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Original Article

Shared Molecular Pathways and Gene Networks for
Cardiovascular Disease and Type 2 Diabetes Mellitus in
Women Across Diverse Ethnicities

Kei Hang K. Chan, PhD; Yen-Tsung Huang, MD, ScD; Qingying Meng, PhD;
Chunyuan Wu, MS; Alexander Reiner, MD; Eric M. Sobel, PhD; Lesley Tinker, PhD;
Aldons J. Lusis, PhD; Xia Yang, PhD; Simin Liu, MD, ScD

Background—Although cardiovascular disease (CVD) and type 2 diabetes mellitus (T2D) share many common risk factors,
potential molecular mechanisms that may also be shared for these 2 disorders remain unknown.

Methods and Results—Using an integrative pathway and network analysis, we performed genome-wide association
studies in 8155 blacks, 3494 Hispanic American, and 3697 Caucasian American women who participated in the national
Women’s Health Initiative single-nucleotide polymorphism (SNP) Health Association Resource and the Genomics and
Randomized Trials Network. Eight top pathways and gene networks related to cardiomyopathy, calcium signaling, axon
guidance, cell adhesion, and extracellular matrix seemed to be commonly shared between CVD and T2D across all 3
ethnic groups. We also identified ethnicity-specific pathways, such as cell cycle (specific for Hispanic American and
Caucasian American) and tight junction (CVD and combined CVD and T2D in Hispanic American). In network analysis
of gene—gene or protein—protein interactions, we identified key drivers that included COLIAI, COL3Al, and ELN in
the shared pathways for both CVD and T2D. These key driver genes were cross-validated in multiple mouse models of

diabetes mellitus and atherosclerosis.

Conclusions—Our integrative analysis of American women of 3 ethnicities identified multiple shared biological pathways
and key regulatory genes for the development of CVD and T2D. These prospective findings also support the notion that
ethnicity-specific susceptibility genes and process are involved in the pathogenesis of CVD and T2D. (Circ Cardiovasc

Genet. 2014;7:911-919.)
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t has long been known that cardiovascular disease (CVD)
Iand type 2 diabetes mellitus (T2D) share many common
risk factors and pathophysiological intermediaries including
obesity, dyslipidemia, insulin resistance, and proinflammatory
and prothrombotic states.'* However, the key molecular driv-
ers underlying these highly correlated phenotypes as well as
the potential regulatory networks shared in the pathogenesis
of CVD and T2D remain poorly understood.*

Clinical Perspective on p 919
Of the =60 genetic loci identified for CVD and T2D in
large-scale genome-wide association studies (GWAS),® only 2
significant loci (TCF7L2 and VEGFA) are shared between the
2 diseases. There are >3 fundamentally important questions
that remain to be answered. First, are there additional genetic

risks, either alone or concentrated in specific regulatory net-
works that may explain the pathophysiological connections
between CVD and T2D? Second, are there any ethnicity-
specific genetic mechanisms for these 2 common vascular
diseases, given that there are drastic ethnicity-specific dif-
ferences in their risk and linkage disequilibrium patterns.®®
Third, although common genetic loci have been detected
across different populations (eg, the Chr9p21 locus for CVD
and the TCF7L2 locus for T2D) supporting the presence of
common pathological paths across ethnicity, to what degree
molecular mechanisms are shared across ethnicities?

To answer these 3 questions, we performed 2 GWAS for
both CVD and T2D using an integrative pathway and network
analysis in the national Women’s Health Initiative SNP Health
Association Resource (WHI-SHARe) and the Genomics and
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Randomized Trials Network (WHI-GARNET). These cohorts
provide unique opportunities to examine both CVD and T2D,
alone or in combination, across multiple ethnicities to allow
interdisease and interethnicity comparisons.

Methods

Study Participants

A detailed description of study participants of both WHI-SHARe and
WHI-GARNET is given in the Data Supplement and Table I in the
Data Supplement. In brief, the WHI-SHARe included 8155 blacks
and 3494 Hispanic American (HA) women. The WHI-GARNET in-
volved 3697 Caucasian American (CA) women. The research proto-
col was approved by the institutional review board and that all human
participants gave written informed consent.

