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Time-to-Event Genome-Wide Association Study for Incident Cardiovascular Disease
in People With Type 2 Diabetes

Aim Results
« To identify genetic risk factors for incident cardiovascular disease * We identified three novel genetic loci for incident CVD
(CVD) among people with type 2 diabetes (T2D) - rs147138607: near CACNA1E/ZNF648, MAF 0.107, HR 1.23, P=3.6x10"°

- rs77142250: near HS3ST1, MAF 0.013, HR 1.89, P=9.9x10
- 1s335407: near TFB1M/NOX3, MAF 0.055, HR 1.25, P=1.5x10°
Methods

* We conducted a multi-ancestry time-to-event genome-wide
association study for incident CVD among people with T2D

*We also tested 204 known coronary artery disease (CAD) variants for
association with incident CVD
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Conclusions
* The data point to novel and known genomic regions associated with /
incident CVD among individuals with T2D - £ )

ARTICLE HIGHLIGHTS

* Why did we undertake this study?
People with type 2 diabetes (T2D) are at increased risk of cardiovascular disease (CVD).

* What is the specific question(s) we wanted to answer?
What are the genetic risk factors for CVD that are specific in T2D?

® What did we find?
We identified three novel genetic loci for incident CVD in 49,230 participants with T2D: rs147138607 (near CACNA1E/ZNF648), rs77142250
(near HS3STT1), and rs335407 (near TFB1M/NOX3). Among the 204 known coronary artery disease loci that were identified in the general
population, 5 were significantly associated with incident CVD in T2D, and a higher polygenic score was associated with an increased risk of
incident CVD.

* What are the implications?
These genetic findings may partially explain the excess risk of CVD among people with T2D and point to potential targets for intervention.
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OBJECTIVE

To identify genetic risk factors for incident cardiovascular disease (CVD) among people
with type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

We conducted a multiancestry time-to-event genome-wide association study for inci-
dent CVD among people with T2D. We also tested 204 known coronary artery disease
(CAD) variants for association with incident CVD.

RESULTS

Among 49,230 participants with T2D, 8,956 had incident CVD events (event rate
18.2%). We identified three novel genetic loci for incident CVD: rs147138607 (near
CACNAI1E/ZNF648, hazard ratio [HR] 1.23, P = 3.6 x 10_9), rs77142250 (near HS3ST1,
HR 1.89, P =9.9 x 10_9), and rs335407 (near TFB1IM/NOX3, HR 1.25, P = 1.5 x 10_8).
Among 204 known CAD loci, 5 were associated with incident CVD in T2D (multiple
comparison—-adjusted P < 0.00024, 0.05/204). A standardized polygenic score of these
204 variants was associated with incident CVD with HR 1.14 (P = 1.0 x 10 '¢).

CONCLUSIONS

The data point to novel and known genomic regions associated with incident CVD
among individuals with T2D.

Type 2 diabetes (T2D) is a significant risk factor for cardiovascular disease (CVD),
leading to a two- to threefold higher likelihood of developing CVD. CVD is the lead-
ing cause of morbidity and mortality in people with diabetes (1,2), and previous
studies suggest that life expectancy is reduced by up to 8 years in people with T2D
(3). Although CVD mortality rates have declined substantially in the general popula-
tion in recent decades, this improvement has been less substantial in people with
T2D (4).

Beyond conventional risk factors, recent genome-wide association studies (GWAS)
have identified at least 204 genetic loci associated with CVD in the general population.
These studies have been mostly conducted among people with European ancestry (5),
which calls for ancestry-diverse studies. Genetic risk factors of CVD in the general pop-
ulation are mostly thought to be relevant to people with T2D (6). Still, genetic variants
of CVD in people with T2D have not been thoroughly investigated. Most studies have
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been underpowered and were cross-
sectional (7-9). In this study, we per-
formed a time-to-event GWAS of incident
CVD in a large, multiancestry sample of
people with T2D, ensuring that the occur-
rence of T2D preceded any CVD event.

