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Abstract

Genome-wide association studies (GWASSs) have been performed extensively in diverse
populations to identify single nucleotide polymorphisms (SNPs) associated with complex diseases
or traits. However, to date, the SNPs identified fail to explain a large proportion of the variance of
the traits/diseases. GWASs on type 2 diabetes (T2D) and coronary artery disease (CARD) are
generally performed as single-trait studies, rather than analyzing the related traits simultaneously.
Despite the extensive evidence suggesting that these two phenotypes share both genetic and
environmental risk factors, the shared overlapping genetic biological mechanisms between these
traits remain largely unexplored. Here, we adopted a recently developed genetic pleiotropic
conditional false discovery rate (cCFDR) approach to discover novel loci associated with T2D and
CARD by incorporating the summary statistics from existing GWASs of these two traits. Applying
the cFDR level of 0.05, 33 loci were identified for T2D and 34 loci for CARD, 9 of which for
both. By incorporating pleiotropic effects into a conditional analysis framework, we observed that
there is significant pleiotropic enrichment between T2D and CARD. These findings may provide
novel insights into the etiology of T2D and CARD, as well as the processes that may influence
disease development both individually and jointly.
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Introduction

Genome-wide association studies (GWASs) have successfully identified hundreds of SNPs
associated with complex diseases or traits. However, the SNPs identified to date fail to
explain a large proportion of the variance and risks involved. Previous studies have
suggested that GWAS has the potential to explain a larger proportion of this “missing
heritability”12 mainly by using enlarged sample sizes.3 However, although acquiring larger
sample sizes may increase statistical power, it is often not feasible since the recruiting and
genotyping of additional participants is too costly. Therefore, there is a need for analytical
methods that can better and more efficiently utilize the information contained in the existing
pool of available data for the identification of trait-associated loci. Several of these types of
methods have recently been developed*-6 and successfully applied”:8 to identify novel loci
for various complex traits.

Pleiotropy is the phenomenon of a single gene affecting two or more phenotypes.® There is
ample evidence to suggest that genetic pleiotropy exists in many correlated diseases and
traits, such as bipolar disorder and schizophrenia,1? indicating that related traits may share
overlapping genetic mechanisms. Through the incorporation of information regarding
genetic pleiotropy, we can improve the detection power of common variants associated with
complex diseases or traits by effectively increasing the sample sizes without the need to
recruit more individuals. The joint analysis of related phenotypes may reveal novel insights
into the common biological mechanisms and overlapping pathophysiological relationships
between complex traits.

Andreassen et al.# developed a genetic-pleiotropy-informed conditional false discovery rate
(cFDR) method by leveraging two independent GWASs from associated traits in a
conditional analysis. The method has been successfully applied to genetically associated
diseases and phenotypes including schizophrenia and bipolar disorder,” as well as blood
pressure and other phenotypes.® Our group has recently successfully applied the cFDR
method to the joint analyses of bone mineral density (BMD) and breast cancer,!1 BMD and
coronary artery disease (CARD),12 femoral neck (FNK) BMD and height,13 and CARD and
birth weight.1# All of these studies improved statistical power through the joint analysis of
related traits, and unambiguously demonstrated the utility of the method for improving gene
discovery in the identification of potentially novel trait-associated variants.

