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Background: Although genome-wide association studies (GWAS) have been extensively applied in identifying
SNP associated with metabolic diseases, the SNPs identified by this prevailing univariate approach only explain
a small percentage of the genetic variance of traits. The extensive previous studies have repeatedly shown
type2 diabetes (T2D), obesity and coronary artery disease (CAD) have common genetic mechanisms and the
overlapping pathophysiological pathways.
Methods: The genetic pleiotropy-informed metaCCA method was applied on summary statistics data from three
independent meta-GWAS summary statistics to identify shared variants and pleiotropic effect between T2D,
obesity and CAD. Furthermore, to refine all genes, we performed gene-based association analyses for these
three diseases respectively using VEGAS2. Gene enrichment analysis was applied to explore the potential
functional significance of the identified genes.
Results: After metaCCA analysis, 833 SNPs reached the Bonferroni corrected threshold (p < 7.99 x 1077) in
the univariate SNP-multivariate phenotype analysis, and 327 genes with a significance threshold (p < 3.73 x
1075) were identified as potentially pleiotropic genes in the multivariate SNP-multivariate phenotype analysis. By
screening the results of gene-based p-values, we identified 22 putative pleiotropic genes which achieved
significance threshold in metaCCA analyses and were also associated with at least one disease in the VEGAS2 anal-
yses.
Conclusions: The metaCCA method identified novel variants associated with T2D, obesity and CAD by effectively in-
corporating information from different GWAS datasets. Our analyses may provide insights for some common ther-
apeutic approaches of metabolic diseases based on the pleiotropic genes and common mechanisms identified.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Coronary artery disease (CAD) is a multifactorial chronic disorder
and one of leading causes of morbidity and mortality worldwide,
which is characterized with coronary arteries progressing silently and
usually has established to an advance stage by the time symptoms
start appearing [1,2]. Epidemiological studies have estimated that CAD
death accounts for approximately 25% of all cardiovascular deaths
worldwide and the most significant risk factors associated with the
development of CAD include genetic and environmental factors such
as hypertension, high blood cholesterol levels, hyperglycemia, smoking,
and obesity. Risk factors, particularly obesity and type 2 diabetes (T2D),
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have already had well-established associations with CAD [3]. Specifi-
cally, T2D is closely associated with several of the mechanisms that
lead to CAD independently and T2D is associated with an increased
risk of CAD by two to four-fold in observational studies [4-7]. Several
previous epidemiological studies and meta-analysis have demonstrated
that every 1 kg/m? increase in body mass index (BMI) leads to a 5-7%
increase in the incidence of CAD, and obese participants had a signifi-
cantly greater risk of CAD (relative risk — RR 1.81) after the adjustment
for age, sex, physical activities, and smoking [8,9].

Pleiotropy describes the genetic effect of a single nucleotide
polymorphisms (SNP) or gene on two or more phenotypic traits and its
outcome is genetic correlation. Largely, this concept concerns across-
trait architecture [10]. Previous studies have repeatedly indicated that
T2D, obesity and CAD have common genetic mechanisms [1]. For
example, TCF7L2, IRS1, and other 9 genes association with T2D have
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been confirmed as the causal influence on CAD risk by the mendelian
randomization methods, which means T2D could led to CAD [6].
CNNM2, ATXN2 and HIP1 were identified associated with BMI and CAD
by the conditional false discovery rate method [2]. Furthermore, dozens
of genetic loci associated with obesity and T2D have been demonstrated
by Genome wide association studies (GWAS) [11]. It is therefore impor-
tant to identify pleiotropic genes that acting through common biological
mechanisms and assess overlapping pathophysiological relationships of
these three disorders using effective analytical approaches.

