect could be exhibited as
a suppression effect [29]. Under this status, direct and indirect effects frequently have
comparable significances and opposing signs, which may totally or partially abolish each
other and lead to a zero or nonzero but insignificant total effect [30].

2.6. Construct

A genomic DNA fragment of the CDH13 haplotype, which enclosed SNPs rs4783244
and rs12051272, was amplified by polymerase chain reaction (PCR) as presented in our for-
mer study [25]. The upstream and downstream primers used were 5'-GTACCAGGGGAGA
TTCAAGTGC-3' and 5-CTCTCCACTGACAAGTTGCCAC-3/, respectively. By follow-
ing the manufacturer’s instruction, PCR products were subcloned into the pEASY-T1
vector (Invitrogen, Carlsbad, CA, USA). Plasmid DNA was subsequently isolated from
recombinant colonies and sequenced to ensure accuracy. The CDH13 haplotype inserts,
which contained two haplotypes that identified from rs4783244 G/T and rs12051272 G/T
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(H1: GG and H2: TT), were subsequently extracted by Xhol and HindIII digestion, gel-
purified, and subcloned into the pGL2.0-promoter(Luc 2) vector (Promaga, Madison, WI, USA),
upstream of the firefly luciferase reporter gene. The validity and orientation of the inserts
relative to the luciferase gene were confirmed by sequencing.

2.7. Transfection and Functional Reporter Assay

The Dulbecco’s modified Eagle’s medium (Sigma, CA, USA) supplemented with
10% fetal calf serum (HyClone Laboratories, Logan, UT, USA) was used for culture the
HEK-293T cells in 5% CO; at 37°C. Cells were plated in a 6-well plate and grown to
80-90% confluence. The X-treme GENE HP DNA Transfection Reagent (Roche,
Mannheim, Germany) was used for transfection and the CDH13 haplotype constructs
(500 ng) were co-transfected with 50 ng pRL-TK (Promega, Madison, WI, USA), which
encoded the Renilla luciferase into HEK-293T cells. Using a dual-luciferase reporter assay
system (Promega) according to the manufacturer’s instruction, luminescence was measured
48 h after transfection. All data were analyzed by normalizing firefly luciferase activity
with that of the Renilla luciferase for each sample.

2.8. Statistical Analysis

Statistical analysis was performed as previously described [24]. GWAS analysis was
calculated using PLINK. P values less than the threshold of p = 5x10~8 were considered
significant genome-wide. All calculations were examined adopting SPSS version 22 (SPSS,
Chicago, IL, USA). P values <0.05 using a two-sided test were recognized as significant.
List-wise deletion was used to manage missing data. The investigation of deviation
from the Hardye Weinberg equilibrium, estimation of linkage disequilibrium between
polymorphisms, association between haplotypes and lipid-protein levels were executed
adopting the GoldenHelix SVS Win32 7.3.1 software (Golden Helix, Bozeman, MT, USA).

3. Results
3.1. Subsection
3.1.1. Characteristics of the TWB Participants

Clinical phenotypes and biochemical profiles of the subjects, arranged by sex, are
demonstrated in Table 1. The men who were current smokers had a significantly higher
percentage (p < 0.001). Furthermore, the women had significantly lower waist circumfer-
ence (p < 0.001), waist/hip ratio (p < 0.001), BMI (p < 0.001), and circulating levels of TG
(p <0.001) and LDL-C (p = 0.002) than the men. In addition, circulating HDL-C (p < 0.001)
and adiponectin levels (p < 0.001) were higher in women than in men.

Table 1. Clinical phenotypes and biochemical profiles of the TWB participants.

Total Men Women p value
Number 2199 986 1213
Age (years) 48.1 +10.8 48.6 +11.1 48.2 +10.7 0.444
BMI (kg/m?) 242435 251 +34 234435 <0.001
Waist circumference (cm) 84.8+94 874+92 80.4+9.2 <0.001
Waist-to-hip ratio 0.9+0.2 0.90+0.2 0.84+0.1 <0.001
Current smokers (%) 396 (18.0%) 329 (33.4%) 67 (5.5%) <0.001
Total cholesterol (mg/dL) 195.1 + 35.9 194.6 + 354 195.6 + 36.5 0.500
LDL-C (mg/dL) 122.5 £ 329 124.8 £ 32. 120.5 £ 32.7 0.002
HDL-C (mg/dL) 55.1 +13.4 49.7 +11.4 59.4 +£13.3 <0.001
TG (mg/dL) 1179 £ 91.9 138.9 + 105.8 100.8 £ 74.7 <0.001
Adiponectin (mg/L) 35+19 2.88 + 1.45 4.01+1.97 <0.001

BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol.
Continuous variables are expressed as means + SD. Before statistical testing, HDL-C and TG values were logarithmically transformed to
adhere the assumption of normal distributions; nonetheless, the untransformed data are presented here.
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3.1.2. Genome Wide Association Study for HDL-C in the TWB Participants

After examining quality control of the data according to approved procedures, the
reports from GWAS analysis revealed that one region of chromosome 16 located in the
CDH13 gene displayed a highly significant association with adiponectin levels (Figure 1A).
Furthermore, it was consistent with the results from previous studies, several variants
located upstream and in the 5’-UTR of the cholesteryl ester transfer protein (CETP) gene
on chromosome 16, had a highly significant association with HDL-C levels (Figure 1B).
Interestingly, another region of chromosome 16, located in the CDH13 gene (Figure 1C),
was significantly associated with HDL-C levels after adjustment for adiponectin levels.
Taking into account adjustment for adiponectin, the most statistically significant SNP was
rs4783244 (Table 2), demonstrating the adiponectin strongly suppressed the association
between HDL-C and CDH13 gene variants.

CDH13. 54783244
40 N

Adiponectin level

30

20

5 7 9 11 13 15 171921
chromosome

CETP- 5247617
20

HDL level

13 15 171921
chromosome

Figure 1. Cont.
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Figure 1. GWAS analysis of Adiponectin and HDL levels. Manhattan plots of genome-wide association study for
Adiponectin and HDL levels. (A) The data revealed the genome-wide significant gene loci CDH13 in Taiwanese for
Adiponectin levels. P value adjusted for age, sex, current smoking status and body mass index. (B) The data of the
genome-wide significant gene loci CETP in Taiwanese for HDL levels. P value adjusted for age, sex, current smoking
status and body mass index. (C) The data revealed the genome-wide gene loci CDH13 in Taiwanese for HDL levels became
significantly after further adjusted for Adiponectin levels.

Table 2. Association of CDH13 SNPs with HDL level before and after adjusted for adiponectin.

CHR Gene SNP Chr. Location Minor Allele P p*
16 CDH13 rs4783244 82,662,268 T 0.8439 1.05 x 1077
16 CDH13 rs28597883 82,647,566 C 0.4147 7.66 x 107°
16 CDH13 rs3865188 82,650,717 T 0.3587 7.84 x 107°
16 CDH13 rs12444222 82,672,920 G 0.1005 1.40 x 1072
16 CDH13 rs4783248 82,674,055 G 0.11 229 x 107°
16 CDH13 1512446731 82,676,142 A 0.1179 3.28 x 107>
16 CDH13 rs12925602 82,655,901 A 0.1391 5.01 x 107°
16 CDH13 159652670 82,671,477 G 0.1597 7.10 x 107°
16 CDH13 rs3865186 82,646,972 A 0.3461 7.90 x 107°
16 CDH13 rs9940180 82,653,444 T 0.9354 8.00 x 107°

p: adjusted for age, sex, BMI, and smoking; p *: adjusted for age, sex, BMI, smoking, and Adiponectin.

3.1.3. Mediation Analysis of the Association between HDL-C and rs4783244 in the
TWB Population

Four criteria were examined to demonstrate mediation and suppression effects
(Table 3). After adjustment for BMI, age, sex, and smoking, the CDH13 SNP rs4783244 was
noted to be significantly related to lower adiponectin levels (p = 3.68 x 107%7) (criterion 1),
which consecutively had significant effects on HDL-C levels (p = 1.12 x 10~%®) (criterion 2).
The total effect of rs4783244 on HDL-C levels was —0.001 (p = 0.731) (criterion 3). The Sobel
test for mediation on the results of HDL-C displayed a z value of —11.16, and a p value of
< 1078 (criterion 4). Moreover, the direct effect (y') of rs4783244 on HDL-C levels (0.015)
was larger than the total effect (f+y") (—0.001) and showed the opposite response with
the mediation effect («f3) (—0.017), indicating a suppression effect in this context.
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Table 3. Mediation analysis of adiponectin levels on the association between CDH13 SNP rs4783244 and HDL-C levels.