Type 2 diabetes (T2D) is a long term chronic metabolic disorder mainly characterized by
high blood sugar, insulin resistance and relative lack of insulin. Long term exposure to high
blood sugar will result multiple complex complications like stroke, diabetic retinopathy and
heart disease.1®> Epidemiological studies estimate that 422 million people were living with
diabetes, with a worldwide prevalence of 8.3% in 2014.1% As the most common
complication of T2D, cardiovascular disease is the most primary cause of T2D mortality and
mobility.1® The overall prevalence of CARD in diabetic adult individuals was reported as
55% and an estimated 75% of the T2D patients died of cardiovascular disease.’ Heritability
studies demonstrate a substantial genetic contribution to T2D risk (h?~40-70%)8 and
CARD risk (h?~30-60%).1°
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Multiple prospective studies suggested that diabetic individuals have 1.5 to threefold
increased risk of developing coronary heart disease compared to the nondiabetic individuals.
20 What’s more, compared with nondiabetic individuals, the mortality rate of cardiovascular
disease is more than twice in men and more than fourfold in women who have diabetes.?!
There is strong evidence?1:22 that T2D and CARD share primary risk factors such as
smoking, hypertension, elevated lipid, dysbetalipoproteinemia and hyperglycemia, also some
potential risk factors like obesity, lack of physical activity, cardiovascular family history,
gender and age. Although dozens of genetic loci associated with T2D or CARD have been
demonstrated by GWASs, these loci can explain at best 10% of the genetic variance for
either T2D23 or CARD.24 Considering the high degree of heritability, close relationship and
potential pleiotropy between these two phenotypes, we assume those two traits are ideal for
the further analyses using the cFDR approach to improve the detection of loci associated
with T2D or CARD or both and explore their common etiology.

In this study, we applied the genetic-pleiotropy-informed cFDR method? on two large and
independent GWAS summary statistics of T2D and CARD?3:24 to identify novel loci and
pleiotropic relationships between T2D and CARD. The purpose of our study is to improve
SNP detection for T2D and CARD with these two existent GWASs and gain some novel
insights into shared biological mechanisms and overlapping genetic heritability between
them.

2. Materials and methods

2.1. GWAS Datasets

The dataset for T2D contains association summary statistics of 12 GWASs of European
descent which compromising of 12,171 cases and 56,862 controls.23 The dataset was
downloaded from http://www.diagram-consortium.org/downloads.html. The meta-analyses
were previously performed by the DIAbetes Genetics Replication And Metaanalysis
(DIAGRAM) Consortium. The dataset for CARD contains association summary statistics of
22 GWASs of European descent which comprising of 22,233 cases and 64,762 controls.24
The dataset was downloaded from http://www.cardiogramplusc4d.org/data-downloads. The
dataset was conducted by the transatlantic Coronary ARtery Disease Genome-wide
Replication and Meta-analysis (CARDIoOGRAM) Consortium. Both of the datasets consist of
the summary statistics for each SNP, providing the p values that have undergone genomic
control at the individual study level, and again after meta-analysis. Further details of the
samples and methods employed within each group are presented in the corresponding
consortium papers.2324 We further checked the original studies in both GWASs (Table S1),
there was one common study between these two GWASs datasets, WTCCC (1926 cases of
T2D, and 71.5% x (1926 + 2938) = 3478 cases of CVD?2%), which makes the rates of CVD
in the T2D GWAS and the rates of diabetes in the CVD GWAS are 3% and 5% respectively.

The dataset for attention-deficit/hyperactivity disorder (ADHD) contains association
summary statistics of European descent which compromising of 5415 individuals (2064
trios, 896 cases and 2455 controls),26 the dataset was downloaded from https:/
www.med.unc.edu/pgc/results-and-downloads/data-use-agreement-forms/
ADHD_data_download_agreement. The dataset for major depressive disorder (MDD)
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contains association summary statistics of 18,759 independent and unrelated subjects of
European ancestry (9240 MDD cases and 9519 controls),2” The dataset was downloaded
from https://www.med.unc.edu/pgc/results-and-downloads/data-use-agreement-forms/
MDD _data_download agreement. Both meta-analyses were previously performed by the
Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium (PGC).

2.2. Conditional false discovery rate

The cFDR approach is well-established now and has been widely applied by many other
groups*7:8:28.29 and our group.12-14.30 We briefly summarize this cFDR approach as
follows: after the data preparation processing as indicated in the previous papers, we
computed the conditional empirical cumulative distribution functions (cdfs) of the corrected
p-values for the x axis in conditional QQplot. Empirical cdfs for T2D SNP p-values were
conditioned on nominal p-values in CARD, and vice versa. For each nominal p-value, an
estimate of the cFDR was obtained from the conditional empirical cdfs. Using this cFDR
approach, we obtained two cFDR tables—cFDR result for T2D conditioned on CARD and
vice versa. Using these tables we identified loci associated with T2D and CARD (cFDR
<0.05), respectively. Then a conjunction method was used to find SNPs significantly
associated with both T2D and CARD. Specifically, we took the maximum of those two
cFDR values above as our conjunction FDR.