Definition of Clinical End Points

In WHI-SHARe, incident cases of CVD were classified based on any
event of myocardial infarction, stroke, deep vein thrombosis, and
pulmonary embolism during follow-up. Incident cases of T2D were
identified on the basis of those clinical cases that had no history of
T2D at baseline and diagnosed during the follow-up period. Those
women in the cohort who were free of T2D or CVD were used as
controls. In WHI-GARNET, CVD cases were identified during the
Hormone Therapy (HT) trial based on clinical diagnosis of acute
myocardial infarction that required overnight hospitalization, silent
myocardial infarction determined from serial electrocardiograms ob-
tains every 3 years, or death because of coronary heart disease. Cases
of T2D were also identified during the HT trial. Controls were free of
coronary heart disease, stroke, venous thromboembolism, and T2D
by the end of the HT trial.

Genetic Data

Genome-wide genotyping of the WHI-SHARe participants was per-
formed using the Affymetrix 6.0 array (Affymetrix, Inc, Santa Clara,
CA). Genotyping for WHI-GARNET participants was performed us-
ing the Illumina HumanOmnil-Quad SNP platform (Illumina, Inc,
San Diego, CA). Details about genotyping methods and quality con-
trol are given in the Data Supplement.

Standard SNP Analysis

We performed standard SNP association analysis for 3 end points,
that is, CVD, T2D, and combined CVD+T2D adjusting for princi-
pal components for global ancestry and matching factors (detailed
in the Data Supplement). Demographic and lifestyle factors do not
influence germline genetic variants and as such were not treated as
confounders and were not adjusted for in these models. Given that
WHI-SHARe included 8155 blacks and 3494 HA, statistical power
seems excellent (>80%) to detect an odds ratio of 1.25 for minor al-
lele frequency >0.25 in blacks and an odds ratio of 1.5 for minor
allele frequency >0.13 in HA. Power estimate among 3697 WHI-
GARNET CA is almost identical to that in HA.

Pathway and Network-Based Integrative Analysis

Accumulating evidence supports that multiple genes involved in bio-
logical pathways or gene networks, rather than individual isolated
genes, coordinate together to contribute to disease risks.”'* To un-
cover the hidden mechanisms that are not obvious from the individual
top GWAS hits alone, we augmented the standard GWAS analysis
with pathway and network approaches. Functionally related genes
involved in metabolic and signaling pathways were obtained from
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome.
We tested each pathway for enrichment of genetic signals for CVD
and T2D, alone or in combination, using 5 well-established methodol-
ogies (Meta-Analysis Gene-set Enrichment of VariaNT Associations
[MAGENTAL'"> gene set analysis-SNP [GSA-SNP],'"" Network
Interface Miner for Multigenic Interactions [NIMMI],” Pathway and

Network-Oriented GWAS Analysis [PANOGA],!>!> and expression
SNP [eSNP]'; detailed in the Data Supplement and Table II in the
Data Supplement) that investigate whether functionally related genes
are enriched for both strong and subtle genetic risks (ie, not limited to
top, genome-wide significant loci) of diseases. We chose to use mul-
tiple methodologies to avoid potential bias from any particular meth-
od. We ran the 5 methodologies separately and a statistical cutoff of
false-discovery rate'® <5% (implemented in MAGENTA, GSA-SNP,
NIMMLI, and eSNP approaches) or Bonferroni-corrected P<0.05 (im-
plemented in PANOGA) as provided by each method was considered
significant. Pathways that showed significance in 22 methods were
chosen as the top pathways to report.

Identification of Key Regulatory Genes for

the Disease-Associated Pathways Using Gene
Regulatory Networks and Protein—Protein
Interaction Networks

As hundreds of genes are involved in the biological pathways, we seek
to identify important regulators of the top significant pathways as a
means to prioritize genes and uncover novel regulatory mechanisms.
We integrated the 169 shared genes involved in the top 8 pathways
with graphical networks (Bayesian networks and protein—protein in-
teraction'’; sources detailed in Table IIT in the Data Supplement) to
identify key regulators of the 169 shared genes using a key driver
(KD) analysis method.'3!” KD analysis takes a set of genes (G) and
a gene network N as input. For every node K in N, the subnetwork
(N, of K) was determined by 3-edge expansion and then tested for
enrichment of genes in G using Fisher exact test. Nodes whose neigh-
borhood subnetwork shows significant enrichment at Bonferroni-
corrected P<0.05 were termed KDs. As multiple KD lists were
generated using multiple networks, we ranked the KDs using a nor-
malized rank score to summarize the consistency and strength, where