GWAS is a powerful, systematic, and standard univariate approach to
investigate and identify potentially causal or risk-conferring genetic
variants for complex diseases in the individual level measurement
[12,13]. GWAS, especially those with large sample size and meta-
analysis of multiple studies, have identified thousands of genetic variants
associated with complex traits or diseases. However, they only explain a
small part of observed heritability for T2D, obesity and CAD [14,15].
Indeed, multivariate analysis may have higher statistical power to detect
the unexplained heritability due to considering correlations not only
among multiple SNPs but also among different traits or diseases [16,17].
Existing studies of genetic risk factors for complex traits have used bivar-
iate analysis, and multivariate analysis based on multiple correlated phe-
notypes or diseases is rare [18]. Therefore, a multivariate analysis to
identify pleiotropic genes, especially using the publicly available sum-
mary statistics of GWAS, is worth pursuing.

Cichonska et al. [19] recently performed a canonical correlation
analysis (metaCCA) method allowing multivariate representation of
both genotypic and phenotypic variables. This new approach aims to
increase statistical power to identify novel genetic associations, and
the core principle is to use the method of canonical correlation analysis
(CCA) to identify linear relationships between two sets of variables:
multiple SNPs against multiple traits based on the published univariate
summary statistics from GWAS by meta-analysis [12,19]. Cichonska [19]
has successfully applied this method to 9 lipid measures related from
studies of three Finnish cohorts and the results showed metaCCA highly
improved the statistical power by considering the correlations among
multiple SNPS and multiple phenotypes.

In this study, we applied the genetic pleiotropy-informed metaCCA
method on summary statistics data from three independent meta-
GWAS summary statistics to identify shared variants and pleiotropic
effect between T2D, obesity and CAD. By using this method, we could
identify more common variants that are genetic risk factors for one
or more common disorders and resulting potentially shared genetic
influences should provide novel effective approaches for preventing
and treating metabolic diseases ultimately.

2. Methods
2.1. GWAS datasets

The GWAS dataset for T2D contains association summary statistics of 2,473,441 im-
puted SNPs was downloaded from http://www.diagram-consortium.org/downloads.
html. This meta-analysis compromising of 48,286 cases and 250,671controls of
European Ancestry with body mass index adjustment performed by the Diabetes Genetics
Replication and Meta-analysis (DIAGRAM) Consortium [20]. The dataset for BMI was
based on a meta-analysis of 2,550,021 genotyped or imputed SNPs from 234,069 individ-
uals of European ancestry performed by the Genetic Investigation of Anthropometric
Traits (GIANT) Consortium, which was downloaded from http://portals.broadinstitute.
org/collaboration/giant/index.php/GIANT_consortium_data_files [21]. The dataset for
CAD was a meta-analysis of 22 GWAS studies of European descent imputed to HapMap
2 involving 22,233 cases and 64,762 controls performed by the transatlantic Coronary
Artery Disease Genome-wide Replication and Meta-analysis (CARDIoOGRAM) Consortium,
which was downloaded from http://www.cardiogramplusc4d.org/data-downloads [22]. All
the samples in the GWAS datasets came from populations of European ancestry. The
summary statistics have undertaken at least two times of genomic control separately at
the individual study level and meta-analysis. Further detailed descriptions of the sample
ascertainment and stringent quality control procedures can be found in the corresponding
consortium publications [20-23]. We avoided reduplicating control individuals when
selecting these datasets. The data contain summary statistics, only including p-values, regres-
sion coefficients and standard error after meta-analysis. Finally, 2,382,957 overlapping SNPs
of T2D, BMI, and CAD were selected on which we performed the multivariate analysis.

