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Conclusion: We discovered a novel CHD- and BP-related variant at PDE]4 that interacted with BP goal attainment with divergent effects on CHD risk in Chinese
patients with type 2 diabetes (T2D). Incorporating this information may facilitate individualized t strategies for precision care in diabetes only when our
findings are validated. HKDB, Hong Kong Diabetes Biobank; HKDR, Hong Kong Diabetes Register; HR, hazard ratio.

ARTICLE HIGHLIGHTS

» We performed a two-stage genome-wide association study for coronary heart disease (CHD) in Chinese patients
with type 2 diabetes (T2D), followed by replication studies in T2D and general populations.

¢ A novel variant (rs10171703) for CHD and blood pressure (BP) at PDE1A gene was identified in Chinese patients with
T2D. Its modest effects in general populations indicated the modifying effects of diabetes on genetic association with CHD.

» This variant interacted with BP goal attainment (130/80 mmHg) with divergent effects on cardiovascular risk,
demonstrating the potential utility of genotype information as part of individualized treatment strategies.

« |f confirmed, such information may facilitate precision care in diabetes.
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OBJECTIVE

In this study we aim to unravel genetic determinants of coronary heart disease
(CHD) in type 2 diabetes (T2D) and explore their applications.

RESEARCH DESIGN AND METHODS

We performed a two-stage genome-wide association study for CHD in Chinese pa-
tients with T2D (3,596 case and 8,898 control subjects), followed by replications in
European patients with T2D (764 case and 4,276 control subjects) and general pop-
ulations (n = 51,442-547,261). Each identified variant was examined for its associa-
tion with a wide range of phenotypes and its interactions with glycemic, blood
pressure (BP), and lipid controls in incident cardiovascular diseases.

RESULTS

We identified a novel variant (rs10171703) for CHD (odds ratio 1.21 [95% CI
1.13-1.30]; P = 2.4 x 10~ %) and BP (B * SE 0.130 % 0.017; P = 4.1 x 10" ) at
PDE1A in Chinese T2D patients but found only a modest association with CHD in
general populations. This variant modulated the effects of BP goal attainment
(130/80 mmHg) on CHD (Pinteraction = 0.0155) and myocardial infarction (Ml)
(Pinteraction = 5.1 x 10~?). Patients with CC genotype of rs10171703 had >40% re-
duction in either cardiovascular events in response to BP control (2.9 x 10”2 < P
< 3.6 x 10~°), those with CT genotype had no difference (0.0726 < P < 0.2614),
and those with TT genotype had a threefold increase in Ml risk (P = 6.7 x 10~ 3).

CONCLUSIONS

We discovered a novel CHD- and BP-related variant at PDE1A that interacted with
BP goal attainment with divergent effects on CHD risk in Chinese patients with
T2D. Incorporating this information may facilitate individualized treatment strate-
gies for precision care in diabetes, only when our findings are validated.
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Coronary heart disease (CHD) is the leading
cause of morbidity and mortality in people
with type 2 diabetes (T2D) (1). A recent
systematic review indicated that 32.2% of
>4 million individuals affected by T2D had
cardiovascular disease (CVD), with CHD be-
ing the major contributor (2). In a meta-
analysis of 858,507 individuals, diabetes
conferred a two to three times increased
risk of incident CHD (3).

The pathogenesis of CHD is complex
and multifactorial. To date, >200 CHD
susceptibility loci had been identified in
the general population through genome-
wide association studies (GWAS) (4-8),
although similar genetic associations in
patients with T2D remained inconclusive.
There is potential genetic heterogeneity
in cardiovascular risk between individuals
with and without diabetes due to the ex-
acerbating effects of hyperglycemia on
CHD such as increased oxidative stress
(9,10). Using a candidate gene approach,
Doria et al. (10) previously found that the
CHD risk associated with the 9p21 locus
was increased in patients with T2D, com-
pared with that described in the general
population. They also reported a positive
interaction between the 9p21 locus and
hyperglycemia regarding CHD risk among
patients with T2D (10).