154783244
o
Criterion 1 regression coefficient —0.079
riterion Standard error 0.006
p value 3.68 x 10~%
B
regression coefficient 0.21
Standard error 0.01
# -93
Criterion 2 p ;l/e/alue 11210
regression coefficient 0.015
Standard error 0.003
* p value 717 x 1078
aB +v
Criterion 3 regression coefficient —0.001
riterion Standard error 0.003
* p value 0.731
xp
Criterion 4 regression coefficient —0.017
riterion Standard error 0.001
p value (Sobel test) <108

a: unstandardized coefficient for the association between CDH13 SNP rs4783244 and adiponectin levels. 3: unstandardized coefficient for
the association between adiponectin and HDL-C levels (adjusted for rs4783244). Direct effect =/, Total effect = x+y’, Mediation (indirect)
effect = «f3. p: adjusted for BMI, age, sex, current smoke; *: p value of association between rs4783244 and HDL-C after adjustment for age,
sex, BMI, current smoke, and adiponectin; #; p value of association between adiponectin and HDL-C after adjustment for BMI, age, sex,

current smoke, and rs4783244.

3.1.4. Functional Analysis of Two Haplotypes in the CDH13 Proximal Intron 1
Promoter Region

To investigate whether the haplotypes of rs4783244 G/T and rs12051272 G/T regulate
the enhancer activity of the promoter, we expressed them in a luciferase reporter construct
in HEK293T cells and analyzed luciferase activity in the cell lysates. The H1: GG revealed
significantly increased enhancer activity (p = 0.0002) after transfection when compared with
the results of the control (pGL2-promoter vector). Furthermore, the H2: TT significantly
reduced enhancer activity compared to the major haplotype H1: GG (p = 0.016) (Figure 2).
These results demonstrated that the CDH13 haplotypes are functional, and H2: TT exhibits
a crucial role in the regulation of CDH13 expression.

p=0.017

@
8
5]

P=0.0002 p=0016 |

250 “'

Relative intensity of luciferase/renilla ratio
I
3

Empty Vector [ele] has

Figure 2. Luciferase reporter assay of pGL2.0-promoter-GG and TT in HEK293T cells. Activity
of CDH13 haplotype H1: GG significantly increased 80% (p = 0.0002, 95% confidence interval
[—132.19, —47.76]) as compared with empty vector (pGL2.0-promoter). Furthermore, the activ-
ity of CDH13 haplotype H2: TT significantly decreased 28% (p = 0.016, 95% confidence interval
[11.19, 104.04]) as compared with CDH13 haplotype H1: GG. Data were normalized to renilla activity
and expressed as percentage of empty vector. H1: GG (haplotype of rs4783244 G and rs12051272 G);
H2: TT (haplotype of rs4783244 T and rs12051272 T).
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4. Discussion

In this study, we examined the suppressive role of adiponectin in the association
between the CDH13 gene and HDL-C. To verify the suppression effect identified in our
prior candidate gene study, we investigate a GWAS in a larger Taiwanese participant.
Consistent with our previous study, the CETP gene located in chr.16 was noted to be
strongly associated with HDL-C [31]. Furthermore, performing a GWAS on adiponectin
revealed a strong association with SNPs in CDH13. This finding is in line with former
studies in Japanese, Singaporean Chinese, and Korean populations [10]. However, several
GWAS performed on populations in Western countries have shown that a major effect
on plasma adiponectin levels is exerted by ADIPOQ [7,32,33]. Studies on genome-wide
associations of adiponectin have demonstrated ethnic differences between Asian and
Western populations, while the effects of CDH13 promoter variants also vary between Asian
and European populations [9,12,13,34]. The minor allele frequency (MAF) of rs4783244
in the Human HapMap project was revealed to be high similarly in both Caucasians
and Han Chinese (0.46 and 0.32), whereas the MAF of rs12051272 was much lower in
Caucasians (0.009) than in Han Chinese (0.22). A previous study showed that American
men exhibited higher adiponectin levels than the Japanese men in spite of higher levels
of obesity [35]. This might be due to the fact that most of the Americans in this study
may have carried the adiponectin-increasing allele rs12051272-G, resulting in higher mean
plasma adiponectin levels.