2.2. Data preparation

The analytical workflow of our study was presented in Fig. 1. Before the implementation
of the metaCCA method, several steps were undertaken. First, we combined the summary
statistics for the 2,382,957 common SNPs included in the studies of T2D, BMI, and CAD and
completed the gene annotation for the three GWAS according to the 1000 Genome datasets
using PLINK1.9. The reference data, which contained 26,291 genes, were downloaded from
the website: https://www.cog-genomics.org/static/bin/plink/glist-hg19. Second, a linkage
disequilibrium (LD) based SNP pruning method was used to remove SNPs with large
pairwise correlations. The SNP pruning method was proceeded by a window of 50 SNPs
where LD was calculated between each pair of SNPs. The minor allele frequency (MAF) is
also considered for the SNP pruning, and SNP with smaller MAF for pairs with r? > 0.2
were removed. Following this initial removal of SNPs in high LD, each sliding window of 5
SNPs forward and the process repeated until there were no pairs of SNPs with high LD
[11]. All datasets were pruned using the HapMap 3 CEU genotypes as a reference panel.
After gene annotation and SNP pruning, there remained 62,553 SNPs located in 13,420
gene regions on which we performed the metaCCA analysis. The regression coefficient beta
was normalized before conducting the metaCCA analysis because the individual-level data
set genotype and phenotype matrices were not standardized. Standardization was achieved
afterwards by:
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where SEg, is the standard error of 34, as given by the original GWAS result, g is the number
of genotypic, p is the number of phenotypic variables, and n is the sample number of each
diseases.

2.3. MetaCCA analysis

MetaCCA is an extension of the method of CCA, which required a cross-covariance
matrix between all genotypic and phenotypic variables (3_XY), a genotypic correlation

A
structure between SNPs ( ZXX ), and a phenotypic correlation structure between traits

(Z YY) [19]. 2_XYis constructed as the normalized regression coefficient 3gp:
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where G and P are the number of genotypic and phenotypic variables, respectively.

A
In metaCCA, ZXX is calculated using a reference database representing the study
population, such as the 1000 Genomes database, or other genotypic data available

A
on the target population. There will be better results if ZXXwere estimated from the
target population or the same ethnicity instead of interracial populations [19]. In our

study, ZXX was estimated using the reference SNP dataset of the HapMap 3 CEU.
The phenotypic correlation structure Z YY is computed based on Y_XY. Each entry of

A
Z YYcorresponds to a Pearson correlation coefficient between the vector of 3 estimates
from p phenotypic variables across g genetic variants. It has been demonstrated that the
bigger the number of genotypic variables g, the more accurate the quality of the estimate.

Thus, Z YYwere calculated from summary statistics for all available genetic variants
(2,382,957 overlapping SNPs), even if only a part were used for further analysis.

After calculation, the full covariance matrix ()_), consisting of three covariance
matrices, can be obtained:
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We need determine whether the full covariance matrix is positive semidefinite (PSD).
If it is not PSD, an iterative procedure is used to shrink the full covariance matrix until )
becomes PSD. In the next analysis, the PSD of the full covariance matrix is plugged into
the CCA framework to get the final genotype-phenotype association result [19]. The
correlation between genotype and phenotype is called the canonical correlation r [24].

In this study, two types of multivariate analysis were considered. First, univariate
SNP-multivariate phenotype association analysis was tested at the SNP level. Manhattan
plots presented all SNPs within an LD block in relation to their chromosomal locations.
To identify any potential pleiotropic gene, we did multivariate SNP-multivariate pheno-
type association analysis at the gene level. The result was the canonical correlation of a
gene with all three diseases. We checked the summary statistics of GWAS for a set of
62,553 pre-selected SNPs and found that the mean standardized p's is close to zero and
the median p-value for those B's close to 0.5 in all the three GWAS datasets, which
means the sample of SNPs behaves like a random sample of the whole genome, then
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Fig. 1. The analytical workflow of the present study.

Bonferroni corrected p-value < 0.05 was used as the threshold for nominal significance. If
the p-value of the canonical correlation r of any SNP was smaller than 7.99 x 10~7 (=0.05/
62,553), it was deemed significantly associated with the three diseases. Because the 3's of
genes could not be obtained and computed from the summary statistics of GWAS, a
conservative corrected method-Bonferroni corrected threshold is used in the gene level.
Similarly, genes with a canonical correlation p-value smaller than 3.73 x 10~ (=0.05/
13,420) were significantly associated with all the three diseases.