RESEARCH DESIGN AND METHODS
Study Design and Participating
Cohorts

This is a meta-analysis of ancestry-specific,
cohort-level, time-to-event GWAS for inci-
dent CVD in people with T2D, the majority
of whom were from the Cohorts for Heart
and Aging Research in Genomic Epidemi-
ology (CHARGE) Consortium (10). Details
of the methods and study participants
can be found in Supplementary Methods.
In brief, we studied 49,230 participants
with T2D from 16 cohorts and of multiple
ancestries. In the case of multiancestry
cohorts, participants were grouped into
major continental ancestries, resulting in
28 ancestry-specific subgroups (Supple-
mentary Table 1).

Definition of T2D and CVD

T2D was defined for each cohort accord-
ing to a participant having one or more
of the American Diabetes Association cri-
teria (11) (Supplementary Table 2). Partic-
ipants with known type 1 diabetes or

other specific types of diabetes were ex-
cluded. To minimize contamination with
type 1 diabetes, we excluded people with
age at diabetes diagnosis <40 years. CVD
was defined as a composite of 1) coro-
nary artery disease (CAD), 2) cerebro-
vascular disease, and 3) death from a car-
diovascular cause (Supplementary Table 3
and Supplementary Methods). An inci-
dent CVD event was defined as the first
CVD event occurring at least 1 year after
T2D diagnosis.

Statistical Analyses

We applied Cox proportional hazards
modeling for the time-to-event GWAS
(Supplementary Methods). Each single
nucleotide variation (SNV) was tested for
its association with incident CVD with
consideration of observation time and ad-
justment for covariates. Observation time
was defined as years between age at di-
agnosis of T2D and age at incident CVD
for cases or years between age at diagno-
sis of T2D and age at last follow-up. A
time-to-event GWAS was performed for
each ancestry-specific cohort subgroup
with either the GWASTools R package
(12) or the gwasurvivr R package (13)
(Supplementary Table 4). The primary
analysis included age at diagnosis of T2D
and sex as covariates, and significant
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principal components were used to ad-
just for population stratification.

Cohort-Level Analysis and
Meta-analysis

For each cohort there were specific preim-
putation genotype quality control criteria
(Supplementary Table 5). Genotype im-
putation was performed with use of
a population-specific reference panel.
Within each cohort, analysis was per-
formed separately for four major ances-
try groups: Admixed African American
(AFR), East Asian (EAS), European (EUR),
and Admixed Hispanic (HIS). Meta-analysis
of cohort-level summary statistics was
conducted with an inverse variance—
weighted fixed-effects method as imple-
mented in METAL (14). A conventional
genome-wide significance threshold was
set as P < 5.0 x 10~ ® (15,16). The meth-
ods for conducting downstream analysis
on the significant variants can be found in
Supplementary Methods.

Association of Known 204 CAD
Variants

We tested 204 previously reported CAD
variants identified in the general popu-
lation for association with incident CVD
in people with T2D (5,6). With adjust-
ment for multiple comparisons, the
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association’s significance threshold was
set as P < 0.00024 (0.05/204). In addi-
tion, a weighted polygenic score based
on these 204 known CAD variants was
constructed as previously described (6)
and tested for association with incident
CVD in people with T2D.

RESULTS

Study Overview

A total of 49,230 people with T2D, who
had not developed CVD either at the
time of T2D diagnosis or within 1 year
thereafter, were included in the analysis
(Supplementary Table 6). Individuals with
European ancestry comprised ~63.2%
(N =31,118) of the participants, while the
remaining 36.8% (N = 18,112) were of
non-European ancestry (AFR 22.6%, n =
11,124; HIS 8.8%, 4,325; EAS 5.4%,
2,663). Among 49,230 participants with
T2D, 8,956 developed incident CVD (event
rate 18.2%) over a mean follow-up dura-
tion ranging from 3.2 to 33.7 vyears.
Detailed clinical characteristics of the par-
ticipants can be found in Supplementary
Table 7.