We discovered that several SNPs in the 5'-UTR of CDH13 were significantly associated
with HDL-C after adjustment for adiponectin levels. This report is in line with those from
a previous study [10]. In the current study, we successfully applied the mediation model
and conducted mediation analysis of the CDH13 lead SNP rs4783244, confirming that
adiponectin exerts a suppression effect on the association between CDH13 and HDL-C
levels. As summarized in Figure 3, since the carriers of the minor genotype T express low
adiponectin levels (red arrow), we hypothesize that the association between the CDH13
genotype T and HDL-C is suppressed by adiponectin due to the positive correlation (blue
circle) between adiponectin level (red arrow) and HDL-C level (red arrow). This reduces
the HDL-C level (blue arrow) and, therefore, masks the significant association (red square)
between the CDH13 genotype T and HDL-C into non-significance (blue square).

(Suppressor)
l Adiponectin

a(-0.133£0.021%) 6210.014%) :

v

rs4783244 > HDL-C I

af +v'(0.002£0.001 ¥'(0.031£0.005%)

aB(-0.02 £0.005%)

Figure 3. Suppression effect of Adiponectin. A three-variable mediation model: Adiponectin level
as a suppressor of association between CDH13 genotype and HDL-C. Linear regression model was
used to assess the path associations of «,f3,y', and «f3+y".

The results of the luciferase reporter assay additionally demonstrated that the hap-
lotypes of rs4783244 G/T and rs1205172 G/T were functional, and that the functional
enhancer activity of the common haplotype H1: GG can be reduced by the minor haplotype
H2: TT, comprising the adiponectin-decreasing alleles, rs4783244T and rs1205172T. The
mechanism through which CDH13 SNPs may affect the expression of the CDH13 gene
had been speculated on in two separate publications. First, Spracklen et al. reported that
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rs12051272 is located in CDH13 intron 1, approximately 3 kb from the transcription start
site, in an accessible chromatin region with chromatin marks of active enhancers in Hela
cells. Furthermore, results from their reporter assays showed that the allele rs12051272-G
displayed an average of 1.7-fold increased enhancer activity compared to the rs12051272-T
allele [13]. Second, Putku et al. reported that several SNPs around the CpG island in
the regulatory region of the CDH13 gene influence the methylation levels of the gene
region. The authors showed that two SNPs (rs8060301 and rs12444338) were related to
hypermethylation within the CpG island, and that rs4783244 and rs12051272 were located
near rs8060301 and rs12444338 in linkage disequilibrium. Therefore, they are considered to
influence the methylation and expression of CDH13 [35].

The suppression effect of mediation analysis is not often used in genetic association
studies. In this study, we used a second, larger sample size of the Taiwanese population to
conduct GWAS and successfully replicated our initial finding regarding the suppression
effect of adiponectin. A study by Yamauchi et al., proposed that the adiponectin R1/R2
receptors confer almost all the metabolic effects of adiponectin [36]. However, adiponectin
can also bind to another receptor (T-cadherin) to initiate the nuclear factor-kB signaling
pathway, which exhibits a vital part in inflammation and is an important association be-
tween vascular disease and obesity [37]. Indeed, T-cadherin competes with the adiponectin
R1/R2 receptors to bind adiponectin, and it also intervenes with the coupling of the two
receptors to their downstream intracellular goals [38].

Taking into account the combined findings of the mediation analysis and functional
activity assays, we hypothesize that the haplotype TT of rs4783224 T and rs12051272 T at
the CDH13 locus may decrease the expression of the CDH13 gene and T-cadherin protein,
resulting in decreased competition with other adiponectin receptors and increased coupling
of adiponectin R1/R2 receptors with their downstream intracellular targets, in addition
to the metabolic effects of adiponectin. As formerly suggested [10], increased adiponectin
sensitivity and adiponectin R1/R2 expression may be associated with chronic low levels
of adiponectin. Higher expression of the adiponectin receptors could counterbalance low
adiponectin levels, and lead to a non-significant association between rs4783244 and HDL-C
levels in unadjusted analyses. Nonetheless, when circulating adiponectin is controlled
for, then greater “adiponectin sensitivity” leads to a significant association between the T
allele and more favorable HDL-C levels. This hypothesis is supported by the results of our
mediation analysis, which indicates that adiponectin acts as a suppressor of the association
between the CDH13 genotypes/haplotypes and HDL-C levels. Even though the current
study presented a probable mechanism for CDH13 gene regulation, it will still be crucial to
set up an animal model in which to verify this suppressive effect in vivo.