With the recent advances in CHD ge-
netics, the question of clinical utility is in-
creasingly relevant. Thus far, the majority
of studies focused on deriving polygenic
risk scores to quantify an individual’s risk
for CHD with only modest success in dis-
crimination in both the general popula-
tion and people with diabetes (11,12).
Whether the genetic information has
other applications beyond that of risk
stratification is also unclear. Clinical trials
and epidemiological analysis had confirmed
the importance of controlling HbA,., blood
pressure (BP) and LDL cholesterol (LDL-C) to

reduce the risk of CVD in diabetes, although
their optimal goals remained controversial
(13-15). While this multifactorial manage-
ment is recommended in the American
Diabetes Association Standards of Care in
Diabetes (the ABC goal), whether this
should be modified according to an individ-
ual’s biological makeup is unknown.

In this study we therefore had three
main goals. First, we aimed to identify
novel CHD susceptibility loci in Chinese
patients with T2D. We performed a two-
stage GWAS in Chinese patients with
T2D, followed by replication studies in
T2D patients of European descent and in
the general population. Second, we ex-
amined the pleiotropic effects of top var-
iants on other phenotypes and biological
pathways implicated in CHD through phe-
nome-wide association study (PheWAS)
and bioinformatic analyses. Finally, we ex-
plored the clinical utility of these variants
among people with T2D by testing their
interaction effects with attainment of
treatment goals, if any, on incident car-
diovascular events.

RESEARCH DESIGN AND METHODS

Study Design and Participants

We performed a two-stage analysis to
discover novel genetic loci for CHD in
patients with T2D. The overall design of
the current study is shown in Fig. 1. Details
of the design, ascertainment, inclusion cri-
teria, and phenotyping procedures of the
study cohorts can be found in Cohort de-
scriptions (Supplementary Material). The
clinical characteristics of patients with T2D
included in this study are summarized in
Supplementary Tables 1 and 2. In the stage
of genome-wide scan, we performed a
meta-analysis in two independent case-
control cohorts of Chinese patients with
T2D: 1) 4,886 patients (1,358 case and
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3,528 control subjects) from the Hong
Kong Diabetes Register (HKDR) (recruit-
ment period 1995-2014) and 2) 4,055
patients (1,159 case and 2,896 control
subjects) recruited in 2013-2019 from
the Hong Kong Diabetes Biobank (HKDB)
phase 1 study (16). The top variants prior-
itized in the meta-analysis was followed
up in 1,079 case and 2,474 control sub-
jects recruited in 2014-2019 from the
HKDB phase 2 study (16). All patients in
the above three cohorts were southern
Han Chinese residing in Hong Kong. The
flow diagrams of cohort selection in the
HKDR and HKDB studies are shown in
Supplementary Fig. 1A-C.

In the first-stage in silico replication, we
included a prospective cohort of European
patients with T2D from the Fenofibrate In-
tervention and Event Lowering in Diabetes
(FIELD) study (764 case and 4,276 control
subjects) (17). The second-stage replication
included case-control samples from several
published CHD GWAS in general popula-
tions. These included the BioBank Japan
(BBJ) project reported by Ishigaki et al. (6)
(29,319 case and 183,134 control subjects)
and Koyama et al. (7) (25,892 case and
142,336 control subjects), another Japa-
nese GWAS reported by Matsunaga et al.
(8) (15,302 case and 36,140 control sub-
jects), the meta-analysis of Coronary ARtery
Disease Genome wide Replication and
Meta-analysis (CARDIOGRAM) plus The
Coronary Artery Disease (C4D) Genet-
ics (CARDIoGRAMplusC4D) and UK Bio-
bank data (122,733 case and 424,528
control subjects) (5), the FinnGen proj-
ect (21,012 case and 197,780 control
subjects) (18), and the joint T2D-CHD
GWAS (90,831 case and 169,534 control
subjects) (4).