2.4. Gene-based analyses

To refine the identified genes by MetaCCA, we performed gene-based association
analyses, using the VEGAS2 (Versatile Gene-based Association Study-2) method
(performed at: https://vegas2.qimrberghofer.edu.au/) [25]. This method calculates the
correlation analysis of multiple SNPs in a gene region with one phenotype using original
GWAS summary statistics, which has previously shown higher sensitivity and lower
false positive rates compared to other gene-based approaches [26]. All SNPs in each
gene was analysed using the 1000 Genomes European reference genotypes. We obtained
the gene-based p-value of each gene for one disease and selected the pleiotropic genes
that were associated with at least one disorder using 1E-06 as the threshold.

2.5. Functional annotation and gene enrichment analysis

An useful way to understand polygenic associations is to determine whether the
implicated genetic variants occur in genes that comprise a biological pathway or not [2].
To evaluate the potential biological function of all putative pleiotropic genes, we conducted
the GO enrichment analysis using Enrichr (http://amp.pharm.mssm.edu/Enrichr/). All sig-
nificant genes re-identified by VEGAS2 in our study were annotated and enriched based
on three main categories: biological processes, cellular component and molecular functions.
An adjusted p-value < 0.05 in the enrichment analysis indicates the nominal significance
[27].

3. Results

To identify common variants shared among T2D, obesity, and CAD,
we undertook a two-step analysis strategy. First, by using the metaCCA
method, we inspected the potential pleiotropic SNPs and genes associa-
tion with these three phenotypes. Next, by adopting the VEGAS2
method, we checked those potential common variants for their specific
associations with individual disorders.

3.1. Potential pleiotropic SNPs and genes by metaCCA analysis

After gene annotation and SNP pruning, there were 62,553 SNPs
located in 13,420 gene regions available for the metaCCA analysis. The
size of SNP representation of the genes ranged from 1 to 244 SNPs;
the median number of SNPs in each gene was 4.66. For the univariate
SNP-multivariate phenotype analysis, 833 SNPs reached the Bonferroni
corrected threshold (p < 7.99 x 10~7), and the canonical correlation r
between each SNP and phenotype ranged from 0.0118 to 0.0483. The
results are presented by the Manhattan plot in Fig. 2. If the -log;q
(metaCCA) value of a certain SNP was >6.10, this SNP was flagged as a
potential pleiotropic SNP for T2D, obesity, and CAD. For the multivariate
SNP-multivariate phenotype analysis, 327 genes with a significance
threshold of p-value < 3.73 x 10~ were identified as the potential
pleiotropic genes. The canonical correlation r between genotype and
phenotype ranged from 0.0234 to 0.6292.
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Fig. 2. Manhattan plot of -log;o(metaCCA) values for univariate SNP-T2D, obesity, and CAD analysis. The red line marks the -log;o(metaCCA) value of 6.10 corresponding to p < 7.99
x 1077, If the —log;o(metaCCA) value of a certain SNP was >6.10, this SNP was identified as a pleiotropic SNP for these three correlated diseases.

3.2. Refining the pleiotropic genes by gene-based analyses

After the metaCCA analysis, we refined the list of 327 pleotropic
genes associated with more than one disorder to identify their associa-
tion with specific traits using the gene-based p-value calculation using
the VEGAS-2 algorithm. 9 genes were identified for T2D, 75 associated
genes were identified for obesity, and 5 significant genes were identi-
fied for CAD with the adjusted p-value < 0.05.