NRS = CL
N par + PPI
models from which a KD was identified among all networks used in-
cluding 8 BNs from the 8 tissue types (ie, adipose, liver, blood, heart,
brain, islet, kidney, and muscle) and protein—protein interaction; C,
is then normalized by the total number of networks (N, . ,.,) to rep-
resent the consistency of a KD across all networks tested; the KD
strength is represented by summing the normalized statistical rank
in each network i(Rank,,) across all networks from which the KD is
identified; Rank,, was calculated by dividing the rank of a KD based
on the P values of the Fisher exact test in descending order divided by
the total number of KDs identified from a network i. KDs with high
normalized rank score were those with high network enrichment for
pathway genes and high consistency across networks tested.

To cross-validate the top KD genes from top disease pathways
identified, we searched for multiple mouse databases that include (1)
genes tested causal for CVD and T2D phenotypes,” (2) the pheno-
typic changes in genetically modified mouse models with individual
genes perturbed,” and (3) genes identified for CVD and T2D pheno-
types in the hybrid mouse diversity panel (>100 strains of inbred or
recombinant inbred mouse).?

C
x Zi:]fD Rankgpy:; ¢ 18 the count of network

Results
The descriptive statistics on demographics and lifestyle fac-
tors of each study population are shown in Table 1. The blacks,
HA, and CA women in WHI-SHARe and WHI-GARNET dif-
fered significantly in age, body mass index, current smoking,
alcohol drinking, hormone usage, physical activity, and family
history of T2D (P<0.001).

Identification of Significant Genetic Loci Using
Standard GWAS Analysis

Four genomic loci reached genome-wide significance
(P<5e-8) in the standard GWAS analysis, including
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Table 1. Baseline Characteristics* of Participants in WHI-SHARe and WHI-GARNET Stratified by Ethnicity
Characteristic Blacks in WHI-SHARe HA in WHI-SHARe CA in WHI-GARNET
n 8155 3494 3697

Age (mean=SD), y 61.6+7.03 60.3+6.69 65.7+6.90
BMI (mean=SD) 31.0+6.37 28.9+5.60 29.7+6.13
Current smoking, % 11.7 6.95 111
Current alcohol drinking, % 54.4 66.8 73.3
Current hormone user, % 25.5 35.4 7.87
Physical activity: total metabolic equivalents 9.67+£12.7 10.8+13.8 10.2+12.7
(METS)/wk (mean=SD)

T2D case, % 19.4 17.8 32.4

Family history of T2D, % 51.3 45.0 36.6

CVD case, % 7.59 433 20.4

BMI indicates body mass index; CA, Caucasian American; CVD, cardiovascular disease; HA, Hispanic American; T2D, type 2 diabetes
mellitus; WHI-GARNET, Women’s Health Initiative-Genomics and Randomized Trials Network; and WHI-SHARe, Women’s Health

Initiative SNP Health Association Resource.

*Significant difference (P<0.001) seen between the 3 populations for every above variable. P value is calculated using ANOVA test
for continuous variables (ie, age, BMI, and physical activity) and 2 test for categorical variables (ie, current smoking, current alcohol
drinking, current hormone user, family history of T2D, CVD case in WHI-SHARe or CVD case in WHI-GARNET, and T2D case).

rs11885576 (KLHL29 at 2p24) for CVD in CA, rs2805429
(RYR2 at 1g43) for T2D in blacks, and rs17591786
(FLJ45721 at 4p25) and rs7825609 (NAT?2 at 8p22) for com-
bined CVD+T2D in CA (summarized in Table 2). In addi-
tion, several previously established loci including Chr9p21,
TCF7L2, and CDKALI for CVD or T2D reached P<5e-3
in our study (summarized in Table 3; Table IV in the Data
Supplement).

Identification of Biological Pathways Using

Integrative Pathway and Network Analysis

Thirty six of the 1501 pathways from the KEGG and Reactome
databases were found to be associated with >1 of the 3 end
points (ie, CVD, T2D, and combined CVD+T2D) in >1 ethnic
group (Tables V and VI in the Data supplement). Of these 36
pathways identified, 8 including focal adhesion, hypertrophic
cardiomyopathy (HCM), extracellular matrix—receptor inter-
action signaling, dilated cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy (ARVC), calcium signaling,
axon guidance, and cell adhesion molecules were commonly
enriched for genetic signals for all 3 end points (CVD, T2D,
and combined CVD+T2D) across all 3 ethnic groups. These
pathways were also significantly enriched in the C4D and
CARDIOGRAM GWAS (Table VII in the Data Supplement).