Since kidney function is an important
mediator for CVD (19), we analyzed the
associations of variants with cardiovascular-
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1. Identification of novel loci for CHD

Genome-wide scan:
Meta-analysis of GWAS for CHD in
Chinese patients with T2D (case-control)

Replication I:
European Patients with T2D (prospective)

FIELD Study
Case N =764 vs. Control N = 4,276

HKDR Study
Case N=1,358 vs.
Control N =3,528

HKDB Phase 1 Study
Case N=1,159 vs.
Control N = 2,896

Replication II:
Subjects from general populations (case-control)

Total N: 2,517 case vs. 6,424 control
6,616,004 biallelic variants with MAF >1%

BioBank Japan Project (Ishigaki e al. 2020)
Case N= 29,319 vs. Control N = 183,134

BioBank Japan Project (Koyama et al. 2020)
Case N = 25,892 vs. Control N = 142,336

Genome-wide
significant variants
(P <5.0x10%)

l Top hits (P < 1.0x10)

CARDIoGRAMplusC4D consortium
and UK Biobank
Case N = 122,733 vs. Control N = 424,528

GWAS in two Japanese cohorts
(Matsunaga et al. 2020)
Case N = 15,302 vs. Control N = 36,140

Follow-up of top hits:
Chinese Patients with T2D (case-control)

HKDB Phase 2 Study
Case N= 1,079 vs. Control N = 2,474

Joint T2D-CHD GWAS
and CARDIoGRAMplusC4D
Case N= 90,831 vs. Control N = 169,534

FinnGen Project
Case N= 21,012 vs. Control N = 197,780

Meta-analysis in all Chinese patients with T2D
(3,596 case vs. 8,898 control)
110 variants with P < 1.0x10"

* PDEIA41s10171703

2. Understanding of pleiotropy and biological function

Association of PDEIA rs10171703 with Phenome-wide Associatiqn Stlldy for PDE1A4 rs10171703: Bioinformatic analysis:
diabetes cardio-renal complications: Data from public domains / web portals Data fom publicidomains/
Chinese Patients with T2D (case-control and prospective) GWAS Atlas PhenoScanner FinnGen PheWeb web portals

HKDR Study HKDB Phase 1 Study i; HKDB Phase 2 Study GWAS Catalog UKB PheWeb Open Targets oOTL. analysis

N=6,009 N=6,114 N=5,748 ] —LL,
5 = Data of 47 tissues from

+ Outcomes: ML stroke, PVD, CVD, CHF, CKD, and KF T2D Knowledge BioBank Japan GIANT UK GTEx Portal, V8

Portal Project Biobank GWAS (N=173-1706)

Replication:
Data from public domains Heart rate and UKB and ICBP - -
hypertension GWAS blood pressure GWAS Transcriptome-wide
BioBank Japan Project SUMMIT Consortium association studies
- - : Replication: Summary statistics within
FinnGen Project CKDGen Consortium Chinese Patients with T2D (cross-sectional) the PDE1A region and
data of 18 tissues from
MEGASTROKE CARDIoGRAMplusC4D HKDR Study HKDB Phase 1 Study :i HKDB Phase 2 Study GTEx Portal. V8
Consortium Consortium and UK Biobank N=16,009 N=6,114 N=5748 :
3. Clinical applications: individualized treatment goals
Modulating effect of PDE14 rs10171703 on the associations between each ABC goal and diabetes cardiovascular diseases:
Chinese Patients with T2D (prospective)
HKDR Study HKDB Phase 1 Study HKDB Phase 2 Study

Median follow-up time: 15.5 years
CHD: Event N = 862 vs. Non-event N = 4,648
MI: Event N =420 vs. Non-event N = 5,435

Median follow-up time: 4.4 years
CHD: Event N = 155 vs. Non-event N = 4,927
MI: Event N= 106 vs. Non-event N = 5,702