2.3. Conditional QQ and enrichment plots for assessing pleiotropic enrichment

To assess the pleiotropic enrichment of SNP association compared to that expected under the
null hypothesis, we presented conditional QQ plots based on different levels of significance
of the conditional phenotype. The QQplots show the observed distribution of p-values
plotted against the expected distribution of p-values under the null hypothesis. We plotted
the QQ curve for the quantiles of nominal —logg(p)-values obtained from GWAS summary
statistics for association of the subset of SNPs that are below each significance threshold in
the conditional trait. The nominal —logyo(p)-values are plotted on the y-axis and the
empirical quantiles (cdfs) of the nominal p-values are plotted on the x-axis. Pleiotropic
enrichment is expressed as the degree of leftward shift from the expected null line, and as
the p values of the conditional phenotypes decrease, earlier leftward shift from the null line
will persist.

In order to check the pleiotropic enrichment and provide a baseline that can be used to
confirm novel findings, we also generated conditional QQ plots for two traits that are
unlikely to be correlated with T2D and CARD, ADHD and MDD, as “control traits.”

2.4. Conditional Manhattan plots for localizing genetic variants

To demonstrate the localization of the SNPs associated with T2D conditional on their
significance on CARD, and the reverse, we present conditional Manhattan plots. The plots
present the relationship between all SNPs within an LD block and their chromosomal
locations. The 22 chromosomal locations are plotted on the x-axis, and the —logig(FDR)
T2D values conditional on CARD are plotted on the y-axis and vice versafor CARD. Any
SNP with a —log,o(FDR) value >1.3 (FDR < 0.05) was deemed to be significantly associated
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with the principal phenotype. We also present a conjunction Manhattan plot to demonstrate
the locations of the common pleiotropic genetic variants associated with both phenotypes.

2.5. Functional annotation and gene enrichment analysis

2.6.

In order to evaluate the biological functions of the individual trait associated loci identified
by cFDR and pleiotropic loci identified by conjunction FDR, we performed functional
annotation and gene enrichment analysis using the gene ontology (GO) terms database
(http://geneontology.org/.).3L All significant genes identified by cFDR and conjunction FDR
in our study were annotated and characterized based on three main categories: biological
processes, cellular component and molecular functions. This analysis provided
comprehensive biological information, allowing us to partially validate our findings by
determining specific genes that are enriched in T2D-and CARD-related GO terms.

Protein-protein interaction network

In order to detect interactions and associations of the T2D-associated and CARD-associated
genes respectively, protein-protein interaction analyses were conducted by searching the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (http://
string-db.org/). The STRING database comprises known and predicted associations from
curated databases or high-throughput experiments, and also with other associations derived
from text mining, co-expression, and protein homology.3?

3. Results

3.1. Assessment of pleiotropic enrichment

As an intuitive illustration, we present the data as conditional Q-Q plots (Fig. 1) to
graphically assess the pleiotropic enrichment of SNPs of the principal phenotype
successively conditioning on various strengths of associations with the conditional
phenotype. Under the global null hypothesis, the theoretical distribution of p-values is
expected to lie approximately on the diagonal line of the Q-Q plots. Enrichment of genetic
associations is indicated as a leftward deflection from the null line as the principal
phenotype is successively conditioned on increasing strength of associations with
conditional phenotype. The degree of deflection between curves provides important
information about the degree of pleiotropy between the two phenotypes. Larger deflection is
considered as a greater enrichment of pleiotropic genes between the two phenotypes.