One of the limitations of this research is that we did not check HMW adiponectin,
particularly as T-cadherin has been recognized as an adiponectin-binding protein with a
preference for HMW adiponectin. Furthermore, the SNPs in CDH13 are more strongly
associated with HMW compared with total adiponectin. Therefore, further research is
required to examine the correlation between the CDH13 SNPs and HDL-C with respect to
HMW adiponectin levels. Another limitation was that the sample size used for the GWAS
analysis in this study was medium. Future studies will need to employ larger-scale GWAS
to obtain stronger p values for the suppression effect.

5. Conclusions

We demonstrate the first evidence of the suppressed role of adiponectin in the associa-
tion between CDH13 and HDL-C. We also present that the CDH13 haplotype is functional
and suggest that the reduced CDH13 activity found in carriers of H2: TT is likely due to
reduced transcription.



Genes 2021, 12, 1582 10 of 12

Supplementary Materials: The following is available online at https:/ /www.mdpi.com/article/10
.3390/genes12101582/s1, Figure S1: A conceptual model for mediation analysis.

Author Contributions: Conceptualization, M.-S.T. and Y.-L.K.; methodology, S.W. and M.-S.T,;
software, S.W.; formal analysis, T.C. and S.W.; investigation, L.-K.E. and M.-S.T.; resources, Y.-L.K.;
data curation, S.W. and T.C.; writing—original draft preparation, L.-K.E.; writing—review and
editing, M.-5.T.; visualization, M.-5.T.; project administration, M.-5.T.; supervision, M.-S.T. and
Y.-L.K,; funding acquisition, M.-S.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by grants from the Taipei Tzu Chi Hospital, Buddhist Tzu Chi
Medical Foundation (TCRD-TPE-108-61, TCRD-TPE-108-61-2 /2, TCRD-TPE-MOST-108-16, TCRD-
TPE-MOST-109-14, TCRD-TPE-MOST-110-09), grants from the Ministry of Science and Technology
(MOST 108-2314-B-303-012, MOST 109-2314-B-303-021-MY2 (1/2) , MOST 109-2314-B-303-021-MY2
(2/2)) to M. S. Teng, and grants from the Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical
Foundation (TCRD-TPE-MOST-108-05, TCRD-TPE-109-RT-1), Buddhist Tzu Chi Medical Foundation
Academic Advancement (TCMEF-EP 108-05), grants from the Ministry of Science and Technology
(MOST 108-2314-B-303 -026 -MY3) to Y. L. Ko, and grant from Buddhist Tzu Chi Medical Foundation
Academic Advancement (TCMEF-A 107-01-15) to L. K. E.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Taipei Tzu Chi Hospital
(approval number: 08-XD-011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: We greatly appreciate technical support from the Core Laboratory of the Taipei
Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation. We would like to acknowledge the
assistance with statistics from I-Shiang Tzeng, PhD and Tsung-Han Hsieh. Department of Research,
Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, New Taipei City.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.; Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.; Tsunoda, M.; et al.
Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. Nature 2003, 423, 762-769. [CrossRef]

2. Matsuzawa, Y.; Funahashi, T.; Kihara, S.; Shimomura, I. Adiponectin and Metabolic Syndrome. Arter. Thromb. Vasc. Biol. 2004, 24,
29-33. [CrossRef] [PubMed]

3. Liu, PH,; Jiang, Y.-D.; Chen, W.J.; Chang, C.-C.; Lee, T.-C.; Sun, S.; Chuang, L.-M. Genetic and environmental influences on
adiponectin, leptin, and BMI among adolescents in Taiwan: A multivariate twin/sibling analysis. win Res. Hum. Genet. 2008, 11,
495-504. [CrossRef] [PubMed]

4. Menzaghi, C.; Trischitta, V.; Doria, A. Genetic influences of adiponectin on insulin resistance, type 2 diabetes, and cardiovascular
disease. Diabetes 2007, 56, 1198-1209. [CrossRef]

5. Yang, W.S,; Chuang, L.M. Human genetics of adiponectin in the metabolic syndrome. J. Mol. Med. 2005, 84, 112-121. [CrossRef]
[PubMed]

6.  Cesari, M.; Narkiewicz, K.; De Toni, R.; Aldighieri, E.; Williams, C.; Rossi, G.P. Heritability of plasma adiponectin levels and body
mass index in twins. . Clin. Endocrinol. Metab. 2007, 92, 3082-3088. [CrossRef]