There were 638 unique genes involved in these com-
mon pathways (Figure 1; genes listed in Table V in the Data
Supplement). Forty-five of these genes have been implicated
previously in CVD (24 genes)*?® and T2D (21 genes).!*?"2
Five of the 8 commonly enriched pathways, namely, HCM,
dilated cardiomyopathy, ARVC, focal adhesion, and extracel-
lular matrix—receptor interaction signaling, were also found to
be highly interconnected as demonstrated by a shared com-
mon set of 117 genes among them (Figure 1).

Besides the shared pathways across diseases and ethnicities,
we also identified disease- and ethnicity-specific pathways
(Table VIII in the Data Supplement). By disease, the apopto-
sis pathway was significantly associated with CVD+T2D, but
not T2D; acute amyloid leukemia was associated with T2D,
but not for CVD. By ethnicity, the cell cycle pathway was sig-
nificant for all 3 diseases for HA and CA, but not blacks: the
WNT signaling pathway was significant for HA; pathways in
cancer was not significant for CA; and dorsoventral axis for-
mation and prion diseases were only specific to blacks. Certain
pathways demonstrated both disease and ethnicity specificity.
For instance, the adipocytokine signaling pathway was only
significant for T2D in CA; the prostate cancer and melano-
genesis pathways were only significant for T2D or CVD+T2D
in HA or blacks, but not for CVD in any of the 3 ethnicities.

Table 2. Genome-Wide Significant SNPs for CVD, T2D, and Combined CVD+T2D in Women’s Health Initiative Women

Chromosomal Top SNPin Candidate ~ Minor/Major Minor Allele
End Point Population Region Region* Position Hg18t Gene Allelet Frequency Odds Ratio (95% Cl)  PValue
CVD CA 2p24 rs11885576 23526223 KLHL29 G/T 0.04 0.43 (0.32-0.58) 3.5e-8
T2D Blacks 1943 rs2805429 235750901 RYR2 G/C 0.47 1.23(1.15-1.33)  4.0e-8
CVD+T2D CA 4p15 rs17591786 26828037 FLJ45721 G/A 0.40 1.29 (1.18-1.41) 1.8e-8
CVD+T2D CA 8p22 rs7825609 18290501 NAT2 C1 0.01 0.35(0.25-0.49)  6.0e-10

CA indicates Caucasian American; CVD, cardiovascular disease; and T2D, type 2 diabetes mellitus.
*The top SNP with the smallest Pvalues among the genotyped SNP for each locus. These are novel associations (SNPs not found in the Catalog of published genome-
wide association studies, however, the KLHL29 and NATZ loci have been reported before).

tPositions of the SNPs were derived from dbSNP build 136.
FThe coded allele used to calculate the effect size was underlined.
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Table 3. Replication of Previously Identified CVD and T2D Loci

Reference

Disease Genes Region SNP (RS) ID Observed PValue in WHI Association With CVD+T2D in WHI

Blacks HA CA Blacks HA CA
T2D CDKAL1 6p22.3 rs10946398 0.1 0.0002* 0.09 0.34 0.0006* 0.13
T2D CDKAL1 6p22.3 rs7754840 0.08 0.0002¢ 0.10 0.28 0.0006* 0.13
T2D CDKAL1 6p22.3 rs7756992 0.59 0.0001* 0.04 0.75 0.0001* 0.05
T2D TCF7L2 10g25.2 rs4506565 0.001* 0.63 0.04 0.08 0.94 0.08
T2D TCF7L2 10g25.2 rs7901695 0.002* 0.47 0.02 0.14 0.82 0.06
CvD Intergenic 9p21.3 rs1333042 0.64 0.46 0.001* 0.54 0.99 0.0003*
CvD Intergenic 9p21.3 rs4977574 0.84 0.28 0.005* 0.01 0.74 0.002*

CA indicates Caucasian American; CVD, cardiovascular disease; HA, Hispanic American; T2D, type 2 diabetes mellitus; and WHI, Women’s Health Initiative.