Median follow-up time: 3.1 years
CHD: Event N = 122 vs. Non-event N = 4,600
MI: Event N = 55 vs. Non-event N = 5,155

« Outcomes: Incident CHD and MI

cholesterol <2.6 mmol/l)

« Interaction between PDEIA4 rs10171703 and each ABC goal (i.e. HbA,, <7%, systolic blood pressure <130 mmHg and diastolic blood pressure <80 mmHg, and LDL

Figure 1—Study design and workflow. Step 1: to identify novel loci for increased risk of diabetes cardiovascular complications, we conducted a meta-
analysis of two GWAS for CHD in Chinese patients with T2D. We followed up the top signals in an additional cohort of Chinese patients with T2D and fur-
ther performed replication in multiple populations. Finally, the PDE1A locus was identified. Step 2: to understand the pleiotropy and the underlying bio-
logical function of the PDE1A locus, we examined this locus in associations with 1) seven types of diabetes cardio-renal complications using two different
study designs (i.e., case-control and prospective designs) and 2) a wide spectrum of phenotypes using the publicly available data. We also performed bio-
informatic analyses for the PDE1A locus, including the eQTL analysis, and the transcriptome-wide association study. Step 3: to explore the potential clini-
cal utility of personal genetic information, we investigated the effect of each ABC goal on diabetes cardiovascular risk according to different genotypes of
PDE1A rs10171703. CHF, congestive heart failure; GIANT, Genetic Investigation of ANthropometric Traits; MAF, minor allele frequency; UKB, UK Biobank.

renal complications (case-control and
prospective setting) and quantitative cardi-
ometabolic traits (cross-sectional data at
baseline) in up to 17,871 Chinese patients

with T2D from the HKDR and HKDB studies.
We compared our results with genetic var-
iants associated with cardiovascular and re-
nal diseases in general populations using

publicly available data contributed by the
BBJ project (6,20), the FinnGen project (18),
the MEGASTROKE consortium (21), the
CARDIoGRAMplusC4D consortium and UK
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Biobank GWAS (22), the SUrrogate markers
for Micro- and Macrovascular hard endpoints
for Innovative diabetes Tools (SUMMIT) con-
sortium (23,24), and the Chronic Kidney Dis-
ease Genetics (CKDGen) Consortium (25). All
participants gave written informed consent
for DNA collection and data analysis for re-
search purposes at the time of assessment.
Each study was approved from the appropri-
ate institutional review boards of the respec-
tive institutions.

Definition for CHD Outcome

In the HKDR and HKDB studies, the CHD
end point was defined according to the
ICD-9. Ascertainment of CHD was based
on a composite of acute myocardial in-
farction (M), nonfatal ischemic heart dis-
ease, or angina pectoris. For case-control
analysis, patients with either prevalent or
incident CHD were classified as case sub-
jects. Patients were classified as control
subjects if they had duration of diabetes
=10 years and were free from CVD. CVD
was defined as the occurrence of CHD,
stroke (defined as the occurrence of is-
chemic stroke except transient ischemic
attack, hemorrhagic stroke, or acute but
ill-defined cerebrovascular disease), or
peripheral vascular disease (PVD) (de-
fined as the occurrence of amputation,
gangrene, or peripheral revascularization).
For prospective analysis, we excluded
prevalent cases and examined only inci-
dent events. Follow-up time was calculated
as the period from enrollment to the first
occurrence of end point, the date of death,
or 31 December 2019—whichever came
first. In the FIELD study, CHD was defined
as a composite of nonfatal MI, coronary
death, and revascularization.