7.  Henneman, P,; Aulchenko, Y.; Frants, R.; Zorkoltseva, I; Zillikens, M.; Frolich, M.; Oostra, B.; van Dijk, K.W.; Van Duijn, C.M.
Genetic architecture of plasma adiponectin overlaps with the genetics of metabolic syndrome-related traits. Diabetes Care 2010, 33,
908-913. [CrossRef]

8. Jee, S.H,; Sull, JW,; Lee, J.-E.; Shin, C.; Park, J.; Kimm, H.; Cho, E.-Y.; Shin, E.-S.; Yun, J.E.; Park, ] W.; et al. Adiponectin
concentrations: A genome-wide association study. Am. J. Hum. Genet. 2010, 87, 545-552. [CrossRef]

9.  Chung, CM,; Lin, T.-H.; Chen, J.-W.; Leu, H.-B.; Yang, H.-C.; Ho, H.-Y,; Ting, C.-T.; Sheu, S.-H.; Tsai, W.-C.; Lin, S.-].; et al.
A genome-wide association study reveals a quantitative trait locus of adiponectin on CDH13 that predicts cardiometabolic
outcomes. Diabetes 2011, 60, 2417-2423. [CrossRef]

10. Gao, H.;Kim, Y.-M.; Chen, P; Igase, M.; Kawamoto, R.; Kim, M.K.; Kohara, K,; Lee, ].; Miki, T.; Ong, R.T.-H.; et al. Genetic variation
in CDH13 is associated with lower plasma adiponectin levels but greater adiponectin sensitivity in East Asian populations.
Diabetes 2013, 62, 4277-4283. [CrossRef]

11.  Wu, Y,; Gao, H; Li, H.; Tabara, Y.; Nakatochi, M.; Chiu, Y.-F; Park, E.J.; Wen, W.; Adair, L.S.; Borja, ].B.; et al. A meta-analysis of

genome-wide association studies for adiponectin levels in East Asians identifies a novel locus near WDR11-FGFR2. Hum. Mol.
Genet. 2014, 23, 1108-1119. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/genes12101582/s1
https://www.mdpi.com/article/10.3390/genes12101582/s1
http://doi.org/10.1038/nature01705
http://doi.org/10.1161/01.ATV.0000099786.99623.EF
http://www.ncbi.nlm.nih.gov/pubmed/14551151
http://doi.org/10.1375/twin.11.5.495
http://www.ncbi.nlm.nih.gov/pubmed/18828732
http://doi.org/10.2337/db06-0506
http://doi.org/10.1007/s00109-005-0011-7
http://www.ncbi.nlm.nih.gov/pubmed/16389553
http://doi.org/10.1210/jc.2007-0403
http://doi.org/10.2337/dc09-1385
http://doi.org/10.1016/j.ajhg.2010.09.004
http://doi.org/10.2337/db10-1321
http://doi.org/10.2337/db13-0129
http://doi.org/10.1093/hmg/ddt488
http://www.ncbi.nlm.nih.gov/pubmed/24105470

Genes 2021, 12, 1582 11 of 12

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Morisaki, H.; Yamanaka, I.; Iwai, N.; Miyamoto, Y.; Kokubo, Y.; Okamura, T.; Okayama, A.; Morisaki, T. CDH13 gene coding
T-cadherin influences variations in plasma adiponectin levels in the Japanese population. Hum. Mutat. 2012, 33, 402-410.
[CrossRef] [PubMed]

Spracklen, C.N.; Iyengar, A K.; Vadlamudj, S.; Raulerson, C.K ; Jackson, A.U.; Brotman, S.M.; Wu, Y.; Cannon, M.E.; Davis, ].P.;
Crain, A.T,; et al. Adiponectin GWAS loci harboring extensive allelic heterogeneity exhibit distinct molecular consequences. PLoS
Genet. 2020, 16, €1009019. [CrossRef]

Weissglas-Volkov, D.; Pajukanta, P. Genetic causes of high and low serum HDL-cholesterol. J. Lipid Res. 2010, 51, 2032-2057.
[CrossRef]

Khetarpal, S.A.; Rader, D.J. Genetics of lipid traits: Genome-wide approaches yield new biology and clues to causality in coronary
artery disease. Biochim. Biophys. Acta 2014, 1842, 2010-2020. [CrossRef]