*Pvalues <5x1073,

Identification and Validation of Putative Key
Regulatory Genes for the Shared Pathways Across
Diseases and Ethnicities
To identify potential KD genes among the significant path-
ways shared between diseases and ethnicities, we integrated
the pathway genes with 9 different regulatory or interaction
networks that capture gene—gene or protein—protein interac-
tions. These KD genes represent central network genes which,
when perturbed, can potentially affect a large number of
genes involved in the CVD and T2D pathways and thus exert
stronger impact on diseases. The 10 top KD genes included
COLIAI, COL3AI, ELN, COL4Al, CD93, FNI, MMP2,
SPARC, COL2A1, and THBS2 in multiple networks (Figure 2;
Table IX in the Data Supplement). These KD genes were also
confirmed in multiple mouse data sets that documented their
modulating impact on risk of T2D and CVD (Table IX in the
Data Supplement). For example, the gene expression levels
or the SNPs regulating the expression levels of the COL4A]
gene were tested causal for 14 CVD and T2D traits in 4 differ-
ent tissues in 7 mouse F2 cross data sets and a mouse data set
comprised >100 inbred or recombinant inbred strains.
Interestingly, the KDs themselves are not among the GWAS
hits from the current and previous GWAS for CVD and T2D,
although the genes within the pathways that these KDs seem
to regulate are enriched for disease risk SNPs. We speculate
that genetic polymorphisms that strongly perturb KDs may
impose evolutionary constraints, which may explain the lack
of strong GWAS hits in the KDs, whereas subtle genetic poly-
morphisms that affect KDs may still be enriched for disease
risks. To this end, we analyzed the risk enrichment for the top
10, 30, and 100 KDs, respectively. Our results indeed indi-
cated that the top KDs, especially the top 30 and 100 KDs,
were significantly enriched for genetic risks of CVD, T2D,
and combined CVD+T2D (Table X in the Data Supplement).

Discussion
In this genome-wide assessment of 8155 blacks, 3494 HA, and
3697 CA women who participated in the WHI-SHARe and the
WHI-GARNET, we identified 4 independent genetic loci and
36 pathways to be significantly associated with CVD, T2D, and
CVD+T2D in one or more ethnicities. Among the significant
signals, the FLJ45721 and NAT2 loci were associated with the
combined CVD+T2D end point in CA and 8 pathways were

consistently associated with both types of vascular diseases
across all 3 ethnicities. These results suggest the presence of
core mechanisms underlying both CVD and T2D. Ethnicity-
and disease-specific pathways were also identified. We further
uncovered potential novel regulators of these shared pathways
supporting their pleiotropic and causal impact on CVD and T2D.

Our standard GWAS analysis of 3 ethnic populations iden-
tified several biologically plausible disease loci including 2
previously implicated loci (KLHL29 and NAT2) for cardio-
metabolic diseases and 2 novel loci (RYR2 and FLJ45721).
The KLHL29 locus was found to be associated with CVD
in CA in our study and it was also previously implicated in
CVD in blacks® and obesity in HA*. These lines of evidence
support its importance for multiple cardiometabolic diseases.
The KLHL29 locus is highly complex and seems to encode
multiple proteins containing BTB and kelch motifs but with
poorly annotated functions. NAT2 was significant for the joint
CVD+T2D end point in our study and was previously detected
as a GWAS signal for several important cardiometabolic traits
including total cholesterol, triglyceride,*! and insulin sensitiv-
ity (GENESIS consortium, personal communication) that are
relevant for both CVD and T2D. NAT2 (N-acetyltransferase
2) is a well-known pharmacogenetic gene responsible for
O- and N-acetylation of arylamine and hydrazine drugs and
carcinogens but the mechanisms linking NAT2 to cardiomet-
abolic traits are unknown. Along with NAT2, the FLJ45721
locus was a novel signal for the combined CVD+T2D end
point in our study. However, there is currently limited knowl-
edge about this locus and the candidate genes in this region.
An additional novel locus, RYR2, was found to be associated
with T2D in blacks in our analysis. RYR2 encodes ryanodine
receptor 2, a calcium channel. As calcium is critical for insulin
secretion and sensitivity,> RYR2 may contribute to T2D by
affecting insulin levels and activities. Indeed, a recent study
supported a role of RYR?2 in islet 3-cell function, insulin secre-
tion, and glucose tolerance, all key processes in T2D.*