The conditional Q-Q plot for T2D conditional on CARD (A in Fig. 1) shows some
enrichment across varying significance thresholds for CARD. The presence of leftward shift
when restricting the analysis to include the SNPs that have more significant associations
with T2D indicates an increase in the number of true associations for a given CARD p-
value. Similar enrichment is observed for CARD given T2D (B in Fig. 1), as there appears to
be a similar departure pattern between the different curves. These earlier deflections from
the null line indicate a great proportion of true associations for any given T2D nominal p-
value.
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On the other hand, as negative controls, the conditional Q-Qplots for T2D given nominal p-
values of association with ADHD (A in Fig. S1), CARD given nominal p-values of
association with ADHD (C in Fig. S1), T2D given nominal p-values of association with
MDD (A in Fig. S2), and CARD given nominal p-values of association with MDD (C in Fig.
S2) all show no enrichment, and vice versa.

3.2. T2D loci identified with cFDR

Conditional on their association with CARD, we identified 33 significant SNPs (cFDR
<0.05) for T2D variation (A in Fig. 2 and Table 1), which were mapped to 13 different
chromosomes (1,3, 5-12,15-17) and annotated to 37 genes. In the original meta-analysis for
T2D GWAS,23 16 SNPs had p-values smaller than 1 x 107> while 6 of them reached the
standard genome-wide significance of 5 x 1078. We confirmed 11 SNPs that were reported
in the original T2D GWAS analysis23 and previous T2D related GWASs.33:34 Another 7
SNPs that were reported to be associated with T2D-related traits were also confirmed in our
analysis.3536 The remaining 15 SNPs were not previously reported in the original T2D
GWAS23 and the previous studies did not show their significance for T2D, while 2 SNPs of
them showed high LD (r2 > 0.6) with the T2D-associated SNPs reported previously. For the
37 genes these 33 SNPs annotated to, 16 of them were newly detected compared to the
original T2D23 and previous T2D-related studies. The details are provided in Table S1. Of
the detected loci for T2D, most of the genes were enriched in T2D-related terms “positive
regulation of fatty acid oxidation”, and “white fat cell differentiation”. GO term enrichment
analysis results are detailed in Table 2.

3.3. CARD gene loci identified with cFDR

Conditional on their association with T2D, we identified 34 significant SNPs (cFDR <0.05)
for CARD variation (B in Fig. 2 and Table 3), which were located on 17 chromosomes (1-
10,12-18) and annotated to 43 genes. In the original meta-analysis for CARD GWAS,24 18
SNPs had p-values smaller than 1 x 107 while 5 of them reached the standard genome-wide
significance of 5 x 1078, We confirmed 13 SNPs that were reported in the original CARD
GWAS analysis?4 and previous CARD related GWASs.37:38 Another 5 SNPs that were
reported to be associated with CARD-related traits were also confirmed in our analysis.36:39
The other 16 SNPs were not previously reported in the original CARD GWAS?24 and the
previous studies did not show their significance for CARD, and none of the novel SNPs
showed high LD (r2 > 0.6) with the CARD-associated SNPs reported previously. For the 43
genes these 34 SNPs annotated to, there were 24 of them were newly detected compared to
the original CARD?4 and previous CARD-related studies. The details are provided in Table
S2. Of the detected loci for CARD, some of the genes were enriched in CARD-related terms
“protein domain specific binding” and “lipoprotein lipase activity”. GO term enrichment
analysis are detailed in Table 2.

3.4. Pleiotropic gene loci for both T2D and CARD

The conjunction FDR analysis detected 9 independent pleiotropic loci that were significantly
(conjunction FDR < 0.05) associated with both traits (C in Fig. 2 and Table 4). Of the 9
identified pleiotropic variants, three SNPs rs10965212 (CDKNZB-AS1), rs4510208
(ICA1L)and rs10744777 (ALDHZ)were reported to be significant for CARD in the original
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CARD GWAS?* or previous CARD GWAS.38 The other two SNPs (rs11979110 and
rs3843467) were previously reported to be associated with high density lipoprotein (HDL)
and triglycerides.38 The remaining four SNPs were not previously reported in the original
T2D and CARD related GWASs and in the previous studies they were not significant for
either T2D or CARD. For the 12 genes those pleiotropic SNPs annotated to, we found six of
them (CDKNZ2B-AS1, ICAIL, ALDH, RAI1, C5orf67and KLF14)were reported by T2D
or CARD related GWAS. The other six genes were not identified by any T2D or CAD
related GWAS. For the SNPs that were annotated to these 6 genes, one SNP was located in
the intronic regions of gene CPPED], the rest of the SNPs were all located in intergenic
regions of the genes. Detailed information were shown in Table 2. Of the detected 9
pleiotropic loci, most of the genes were enriched in T2D and CARD related terms “protein
domain specific binding” and “negative regulation of multicellular organism growth”.
Detailed information of GO term analysis is given in Table 2.