Statistical Analysis

Within-cohort, logistic regression and Cox
proportional hazards regression were
used to examine the associations be-
tween genetic variants (additive model)
and diabetes cardio-renal complications,
with different covariate adjustments in
the case-control and prospective analy-
sis, respectively. Meta-analysis was per-
formed with use of the inverse variance—
weighted method under a fixed-effects
model. Cochran Q test was used to as-
sess the heterogeneity of effect between
studies. We accounted for population
stratification with adjustment for princi-
pal components (PCs) and genomic con-
trol in GWAS.

The gene-(ABC achievement) interaction
effects on new-onset diabetes cardiovascular
end points were tested withy Cox regres-
sion in the combined cohort of Chinese
patients with T2D (HKDR study, HKDB
phase 1 and 2 studies). For each significant
interaction effect, a subgroup analysis was
performed with Cox regression to examine
the association between the goal attain-
ment and end point, with stratification by
different genotypes.

Detailed methods and materials for
1) genotyping, quality controls, and im-
putation; 2) defining outcome variables;
3) PheWAS and bioinformatic analyses;
4) construction of polygenic risk scores;
and 5) statistical analysis can be found in
Supplementary Methods (Supplementary
Material).

Data and Resource Availability

The data sets generated during or ana-
lyzed in the current study are available
from the corresponding author on rea-
sonable request.

RESULTS

Two-Stage GWAS Analysis in Chinese
Patients With T2D

First, we performed a meta-analysis of
two GWAS for CHD in 8,941 Chinese pa-
tients with T2D (2,517 case and 6,424 con-
trol subjects). Figure 2A and B shows the
Manhattan plots and the corresponding
guantile-quantile plots for the results of
the genome-wide scan. Among 6,616,004
biallelic and autosomal single nucleotide
polymorphisms (SNPs) available in the
HKDR and HKDB phase 1 cohorts, 110 SNPs
from 13 novel and distinct genomic regions
(within = 250 kb of the sentinel SNP) were
prioritized based on the meta-analysis
P value <1.0 x 10> (Supplementary
Table 3). Correction of genomic control
did not considerably change the results
(Supplementary Table 3). We then fol-
lowed up these 110 top SNPs in the HKDB
phase 2 cohort consisting of 1,079 case
and 2,474 control subjects. A novel signal
located at the PDE1A gene showed con-
sistent associations with CHD (1.9 x 103
< P < 0.0181 for 20 SNPs within the
PDE1A loci selected for replication), with
comparable effect estimates across the
three cohorts (Supplementary Table 3).
The meta-analysis of all three cohorts in
Chinese patients with T2D (3,596 case
and 8,898 control subjects) demonstrated
a genome-wide significant association and

Diabetes Care Volume 46, June 2023

a 1.21-fold (95% ClI 1.13-1.30; P = 2.4 x
10™®) increased risk of CHD per copy of C
allele of the sentinel SNP rs10171703
(Fig. 2C and D and Supplementary Table 4).
This association was independent of
other baseline covariates including du-
ration of diabetes, smoking status, and
obesity traits (Supplementary Table 5).
After further adjustment for BP, HbA,,
and concomitant use of medications,
the odds ratio (OR) was attenuated to
1.14 (95% CI 1.05-1.25; P=2.9x 1073).
Adjustment for lipid levels or renal func-
tion did not further change the OR. There
was no residual association after condi-
tioning on rs10171703 at PDEIA locus,
suggesting that this association was driven
by one or more strongly linked SNPs (data
not shown).