By screening the results of gene-based analysis p-values, we identi-
fied 22 putative pleiotropic yielding significance in the metaCCA analy-
ses and were associated with at least one disease in the VEGAS2
analyses. 6 of the possible 22 pleiotropic genes were associated with
T2D,11 genes were identified as the associated genes with obesity,
and 8 genes were identified as being associated with CAD. In particular,
3 genes (CADM2, MASP1, TCF712) were identified as pleiotropic genes in
the original GWAS. The findings of the metaCCA and VEGAS2 analyses
are summarized in Table 1.

Specifically, 10 of these 22 putative pleiotropic genes (ANKS1A,
CADM?2, DPP4, KCNQ1, KIF11, MASP1, NEDD4L, NEGR1, PHACTR1, TCF7L2)

Table 1
The 22 pleiotropic genes identified by the metaCCA and VEGAS?2 analysis.

Locus Gene MetaCCA adjusted p-value VEGAS adjusted p-value
T2D obesity CAD

1 AGBL1 7.49E-10 0.14 1.00E-06 0.53

2 ANKS1A 3.62E-11 1.03E-04 1.00E-06 9.09 E-04
3 CADM2 1.71E-08 1.00E-06  1.00E-06 0.13

4 CCDC158 1.75E-10 0.06 1.00E-06 0.91

5 COL4A3BP 4.58E-07 0.52 1.00E-06 0.07

6 DPP4 1.56E-225 0.45 1.00E-06 0.17

7 FAT3 7.68E-28 1.00E-06 1.75 E-06 0.75

8 KCNQ1 3.49E-98 1.00E-06 0.17 0.15

9 KIF11 6.81E-08 1.00E-06 0.02 0.34
10 MASP1 1.26E-16 1.00E-06 0.18 1.00E-06
11 MIR4721 1.26E-08 0.70 1.00E-06 0.23
12 NCOA1 1.15E-06 0.79 1.00E-06 0.36
13 NEDD4L 9.43E-21 1.08E-04 1.00E-06 0.24
14 NEGR1 1.33E-35 0.13 1.00E-06 0.44
15 NR5A2 2.32E-10 0.35 1.00E-06  1.00E-03
16 PHACTR1 5.70E-46 0.61 0.37 1.00E-06
17 PTPMT1 8.94E-31 0.45 0.13 1.00E-06
18 RFWD2 4.22E-07 0.59 0.03 1.00E-06
19 SLC24A1 3.56E-10 0.65 0.77 1.00E-06
20 SLC39A13 4.53E-10 0.03 0.75 1.00E-06
21 TCF7L2 1.60E-113 1.00E-06 0.10 1.00E-06
22 TMEM219 4.42E-12 0.42 0.10 1.00E-06

had been previously reported to be associated with more than one of
these three disorders. Of these 10 confirmed pleiotropic genes, 6 genes
(CADM2, DPP4, KCNQ1, KIF11, TCF7L2) were repeatedly reported to be
associated with T2D, obesity and CAD in published studies, 3 genes
(ANKS1A, MASP1, PHACTR1) were associated with T2D and CAD,
NEDDA4L was associated with obesity and CAD, and NEGR1were associ-
ated with T2D and obesity.

Of the 12 detected novel putative pleiotropic genes, NCOA1 was pre-
viously reported to be associated with T2D by the contributing GWAS, 3
genes (MIR4721, NR5A2, PTPMT1) were associated with obesity, and
AGBL1was associated with CAD. Other remaining significant genes
(CCDC158, COL4A3BP, FAT3, RFWD?2, SLC24A1, SLC39A13, TMEM219),
might represent candidate novel pleiotropic genes for these three dis-
eases. The detailed features of 22 significant pleiotropic genes are
shown in Table 2.