Our findings also add to the body of literatures linking
the involvement of multiple regulatory gene networks in the
pathogenesis of complex cardiometabolic diseases, although
individual genes may only exert subtle effects.'*?*3* Qur inte-
grative pathway-based analysis revealed 8 consistent path-
ways between CVD and T2D across the 3 ethnic groups. Four
pathways, calcium signaling, axon guidance, focal adhesion,
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Figure 1. Network of 8 top pathways enriched for cardiovascular disease (CVD), type 2 diabetes mellitus (T2D), and combined CVD+T2D
among blacks, Hispanic American, and Caucasian American Women’s Health Initiative women. The color codes are: salmon, hypertro-
phic cardiomyopathy (HCM); green, dilated cardiomyopathy (DC); yellow, arrhythmogenic right ventricular cardiomyopathy (ARVC); light
blue, calcium signaling pathway (Ca+); orange, axon guidance (axon); magenta, cell adhesion molecules (CAMs); brown, focal adhesion
(FA); and purple, extracellular matrix —receptor interaction (ECM). The diamond nodes represent pathway and the round nodes denote
gene, and the edge shows the interaction, that is, the association between a gene and a pathway. Genes involved in >2 pathways were
put with larger font, label and the nodes are in light green. The figure was created using cytoscape.®

and extracellular matrix—receptor interaction signaling, have
been implicated previously in CAD and T2D.'*** Although
the axon guidance pathway is mainly involved in localiza-
tion and neuronal extension during embryogenesis, genes
within the axon guidance pathway have been connected to
both CVD and T2D. For instance, a family of secreted pro-
teins known as repulsive axon guidance cues (SLIT) and
roundabout axon guidance receptors in the pathway have been

found to reduce cytokine and thapsigargin-induced cell death
under hyperglycemic conditions. Particularly, SLIT also trig-
gered a release of endoplasmic reticulum luminal Ca?*, which
suggested a molecular mechanism that defends 3 cells from
endoplasmic reticulum stress—induced apoptosis. Therefore,
local SLIT secretion may play a role in the survival and
function of pancreatic {3 cells. Because of the fact that T2D
results from a deficiency in functional 3-cell mass, the axon
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Figure 2. Network key drivers and gene subnetworks of the top 8 cardiovascular disease (CVD)/type 2 diabetes mellitus (T2D) pathways.
Top 10 ranked multitissue key drivers (bigger nodes in yellow) of the top 8 CVD/T2D pathways in the protein—protein interaction network
(edge color, green) and Bayesian network of adipose (orange), liver (yellow), blood (red), heart (brown), brain (blue), islet (pink), kidney
(purple), and muscle a (light blue) tissues. The genes within the top 8 CVD/T2D pathways were highlighted in pink.

guidance pathway especially SLIT may contribute to thera-
peutic approaches for improving [3-cell survival and func-
tion.*® However, netrins, a family of proteins involved in axon
guidance during embryogenesis, were found to be involved
in angiogenesis and ischemia-reperfusion injury.’’ Four addi-
tional pathways, including HCM, dilated cardiomyopathy,
ARVC, and cell adhesion molecules, were not reported previ-
ously. The HCM pathway involves genes that increase the cal-
cium sensitivity of cardiac myofilaments leading to imbalance
in energy supply and demand in the heart under severe stress,
which may contribute to the development of CVD.*® Calcium
sensitivity is also important for T2D as discussed earlier. The
dilated cardiomyopathy pathway involves genes, when altered

that pose defect residing within the cytoskeleton or sarcomere,
within the mitochrondria that causes deficient energy genera-
tion, or in the calcium cycling resulting in inefficient force
activation and insulin secretion, which are processes related
to CVD and T2D.* Genes that involve in the ARVC path-
way includes RYR2, which is involved in calcium and insulin
activities as discussed above, processes important for both
cardiac function and insulin activities. A common mechanism
among HCM pathway, dilated cardiomyopathy pathway, and
ARVC pathway seem to be calcium homeostasis and sensitiv-
ity. The cell adhesion molecules are glycoproteins expressed
on the cell surface and play an important role in a wide range
of biological processes that includes homeostasis, immune
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response, and inflammation. Soluble intercellular adhesion
molecules and vascular cell adhesion molecules have been
associated with the development of coronary heart disease
in the Health Professional Follow-up Study.*’ Higher levels
of intercellular adhesion molecule-1 were also consistently
associated with increased T2D risk in the WHI-Observational
Study.? Therefore, these pathways appear to link to CVD and
T2D via diverse mechanisms. The fact that these pathways
were consistently identified across multiple ethnicities in our
study highlights their central role in the joint mechanisms
between CVD and T2D.