Replication Studies in Other
Populations

Next, we sought further support for our
finding, in silico replication of the PDE1A
signal for CHD, in 1) European patients
of T2D from the FIELD study (764 case
and 4,276 control subjects) and 2) multi-
ple studies of general populations (n =
51,442-547,261). The PDE1A rs10171703
variant was not replicated in the FIELD
study (P = 0.6879). It gave P value =0.05,
with association smaller than but direc-
tion of association concordant with that
in Chinese patients with T2D in general
populations of Japanese (OR 1.02 [95% ClI
1.00-1.05] in the study by Ishigaki et al.
[6] and 1.07 [1.03-1.12] in the study by
Matsunaga et al. [8]) and Europeans (1.04
[1.01-1.07] in FinnGen project) (Fig. 2C
and Supplementary Table 4). Although no
significant association was seen in other
samples of general population including
the study by Koyama et al. (7), meta-
analysis of CARDIoGRAMplusC4D consor-
tium and UK Biobank, and joint T2D-CHD
GWAS, all were in the same direction for
rs10171703 (Fig. 2C and Supplementary
Table 4). The overall meta-analysis of all
study cohorts was not conducted due to
the differences in study designs and study
populations, as well as the overlapping
samples between these cohorts.

Association for Diabetes
Cardiovascular-Renal Complications
We examined associations for cardio-
vascular-renal complications in two sets
of analyses using case-control and pro-
spective design in Chinese patients with
T2D (Supplementary Table 6). In the
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Figure 2—Results for two-stage genome-wide association and replication studies. A: Manhattan plot for the meta-analysis of GWAS from the HKDR study
and the HKDB phase 1 study. The y-axis represents the —logy, P value, and the x-axis represents the 6,616,004 analyzed biallelic SNPs. The dashed red
horizontal line corresponds to the threshold of significance (P < 1x107>). There are 110 points with P<1x107>, and the label localizes the novel

Discovery stage: Chinese patients with T2D

HKDR Study
HKDB Phase 1 Study

Meta-analysis of discovery cohorts

Replication I: Chinese patients with T2D

HKDB Phase 2 Study

Meta-analysis of Chinese patients with T2D
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case-control analysis, in addition to CHD,
the C allele of rs10171703 was associated
with all cardiovascular-renal outcomes in-
cluding M, stroke, PVD, CVD, congestive
heart failure, chronic kidney disease (CKD),
and kidney failure (KF), with ORs ranging
from 1.12 to 1.22 2.0 x 108 < P <
0.0182). Only associations for M, stroke,
CVD, CKD, and KF remained significant af-
ter Bonferroni correction for testing seven
outcomes or after exclusion of the CHD
cases. In the prospective analysis, each
copy of the rs10171703 C allele raised the
hazards for CHD, stroke, CVD, CKD, and
KF by 9-14% (2.7 x 1073 < P < 0.0343)
(Supplementary Table 6). Associations for
MI, PVD, and congestive heart failure
were not significant.

To see whether these associations
were found in the general population, we
used the publicly available data and ob-
served consistent evidence for the associ-
ation of rs10171703 with Ml in the BBJ
project, the FinnGen project, and the
meta-analysis of UK Biobank and CARDIo-
GRAMplusC4D GWAS (OR 1.02-1.04; 4.7 x
103 < P < 0.0127), as well as its associa-
tion with stroke in the MEGASTROKE con-
sortium (1.03 [95% Cl 1.01-1.04]; P = 6.5 x
103) (Supplementary Table 7). However,
the associations for renal complications
were not replicated.

PheWAS and Bioinformatic Analysis

We conducted PheWAS to explore the
pathways underlying the association of
PDE1A locus with CVD. European data
available from the T2D Knowledge Portal
showed that the PDE1A rs10171703 had
an established adverse association with
BP. The C allele that increases CHD risk
was associated with elevated diastolic
BP (DBP) (B + SE 0.130 £ 0.017; P=4.1 x
10™™) and systolic BP (SBP) (0.098 *
0.030; P=1.1x 10’3) in the UK Biobank
and International Consortium of Blood
Pressure (ICBP) BP GWAS (29), as well as
a higher risk for hypertension in the
heart rate and hypertension GWAS (37)
(OR 1.01 [95% CI 1.01-1.02]; P = 2.9 x
104 (Table 1). Data from the current