Protein-protein interaction network

The 37 identified T2D-associated genes were retrieved from the STRING database. Only 18
genes, including 3 novel genes, were annotated in this database. The 18 genes were clearly
enriched in two clusters: TCF7L2and HLA (Fig. S3). Three novel genes OASL, HLA-
DQAZ2and HLA-DQBI, respectively encoding 2”5 -oligoadenylate synthetase like, major
histocompatibility complex, class Il, DQ alpha 2 and major histocompatibility complex,
class Il, DQ beta 1, were directly connected with the HLA cluster.

The 43 identified CARD-associated genes were retrieved from the STRING database. Only
4 genes, including 2 novel genes, were annotated in this database. The 4 genes were clearly
enriched into two clusters: ALDHZ?and LPL (Fig. S4). Two novel genes, ADH7and CDKS,
those respectively encoding alcohol dehydrogenase class 4 mu/sigma chains and cyclin-
dependent kinase 8, were directly connected to the two clusters.

4. Discussion

In our study, two independent GWASSs with summary statistic p values were combined to
explore the pleiotropic enrichment of SNPs that are associated with T2D and CARD.
Compared to the conventional standard single phenotype GWAS, simultaneously analyzing
multiple related traits allows for the increased discovery of trait-associated variants without
requiring additional larger datasets for individual trait. By leveraging the power of two
different GWAS datasets from T2D and CARD, we discovered 33 loci for T2D and 34 loci
for CARD. Using the standard GWAS significance in the datasets, only 6 for T2D and 5 for
CARD were significant. Most of the genes have not been reported to show borderline
significance with T2D and CARD respectively, as detailed in Tables S1 and S2. Adopting
the genetic pleiotropic-informed cFDR method, we found 9 novel genes associated with
both T2D and CARD. These novel findings may enable us to further dissect the overlapping
genetic mechanisms between these two related phenotypes. The improved detection of novel
susceptibility loci with genetic pleiotropy may lead us to a better understanding of common
etiology between disorders and have a significant impact on the clinical treatment and
prevention of related complex human diseases.
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The cFDR approach was adopted here to account for some of the missing heritability
between traits or diseases. This method employs the idea that a variant with significant
effects in two associated phenotypes is more likely to be a true effect, and therefore has a
higher probability of being detected in multiple independent studies. This technique allows
for an increase in effective sample size and therefore a sub-sequent increase in power to
detect true associations for more variants with small to moderate effect sizes which are often
easily ignored in the standard single phenotype GWAS. In addition, the genetic enrichment
presented in conditional Q-Q plots conveys that the decreased cFDR value for a given
nominal p value greatly increases power to detect true association effects. When initially
implementing the cFDR method, Andreassen et al.” demonstrated one advantage of this
model-free empirical cdf approach is for the avoidance of bias in conditional FDR estimates
from model misspecification, and they made a comparison of traditional unconditional FDR
and cFDR methods, and found that the latter resulted in an increase of 15-20 times the
number of SNPs under the same FDR threshold of 0.05.”