Loci for Incident CVD in People With
T2D

We tested 15,471,776 SNVs with overall
minor allele frequency (MAF) =1% for as-
sociation with incident CVD. A plot of
expected-by-observed association statistics
showed minimal inflation (Agc = 1.09 for
variants with MAF =1%) (Supplementary
Fig. 1A). We identified three SNVs associ-
ated with incident CVD in people with T2D
at genome-wide significance (Supple-
mentary Fig. 1B and Table 1). The variant

rs147138607 (chromosome 1 [chrl]:
181855562:G>C, MAF 10.7%) had a
hazard ratio (HR) for incident CVD in T2D
of 1.23 (95% Cl 1.15-1.32, P= 3.6 x 109
and resides in an intergenic region be-
tween the genes CACNAIE and ZNF648
(Fig. 1A). The second most significant vari-
ant, rs77142250 (chr4:11444867:T>C,
MAF 1.3%), was present at low fre-
quency (1.3%) only in those of African
ancestry, had an HR 1.89 (95% ClI
1.52-2.35, P = 9.9 x 10 °), and resides
near the gene HS3ST1 (Fig. 1B). The third
variant, rs335407 (chr6:155665441:C>T,
MAF 5.5%), had an HR of 1.25 (95% Cl
1.16-1.35, P = 1.58 x 10" %) and resides
in an intergenic region between the
genes TFBIM and NOX3 (Fig. 1C). Results
from the downstream analysis of these
three variants can be found in Supple-
mentary Results.

Role of Known CAD Variants in
People With T2D

Among the 204 CAD variants identified in
the general population (Supplementary
Table 8), we observed nominally signifi-
cant associations with consistent direc-
tion of effect for CAD in people with T2D
for 35 SNVs, which included 5 that were
significant after Bonferroni correction
(P < 0.00024, 0.05/204) (Fig. 2A). For the
204 variants, we further observed consis-
tency in the direction of association for
risk of CVD between the general popula-
tion and people with T2D (Fig. 2B). The
CAD polygenic score consisting of these
204 variants was associated with in-
creased CVD in people with T2D, with an
estimated HR of 1.14 (95% Cl 1.12-1.16)
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per 1-SD increase (Table 2). We showed
that the association between the CAD
polygenic score and CVD differed by an-
cestry groups (nonsignificant in East Asians
with use of European-derived summary
statistics).

CONCLUSIONS

In this study, we sought to identify novel
genetic loci associated with incident CVD in
people with T2D by performing a time-to-
event GWAS. We discovered three distinct
SNVs that reached genome-wide signifi-
cance: rs147138607, between CACNAIE
and ZNF648; rs77142250, near HS3STI1;
and rs335407, between TFBIM and NOX3.
We found that most CAD variants already
known from cross-sectional GWAS in the
general population were also associated
with incident CVD events in people with
T2D. Furthermore, a polygenic score com-
posed of 204 CAD variants was associated
with incident CVD. To the best of our
knowledge, this is the first large-scale ge-
netic association study with investigation
of genetic risk factors of incident CVD spe-
cifically in people with T2D.

The main objective of this study was
to identify genetic variants that could
explain the excess risk of CVD in people
with T2D. We show that for people with
T2D there is enrichment of genetic risk
factors of CAD observed in the general
population: 1) there was an excess num-
ber of common single variants known to
be associated with CAD in people with
T2D and 2) polygenic score composed of
these variants was significantly associ-
ated with incident CVD in people with
T2D. Furthermore, we identified genetic

Table 1—Genetic variants significantly associated with incident CVD in people with T2D in basic model

Effect Sample
chr POS (rsID) allele Ancestry Frequency HR (95% CI) P Het P size
1 181855562 (rs147138607) G>C European/European American 0.018 1.20 (1.00-1.44) 0.047 0.756 24,457

African American 0.127 1.22 (1.12-1.33) 23 x10° 0.381 8,929

Hispanic/Latinx 0.065 1.26 (1.03-1.55) 0.027 0.198 3,163

East Asian 0.050 1.55 (1.07-2.25) 0.021 0.469 2,511

Combined 0.107 1.23 (1.15-1.32) 3.6x10°° 0.713 39,060

4 11444867 (rs77142250) T>C African American 0.013 1.89 (1.52-2.35) 9.9 x10°° 0.363 9,748
6 155665441 (rs335407) Cc>T European/European American 0.027 1.33 (1.19-1.50) 1.4 x10°> 0.664 29,910
African American 0.084 1.18 (1.05-1.31) 3.8 x 103 0.891 7,765