Table 2
The features of 22significant pleiotropic genes.
Locus Gene Chr  Gene r-Value Adjusted Number
type? p-value of SNPs

1 AGBL1 11 Novel” 0.05 7.49E-10 52
2 ANKS1A 6 Confirmed 0.04 3.62E-11 4
3 CADM2 3 Confirmed 0.03 1.71E-08 18
4 CCDC158 12 Novel 0.03 1.75E-10 5
5 COL4A3BP 5 Novel 0.03 4.58E-07 2
6 DPP4 15 Confirmed 0.13 1.56E-225 3
7 FAT3 11 Novel 0.05 7.68E-28 27
8 KCNQ1 11 Confirmed 0.10 3.49E-98 41
9 KIF11 10 Confirmed 0.03 6.81E-08 3
10 MASP1 3 Confirmed 0.04 1.26E-16 6
11 MIR4721 16 Novel” 0.04 1.26E-08 30
12 NCOA1 2 Novel” 0.04 1.15E-06 5
13 NEDDA4L 18 Confirmed 0.04 9.43E-21 15
14 NEGR1 1 Confirmed 0.06 1.33E-35 24
15 NR5A2 1 Novel” 0.04 2.32E-10 11
16 PHACTR1 6 Confirmed 0.07 5.70E-46 23
17 PTPMT1 11 Novel” 0.06 8.94E-31 9
18 RFWD2 1 Novel 0.03 4.22E-07 14
19 SLC24A1 15 Novel 0.04 3.56E-10 3
20 SLC39A13 11 Novel 0.04 4.53E-10 1
21 TCF712 10 Confirmed 0.10 1.60E-113 15
22 TMEM219 16 Novel 0.04 4.42E-12 2

Note:
Confirmed: This gene was previously reported to be associated with more than one disease.
Novel": This gene had been reported to be associated with only one disease of T2D, obesity
and CAD.
Novel: This gene had never been reported to be associated with T2D, obesity or CAD.

2 The references that support this gene was a confirmed or novel* gene had been listed
in the file of e-component.
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3.3. Functional term enrichment analysis

GO enrichment analyses revealed that the biological functions of
these pleiotropic genes were mainly involved in the metabolism of
lipids. When 22 pleiotropic genes associated with T2D, BMI and CAD
were used as the gene sets for the GO term enrichment analysis
(conforming to the up-to-date 2017 database), several functional
terms were identified as being enriched. For the GO biological process,
the top five significant GO terms were regulation of membrane repolar-
ization (G0O:0060306), ventricular cardiac muscle cell action potential
(G0:0086005), cardiac muscle cell action potential involved in contrac-
tion (GO:0086002), regulation of ion transmembrane transport
(GO:0034765), and regulation of potassium ion transmembrane trans-
port (GO:1901379). As a result, KCNQ1 and NEDD4L were the overlap-
ping genes of the five related terms. For the GO molecular function, the
top significant GO term was hormone receptor binding (G0:0051427),
which involved two genes of NCOA1 and TCF7L2. This GO term enrich-
ment analysis furnished supporting evidence for our results from a func-
tional aspect and may contribute to the illumination of etiology of T2D,
BMI and CAD. Detailed information is shown in Table 3.

4. Discussion

In the present study, a novel analytical approach - metaCCA was
used to explore the common genetic variants for T2D, obesity and
CAD by combining three independent GWAS meta-analyses with avail-
able summary statistics. After verification using gene-based analyses,
we successfully identified a total of 22 putative pleiotropic genes and
performed the functional term enrichment analysis based on these
results. In particularly, 10 confirmed genes were identified as pleiotro-
pic in previous different types of studies and were validated in the pres-
ent study, 5 novel pleiotropic genes were reported to be associated
with one disease in previous study, and 7 candidate novel pleiotropic
genes were never reported to be associated with T2D, obesity or CAD.
The improved detection not only yielded the potential shared ge-
netic components but also provide better understanding for further
exploring potential common biological pathogenesis of these meta-
bolic diseases.