Willer, C.J.; Schmidt, E.M.; Sengupta, S.; Peloso, G.M.; Gustafsson, S.; Kanoni, S.; Ganna, A.; Chen, J.; Buchkovich, M.L.; Mora, S.;
et al. Discovery and refinement of loci associated with lipid levels. Nat. Genet. 2013, 45, 1274-1283. [PubMed]

Brunham, L.R.; Hayden, M.R. Human genetics of HDL: Insight into particle metabolism and function. Prog. Lipid Res. 2015, 58,
14-25. [CrossRef]

Dron, J.; Hegele, R.A. Genetics of Lipid and Lipoprotein Disorders and Traits. Curr. Genet. Med. Rep. 2016, 4, 130-141. [CrossRef]
Alwin, D.F.,; Hauser, R M. The Decomposition of Effects in Path Analysis. Am. Sociol. Rev. 1975, 40, 37. [CrossRef]

Baron, R.M.; Kenny, D.A. The moderator-mediator variable distinction in social psychological research: Conceptual, strategic,
and statistical considerations. J. Pers. Soc. Psychol. 1986, 51, 1173-1182. [CrossRef] [PubMed]

James, L.R.; Brett, ]. M. Mediators, moderators, and tests for mediation. J. Appl. Psychol. 1984, 69, 307. [CrossRef]

Sobel, M.E. Effect analysis and causation in linear structural equation models. Psychometrika 1990, 55, 495-515. [CrossRef]
Tzelgov, ].; Henik, A. Suppression situations in psychological research: Definitions, implications, and applications. Psychol. Bull.
1991, 109, 524. [CrossRef]

Teng, M.-S.; Hsu, L.A.; Wu, S.; Chou, H.H.; Chang, C.]J.; Sun, Y.Z,; Juan, S.H.; Ko, Y.L. 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,
406-412. [CrossRef]

Teng, M.-S.; Hsu, L.-A.; Wu, S.; Sun, Y.-C.; Juan, S.-H.; Ko, Y.-L. 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, e0122664. [CrossRef]

Chen, C.-H,; Yang, J.-H.; Chiang, C.; Hsiung, C.-N.; Wu, P--E.; Chang, L.-C.; Chu, H.-W.; Chang, J.; Yuan-Tsong, C.; Yang, S.-L.;
et al. Population structure of Han Chinese in the modern Taiwanese population based on 10,000 participants in the Taiwan
Biobank project. Hum. Mol. Genet. 2016, 25, 5321-5331. [CrossRef] [PubMed]

MacKinnon, D.P. Analysis of mediating variables in prevention and intervention research. NIDA Res. Monogr. 1994, 139, 127-153.
[PubMed]

Sobel, M.E. Asymptotic confidence intervals for indirect effects in structural equation models. Sociol. Methodol. 1982, 13, 290-312.
[CrossRef]

Sobel, M.E. Direct and indirect effects in linear structural equation models. Sociol. Methods Res. 1987, 16, 155-176. [CrossRef]
MacKinnon, D.P;; Krull, J.L.; Lockwood, C.M. Equivalence of the mediation, confounding and suppression effect. Prev. Sci. 2000,
1,173-181. [CrossRef]

Liao, Y.-H.; Er, L.-K.; Wu, S.; Ko, Y.-L.; Teng, M.-S. Functional haplotype of LIPC induces triglyceride-mediated suppression of
HDL-C levels according to genome-wide association studies. Genes 2021, 12, 148. [CrossRef] [PubMed]

Ling, H.; Waterworth, D.M,; Stirnadel, H.A ; Pollin, T.IL; Barter, PJ.; Kesdniemi, Y.A.; Mahley, R W.; McPherson, R.; Waeber, G.;
Bersot, T.P,; et al. Genome-wide linkage and association analyses to identify genes influencing adiponectin levels: The GEMS
Stud. Obesity 2009, 17, 737-744. [CrossRef]

Heid, LM.; Henneman, P.; Hicks, A.; Coassin, S.; Winkler, T.; Aulchenko, Y.S.; Fuchsberger, C.; Song, K.; Hivert, M.-F.; Waterworth,
D.M,; et al. Clear detection of ADIPOQ locus as the major gene for plasma adiponectin: Results of genome-wide association
analyses including 4659 European individuals. Atherosclerosis 2010, 208, 412—420. [CrossRef]