Importantly, the significant pathways were found to be
highly connected through a large number of shared genes
involved in extracellular matrix (collagens and laminins),
cytoskeleton (actins), cell adhesion (integrins), calcium chan-
nels, and adenylate cyclases. In our further investigation of
these genes using KD analysis network approach, the top 10
KDs were found to be expressed in almost all tissues or cell
types involved in CVD and T2D including islet, liver, adipose,
muscle, and kidney in our mouse tissue-specific data (details
shown in Table VI in the Data Supplement). Perturbations of
these genes and pathways that are critical for cell integrity and
cellular communications in multiple tissues will likely affect
vascular functions and subsequently CVD and T2D.

In addition to these shared mechanisms, we also identified
disease- and ethnicity-specific pathways. For instance, several
cancer-related pathways including melanoma, bladder cancer,
and pathways in cancer were found to be specific for HA.
However, the robustness of these signals awaits further valida-
tion in independent, ethnic-specific cohorts.

In the current study, only knowledge-driven biological
pathways from existing pathway databases were used for dis-
ease risk signal enrichment analysis and we did not include
data-driven networks from protein—protein interaction experi-
ments or large-scale genomic data sets. Although data-driven
networks may represent a more unbiased source to uncover
previously unknown functional pathways, we focused on
knowledge-driven pathways for the following reasons. First,
these pathways represent a straightforward means to clearly
define functionally related gene sets. In contrast, implement-
ing data-driven networks requires more sophisticated con-
siderations such as how to handle species, tissue, and sex
specificity, how to clearly define gene sets of reasonable
size based on large networks, and how to deal with network
inconsistencies between data sets. Second, the results from
canonical pathways are easily interpretable as they are largely
derived from experimentally tested biochemical reactions,
signaling cascades, and functional categories. In contrast,
interpreting the results from the data-driven networks requires
extra steps of annotation. Some of the gene subnetworks can-
not be easily annotated by known knowledge, further compli-
cating the result interpretation. Third, limiting the analysis to
canonical pathways reduces the number of gene sets tested
and thus helps reduce statistical penalty from multiple test-
ing. Nonetheless, we acknowledge the power of data-driven
approaches to detect novel insights, as demonstrated by our
recent comprehensive investigation of coronary artery disease
where a sophisticated analytic pipeline was used to include
both knowledge-driven and data-driven approaches.** We will
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further pursue additional novel biological insights in the WHI
cohorts using data-driven approaches in the future.

As hundreds of genes are likely involved in the core path-
ways identified, it is important to prioritize on KD genes,
which, when perturbed, should have major impact on the
pathways and hence the eventual vascular outcome of inter-
est. Indeed, multiple KD genes, such as COL4Al, CD93,
MMP2, and SPARC, were found in our network analysis
reflecting gene—gene regulatory relations or protein—protein
interactions. Interestingly, the KD genes were not identified
in standard GWAS analysis of single SNPs, suggesting that
important regulatory genes may not harbor common suscep-
tibility polymorphisms because of evolutionary constraints.*!
Our further investigations of the top 10 KD genes yielded con-
vincing evidence in support of the notion that perturbations of
these KD genes in multiple mouse studies affect both CVD
and T2D phenotypes. Their actions seem to be important in
multiple tissues and consistent across multiple mouse stud-
ies of diabetes mellitus and CVD. In addition, these genes or
their proteins have also been associated with obesity,* dia-
betes mellitus,*> CAD,* and CVD* traits in the literature. Of
note, all of the top 10 KDs either encode extracellular matrix
proteins or are involved in cell-matrix interactions, which
places extracellular matrix at the central intersection of CVD
and T2D pathogenesis.