Among the 10 confirmed pleiotropic genes, some was shown to play
an important role on the pathomechanism of metabolic diseases. For
example, common genetic variants in TCF7L2 are associated with the
risk for T2D, obesity and CAD [28]. As a transcription factor, TCF7L2 is
not only the main susceptibility gene for T2D, primarily through

impairing the insulin secretion by pancreatic beta cells, but also has an
influence on vascular GLP-1 receptor expression in obesity population
[29,30]. Most of all, it has been thought that incretin signaling prevents
arteriosclerosis, and very recently anti-arteriosclerotic effects through
GLP-1 receptor were finally demonstrated in clinical human experiment
[29]. Srivastava et al. [31] also shown that altered function of TCF7L2 axis
can induce vascular smooth muscle cells plasticity and initiate vascular
wall remodeling, which may be the potential targets for the pharmaco-
therapy of CAD. GO terms enrichment analysis results also suggest
hormone receptor binding could be a key biological process for T2D,
obesity and CAD. Another important and confirmed pleiotropic gene
for these three diseases is KCNQ1, which alters expression, function
and sensitivity of potassium voltage-gated channel. It has been con-
firmed KCNQ1 is hypermethylated in the obese subjects [32]. It causes
smooth muscle dysfunction and probably endothelial dysfunction
which makes people particularly prone to premature cardiovascular
disease [33]. Several recent GWAS and pathway/GO terms enrichment
analyses have found variants in KCNQ1 were associated with risk of
T2D and CAD [34,35].

Interestingly, 5 (AGBL1, NCOA1, MIR4721, NR5A2, PTPMTT1) of the 12
detected novel putative pleiotropic genes had been validated associated
with one kind of T2D, obesity and CAD. AGBL1 is an associated gene with
activated partial thromboplastin time, which has been identified though
assessment of existing gene expression and CAD databases from the
Atherosclerosis Risk in Communities (ARIC) study [36]. Meerson et al.
[37] suggest that miR-4443 acts in a tumor-suppressive manner by
down-regulating NCOA1 downstream of MEK-C/EBP-mediated leptin
and insulin signaling, and eventually insulin and/or leptin resistance
may suppress this pathway and increase the risk of metabolic disease
such as obesity and T2D [38]. Among the 5 novel pleiotropic genes, for
genes, MIR4721, NR5A2 and PTPMT1, were suggested to be pleiotropic
genes for BMI based on the results of previous studies [39,40]. The
MIR4721 gene, is located in gene promoters, which is associated with
proximal gene regulation including DNA methylation and other chro-
matin marks [39]. However, the detailed molecular pathway associated
with human diseases and traits is unclear. NR5A2 is a nuclear receptor
which regulates the expression of genes involved in cholesterol metab-
olism, pluripotency maintenance and cell differentiation. It has been
recently shown that a ligand of NR5A2 prevents liver steatosis and
improves insulin sensitivity in mouse models of insulin resistance,
which may have an effect on the formation of pancreatic cancer and
other metabolic diseases [41]. Similar to MIR4721, PTPMTT1 is also associ-
ated with DNA methylation. Fortunately, a new experimental study has

Table 3
Top five significant GO Term enrichment of the 22 pleiotropic genes.
p-Value Adjusted p-value Genes