Our cFDR analysis identified 9 pleiotropic signals, which supported the close relationship
and shared genetic determination between these two traits. These 9 pleiotropic SNPs were
annotated to 12 genes. Five genes CDKNZB-AS1, ICAIL, ALDH, C5orf67 and RAH were
frequently reported and replicated in previous CARD related studies. The implementation of
cFDR method in our study not only furnishes another empirical validation for the cFDR
method to successfully detect novel and known disease associated genetic variants, but also
shows the practicability of improved discovery of novel susceptibility loci using existing
GWASs summary results. Six genes (CODKNZB-AS1, ICA1L, ALDH, RAH, C50rf67and
KLF14)thatwere associated with either T2D or CARD in previous studies but not with both
were detected as pleiotropic loci in this analysis. Furthermore, seven novel genes are worth
noting because no previous study has reported associations with either T2D or CARD for
them. For the SNPs that were annotated to these 6 genes, one SNP was located in the
intronic regions of gene CPPED, the rest SNPs were all located in intergenic regions of the
genes. As examples, we will discuss gene CPPED in the following for their potential
functional relevance and significance.

The SNP rs4780476 is located at the intronic region of gene CPPEDI. A study reported that
the expression of CPPEDI decreased after weight reduction in subcutaneous adipose tissue.
40 Moreover, CPPEDI knockdown experiment demonstrated that CPPED1 knockdown with
small interfering RNA increased expression of genes involved in glucose metabolism and
improved insulin-stimulated glucose uptake, which suggests the potential of CPPED1
knockdown in the treatment of obesity-related phenotypes such as T2D.40 We assume that
this gene might be involved in certain processes that are significant in the development of
T2D and CARD, however, more future studies are expected to explore the exact mechanisms
of the novel gene we identified.

Our study presents several strengths. First, the statistical power is increased through the
cFDR method by leveraging two large GWAS datasets, providing an increase in effective
sample size. Although a meta-analysis of the same data would offer a similar gain, a meta-
analysis only allows for more powerful detection of loci with the same direction of allelic
effects in the phenotypes,*! whereas the cFDR method allows for detecting loci regardless of
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their effect directions. Secondly, we consider two traits that are unlikely to be correlated
with T2D and CARD, ADHD and MDD, and generate conditional QQ plots with respect to
these “control traits.” This “control traits” enrichment analysis provides an alternative way
to examine pleiotropic enrichment and provides a baseline that can be used to statistically
partially validate the novel findings in our study. Our study may also have some limitations.
First, we could not provide information about the effect estimates of pleiotropic loci on the
phenotypes due to a lack of detailed individual-study-level data. However, we can infer this
information from the summary beta values in the original GWAS study. This cFDR approach
cannot distinguish between vertical and horizontal pleiotropy of the pleiotropic signals,
although this question might be partially addressed in future summary-based Mendelian
Randomization (SMR)#243 study. Second, it is likely that some of our cFDR results may be
overstated due to overlapping samples although the model-free approach is able to neutralize
this overestimation of the conservative cFDR estimate.* "8 Alternative approaches may be
applied to check whether novel loci could still be identified in order to further confirm novel
findings in our study or to furnish an empirical comparison of the relative performance of
alternative methods, a topic we wish to pursue in the future with comprehensive theoretical
and simulation approaches.

In summary, by incorporating pleiotropic effects of two closely related traits into a
conditional analysis framework, we observed significant pleiotropic enrichment between
T2D and CARD, supporting the improved statistical power of the method. We identified
several novel pleiotropic loci of potential functional significance for T2D and CARD in our
analysis, and the results may provide us with novel insights into the shared genetic
influences between these two disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

T2D and CARD share primary risk factors such as smoking, hypertension, elevated lipid,
dysbetalipoproteinemia and hyperglycemia, also some potential risk factors like obesity,
lack of physical activity, cardiovascular family history, gender and age. We found
additional common variants associated with T2D and CARD. We found 9 pleiotropic loci
associated with both T2D and CARD. These findings may provide novel insights into the
etiology of T2D and CARD, as well as the processes that may influence disease
development both individually and jointly
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Stratified QQ plots. Stratified QQ plots of nominal versus empirical —logig p-values in T2D

(A) as a function of significance of the association with CARD, and in CARD (B) as a
function of significance of the association with T2D. The purple line with slope of zero
represents all SNPs.
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