Hispanic/Latinx 0.033 1.34 (0.99-1.81) 0.055 0.596 3,163

East Asian 0.026 0.92 (0.45-1.88) 0.810 0.541 2,511

Combined 0.055 1.25 (1.16-1.35) 1.5 x 108 0.859 43,349

Three distinct genetic loci increased risk of incident CVD among individuals with T2D with genome-wide significance in time-to-event analysis
(P < 5.0 x 1078). Het P, significance of heterogeneity; POS, position in GRCh37/hgl9; rsID, reference single nucleotide polymorphism

identifier.
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Figure 1—Regional association plots for the three genome-wide significant variants. A:
rs147138607, near CACNA1E and ZNF648. B: rs77142250, near HS3ST1. C: rs335407, near
TFBIM and NOX3. The hash marks above the panels represent the position of each SNP that
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loci associated with incident CVD, specifi-
cally in people with T2D. These variants
were not identified as genetic risk factors
of CVD in the general population. Taken
together, we show that the excess CVD
risk for people with T2D is conferred at
least in part by the excess of known CAD
variants and variants with effects specifi-
cally in the context of T2D. However, fur-
ther research is required to quantify the
excess risk conferred by these genetic
risk factors.

The strengths of this study include the
use of time-to-event GWAS for incident
CVD rather than performance of a con-
ventional case-control analysis. This study
also benefits from the fact that we in-
cluded samples from different ancestries
and performed a multiancestry meta-
analysis (36.8% non-European). Multian-
cestry meta-analysis is known to increase
power where association signal is shared
across ancestry groups and improves fine-
mapping resolution. Interestingly, all three
variants showed significance for African an-
cestry, while rs147138607 and rs335407
were also nominally significant for Euro-
pean ancestry. It should be noted that the
rs77142250 variant was exclusively pre-
sent in individuals with African ancestry,
with a low MAF of 1.3%. Moreover, inves-
tigators of recent multiancestry GWAS ad-
vocate a more stringent level of statistical
significance, set at P < 5.0 x 102 (17).
Therefore, our findings require further
replication.

In conclusion, we discovered three loci
that are associated with incident CVD
and show that known CAD variants iden-
tified in the general population are also
enriched in people with T2D. While these
findings necessitate validation, they offer
insight into the increased risk of CVD ob-
served in individuals with T2D.
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Figure 2—Association of 204 previously identified CAD variants with incident CVD in people
with T2D. A: Quantile-quantile plot showing the distribution of the observed P values for the
204 CAD variants with risk of incident CVD in people with T2D against the expected distribu-
tion under the null hypothesis. Red dots highlight five variants that were significantly associ-
ated with incident CVD after Bonferroni correction. B: Comparison of the effect size of
204 known CAD variants in the general population and incident CVD in people with T2D. Ef-
fect size of the known 204 CAD variants for prevalent CAD in the general population (x-axis,
B-coefficient from logistic regression analysis) and incident CVD in people with T2D (y-axis,
B-coefficient from Cox regression analysis) is plotted. Red dots highlight 35 variants that
were nominally (P < 0.05) associated with incident CVD and had same direction of associa-
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Table 2—Association of polygenic score of 204 known CAD variants and

incident CVD in people with T2D

Ancestry HR 95% ClI Het P P
European/European American 1.18 1.14-1.21 0.010 <1.0x 107'®
African American 1.10 1.05-1.15 0.255 83x10°
Hispanic/Latinx 1.10 1.03-1.18 0.474 0.0031
East Asian 0.99 0.88-1.13 0.586 0.982
Overall 1.14 1.12-1.16 0.002 <1.0x 10 *®

Polygenic score of 204 CAD variants discovered from the general population was associated
with increased risk of incident CVD in people with T2D. HR for 1-SD increase in PRS. Het P,

significance of heterogeneity.
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