The observations from us and others that important regula-
tors are rarely GWAS hits and that GWAS candidate genes are
mostly peripheral nodes in gene networks support that GWAS
SNPs may serve as subtle modifiers of disease predisposition
during a life period. Such subtle effects may help explain (1)
their low selection pressure and hence commonality in the
general population and (2) each GWAS locus only explains
a small fraction of genetic heritability of complex diseases.
These lines of available evidence suggest that the GWAS can-
didates may not serve as the best candidates for therapeutic
interventions, although we acknowledge their importance in
informing the biological pathways and processes involved
in complex diseases and the possibility that rare mutations
with strong effects in these genes may exist. However, KD or
regulatory genes, although lack genetic variations that can be
detected through GWAS, have hub properties in the networks
and may behave like master switches that exert strong effects
on disease networks and therefore may be better candidates
from a therapeutic perspective.

Our study has several unique features. First, the compari-
son across multiple ethnicities allowed detection of both
robust, shared mechanisms across populations, and potential
ethnicity-specific signals. Second, apart from studying CVD
and T2D separately, we also treated CVD and T2D together
as a combined end point to increase the sensitivity to capture
shared risk and pathology. Indeed, we identified genome-wide
significant loci as well as pathways to be significant only for
the combined end point. Finally, using a systems biology
framework that integrates GWAS, pathways, gene expression,
networks, and phenotypic information from both human and
mouse populations, we were able to derive novel mechanistic
insights and identify potential therapeutic targets.

Through a multiethnic GWAS augmented with comprehen-
sive screening of #1500 curated biological pathways to capture
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processes that are genetically related to CAD and T2D, we
identified many of the previously implicated biological path-
ways as well as novel genetic loci and pathways. We regard
the identification of many suspected signals as encouraging and
confirmatory. Importantly, our analyses imply causal involve-
ment of the identified pathways or processes using genetics as
the anchor, which represents an important step forward. Such
causal inference is generally not possible with classic epidemi-
ological studies of biomarkers, which may reflect consequences
of disease rather than causal mechanisms underlying diseases.
Furthermore, to our knowledge, this is the first time that these
processes are found to be genetically linked to both CVD and
T2D in multiple ethnicities, which points to shared mechanisms
of vascular diseases that can be targeted for future therapeutic
interventions. Moreover, we further explored the gene—gene
interactions as well as the potential regulatory mechanisms to
better understand the relationships between genes within and
between pathways. The network topology revealed and the
potential novel regulators identified provide deeper insights into
the close connections, coordinated actions, and regulation of the
pathways. The novel regulators identified may serve as more
effective drug targets because of their central role in the regula-
tory networks. We think that these progresses made through our
study are important for not only improving our understanding
of the causal disease mechanisms but also for future develop-
ment of more effective therapies.

In conclusion, our integrative analysis of American women
of 3 ethnicities identified multiple shared biological path-
ways and key regulatory genes for the development of CVD
and T2D. These prospective findings also support the notion
that ethnicity-specific susceptibility genes and process are
involved in the complex pathogenesis of CVD and T2D.
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CLINICAL PERSPECTIVE

Cardiovascular disease (CVD) and type 2 diabetes mellitus (T2D) are highly heritable, share many common risk factors,
and demonstrate ethnic-specific prevalence, yet a comprehensive molecular-level understanding of these observations is
currently lacking. In this study, we seek to explore 3 clinically relevant questions: (1) whether there are additional genetic
risks on top of the 60 identified genetic loci for CVD and T2D that may explain the pathophysiological link between CVD
and T2D; (2) whether there are any ethnicity-specific genetic mechanisms for the 2 diseases; and (3) to what extent molecu-
lar mechanisms are shared across ethnicities for CVD and T2D. Using integrative pathway and network approaches, we
conducted genome-wide association studies for both CVD and T2D in 3 ethnic populations, blacks, Caucasian Americans,
and Hispanic Americans, in the national Women’s Health Initiative. We identified 8 pathways and gene networks related
to cardiomyopathy, calcium signaling, axon guidance, cell adhesion, and extracellular matrix that seemed to be commonly
shared between CVD and T2D across all 3 ethnic groups. Potential key drivers of these shared pathways, such as COLIAI,
COL3A1, and ELN, were also unraveled and cross-validated. We also identified ethnicity-specific pathways such as cell cycle
(specific for Hispanic Americans and Caucasian Americans) and tight junction (specific for Hispanic Americans). These
findings not only suggest the existence of major mechanistic pathways and key regulatory genes underlying the development
of both CVD and T2D but also support the notion that ethnicity-specific mechanisms play a role in the complex pathogenesis
of CVD and T2D.