Putku, M.; Kals, M.; Inno, R; Kasela, S.; Org, E.; KoZich, V.; Milani, L.; Laan, M. CDH13 promoter SNPs with pleiotropic effect on
cardiometabolic parameters represent methylation QTLs. Hum. Genet. 2015, 134, 291-303. [CrossRef]

Kadowaki, T.; Sekikawa, A.; Okamura, T.; Takamiya, T.; Kashiwagi, A.; Zaky, W.R.; Maegawa, H.; El-Saed, A.; Nakamura, Y,;
Evans, R-W,; et al. Higher levels of adiponectin in American than in Japanese men despite obesity. Metabolism 2006, 55, 1561-1563.
[CrossRef]

Yamauchi, T.; Nio, Y.; Maki, T.; Kobayashi, M.; Takazawa, T.; Iwabu, M.; Okada-Iwabu, M.; Kawamoto, S.; Kubota, N.; Kubota, T.;
et al. Targeted disruption of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding and metabolic actions. Nat. Med.
2007, 13, 332-339. [CrossRef]


http://doi.org/10.1002/humu.21652
http://www.ncbi.nlm.nih.gov/pubmed/22065538
http://doi.org/10.1371/journal.pgen.1009019
http://doi.org/10.1194/jlr.R004739
http://doi.org/10.1016/j.bbadis.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/24097068
http://doi.org/10.1016/j.plipres.2015.01.001
http://doi.org/10.1007/s40142-016-0097-y
http://doi.org/10.2307/2094445
http://doi.org/10.1037/0022-3514.51.6.1173
http://www.ncbi.nlm.nih.gov/pubmed/3806354
http://doi.org/10.1037/0021-9010.69.2.307
http://doi.org/10.1007/BF02294763
http://doi.org/10.1037/0033-2909.109.3.524
http://doi.org/10.1016/j.atherosclerosis.2013.03.032
http://doi.org/10.1371/journal.pone.0122664
http://doi.org/10.1093/hmg/ddw346
http://www.ncbi.nlm.nih.gov/pubmed/27798100
http://www.ncbi.nlm.nih.gov/pubmed/8742555
http://doi.org/10.2307/270723
http://doi.org/10.1177/0049124187016001006
http://doi.org/10.1023/A:1026595011371
http://doi.org/10.3390/genes12020148
http://www.ncbi.nlm.nih.gov/pubmed/33499410
http://doi.org/10.1038/oby.2008.625
http://doi.org/10.1016/j.atherosclerosis.2009.11.035
http://doi.org/10.1007/s00439-014-1521-6
http://doi.org/10.1016/j.metabol.2006.08.004
http://doi.org/10.1038/nm1557

Genes 2021, 12, 1582 12 of 12

37. Ouchi, N,; Kihara, S.; Arita, Y.; Okamoto, Y.; Maeda, K.; Kuriyama, H.; Hotta, K.; Nishida, M.; Takahashi, M.; Muraguchi, M.; et al.
Adiponectin, an adipocyte-derived plasma protein, inhibits endothelial NF-«B signaling through a cAMP-dependent pathway.
Circulation 2000, 102, 1296-1301. [CrossRef] [PubMed]

38. Lee, M.-H.; Klein, R.L.; EI-Shewy, H.M; Luttrell, D.K,; Luttrell, L.M. The adiponectin receptors AdipoR1 and AdipoR?2 activate
ERK1/2 through a Src/Ras-dependent pathway and stimulate cell growth. Biochemistry 2008, 47, 11682-11692. [CrossRef]
[PubMed]


http://doi.org/10.1161/01.CIR.102.11.1296
http://www.ncbi.nlm.nih.gov/pubmed/10982546
http://doi.org/10.1021/bi801451f
http://www.ncbi.nlm.nih.gov/pubmed/18842004

	Introduction 
	Materials and Methods 
	Subjects 
	GWAS Population 
	Genomic DNA Extraction and Genotyping 
	Laboratory Examinations and Assays 
	Mediation Analysis 
	Construct 
	Transfection and Functional Reporter Assay 
	Statistical Analysis 

	Results 
	Subsection 
	Characteristics of the TWB Participants 
	Genome Wide Association Study for HDL-C in the TWB Participants 
	Mediation Analysis of the Association between HDL-C and rs4783244 in the TWB Population 
	Functional Analysis of Two Haplotypes in the CDH13 Proximal Intron 1 Promoter Region 


	Discussion 
	Conclusions 
	References