Term (GO_Biological_Process)
Regulation of membrane repolarization (GO:0060306) 1.56E-05 0.02 KCNQ1; NEDD4L
Ventricular cardiac muscle cell action potential (GO:0086005) 1.37E-05 0.02 KCNQ1; NEDD4L
Cardiac muscle cell action potential involved in contraction (GO:0086002) 4.63E-04 0.04 KCNQ1; NEDD4L
Regulation of ion transmembrane transport (GO:0034765) 7.11E-04 0.04 KCNQ1; NEDD4L
Regulation of potassium ion transmembrane transport (GO:1901379) 5.97E-04 0.04 KCNQ1; NEDD4L
Term (GO_Cellular_Component)
beta-Catenin-TCF complex (G0:1990907) 1.31E-02 0.16 TCF7L2
Invadopodium (G0O:0071437) 1.42E-02 0.16 DPP4
Cul4A-RING E3 ubiquitin ligase complex (G0:0031464) 1.53E-02 0.16 RFWD2
Nuclear chromatin (GO:0000790) 3.14E-02 0.19 NCOA1; TCF7L2
Cul4-RING E3 ubiquitin ligase complex (GO:0080008) 3.99E-02 0.19 RFWD2
Term (GO_Molecular_Function)
Hormone receptor binding (GO:0051427) 9.23E-04 0.04 NCOA1; TCF7L2
Nuclear hormone receptor binding (G0:0035257) 1.78E-03 0.07 NCOA1; TCF7L2
Protein homodimerization activity (GO:0042803) 5.50E-03 0.07 DPP4; CADM2; SLC39A13; MASP1
Sodium channel inhibitor activity (GO:0019871) 7.98E-03 0.07 NEDDA4L
Aryl hydrocarbon receptor binding (GO:0017162) 9.86E-03 0.07 NCOA1
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reported that knockdown of PTPMT1 expression in the pancreatic
insulinoma cell line alters the mitochondrial phosphoprotein profile
and markedly enhances insulin secretion, which indicates PTPMTT is a
potential drug target for the treatment of T2D [42].

Compared with genetic findings in previous GWAS of T2D, obesity
and CAD, there are 7 candidate novel genes (CCDC158, COL4A3BP,
FAT3, RFWD2, SLC24A1, SLC39A13, TMEM219) not previously reported.
However, RFWD?2 (also called the ubiquitin ligase COP1) in beta cells is
critical for insulin secretion [43]. TMEM219 has been designated as re-
ceptors for insulin-like growth factor binding protein-3 (IGFBP-3), and
IGFBP-3 act as an important contributor to the regulation of somatic
growth by acting as the major circulating transport protein [44]. There-
fore, RFWD 2 and TMEMZ219 may play some important role in the devel-
opment and therapeutics of T2D. In addition, Lee, Yet al [45] statistical
analysis demonstrated that the CCDC158 gene is strongly associated
with body weight and cold carcass weight in Hanwoo, which become
a new research direction of risk gene related to obesity in population.
Here, we don't have a detailed description of each candidate novel
gene because pathomechanisms are unclear apparently, and further ex-
perimental studies will need to be conducted to confirm our novel
findings.

Many genes and pathways may have pleiotropic effects on more
than one disease, which is a common phenomenon in chronic disease
and metabolic disease [46]. Systematically and comprehensively
searching for the pleiotropic genes and their effects is essential and nec-
essary. Compared to the animal experiments or cross-sectional
population-based studies, the advantages of this study are as follows.
First, the statistical power of present study is increased through the
metaCCA method by integrating three large GWAS summary statistics,
which provided an increase in effective sample size. Second, jointly
analyzing multiple related traits including T2D, obesity and CAD lead
to richer findings compared univariate disease analyses. Not only a
few reported pleiotropic genes existing in T2D, obesity and CAD were
verified, but also novel pleiotropic genes were detected in this study.
In addition, it is a cost-effective study based on the data of GWAS sum-
mary statistics compared to the conventional standard GWAS sequenc-
ing technology. However, this study could not relate to the information
about the direction of effects of pleiotropic genes on risk to these
diseases because of a lack of detailed original individual measures.
Alternative approaches and experimental studies may be applied
to check whether novel genes could still be identified/substantiated
with these methods in order to confirm novel findings in the further
study.

In summary, we have performed a systematic multivariate analysis
of the open genome-wide data using metaCCA, verified 10 confirmed
pleiotropic genes in the previous studies and highlighted 12 significant
genes that may be the novel pleiotropic candidate genes for at least two
of the three diseases. Furthermore, we also illustrated potential biolog-
ical functions of this pleiotropic genes and our results may provide with
novel insights into the shared genetic factors in development of T2D,
obesity and CAD.
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