study (DBP 3 + SE 0.332 + 0.153, P =
0.0297, SBP 0.595 + 0.257, P = 0.0208,
and hypertension OR 1.09 [95% CI 1.01—
1.17]; P = 0.0174), the BBJ project (DBP
B + SE 0.013 + 0.004, P = 2.1 x 103, in
the study by Kanai et al. [30] and 0.013
0.004, P=6.5%x10"*% in study by Sakaue
et al. [20]), and the FinnGen project
(essential hypertension OR 1.02 [95% Cl
1.00-1.04]; P = 0.0481) supported these
associations in patients with diabetes, East
Asians and Europeans, albeit there was insuf-
ficient power to detect a genome-wide sig-
nificant association (Supplementary Table 8).
In the expression quantitative trait loci
(eQTL) analysis, the C allele of rs10171703
was associated with increased expression of
the PDE1A gene in subcutaneous adipose tis-
sue (normalized effect size [NES] + SE 0.110
+0.028, P=1.1x 10 ) (Supplementary Figs.
2 and 3). Results for other bioinformatic
analyses are available in Supplementary
Results (Supplementary Material).

Cardiovascular Risk Reduction by BP
Control Was Modified by PDE1A
rs10171703

Given the consistent association of PDE1A
loci with BP traits, we explored the inter-
active effect between this variant and
each attainment of ABC goals defined ac-
cording to the American Diabetes Associa-
tion guidelines on CHD risk (i.e., HbA;,
<7%, BP <130/80 mmHg, and LDL-C
<2.6 mmol/L) in our combined prospec-
tive cohort of Chinese patients with T2D.
In the Cox regression analysis, we found
that the effect of BP goal attainment on
cardiovascular outcomes varied among
genotypes (Pinteraction = 0.0155 and 5.1 x
10~* for incident CHD and MI, respec-
tively) (Supplementary Table 9). Among
the CC genotype carriers, BP goal attain-
ment was associated with a 40% reduc-
tion in CHD (hazard ratio [HR] 0.60
[95% Cl 0.51-0.72]; P = 2.9 x 107%) in
comparison with those not at goal. How-
ever, it did not have any significant effect
among the carriers of CT genotype (0.81
[0.65-1.02]; P = 0.0726) and TT genotype
(1.13 [0.61-2.08]; P = 0.6946) (Fig. 3A,
Supplementary Fig 4A, and Supplementary
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Table 9). Likewise, BP goal attainment had
a protective effect on incident Ml in the
CC genotype group (0.58 [0.45-0.75];
P =3.6x10"°) but not in the CT genotype
group (0.83 [0.61-1.15]; P = 0.2614)
(Fig. 3B, Supplementary Fig. 4B, and
Supplementary Table 9). We further found
that attainment of BP goal was signifi-
cantly associated with a threefold in-
creased risk of Ml in the TT genotype
group (3.02 [1.36-6.70]; P = 6.7 x 10™3)
(Fig. 3B, Supplementary Fig. 4B, and
Supplementary Table 9). Adjustments for
additional clinical risk factors for CVD
(e.g., HbA;. and lipid levels) did not at-
tenuate these interaction effects (CHD
Pinteraction = 0.0424, Ml Pinieraction = 1.7 %
10~3) (model Il in Supplementary Table 10).
Despite smaller sample sizes in the
individual cohorts, the interaction effect
between rs10171703 and BP goal at-
tainment remained consistent for both
CHD and Ml in the HKDR (CHD HRjteraction
0.84 [95% Cl 0.65-1.08], Ml 0.61 [0.43-0.87])
and HKDB (CHD 0.56 [0.36-0.88], MI 0.50
[0.27-0.91]) cohorts, suggesting that
these were unlikely to be chance findings
(Supplementary Table 10). Since BP control
might vary over time and we only had
baseline data without data on long-term BP
exposure, we considered various follow-up
periods (i.e., 1-10 years) for both outcomes
in the interaction analysis. Results from
these sensitivity analyses remained robust
with respect to changes in follow-up pe-
riod, indicating a persistent protective ef-
fect of good BP control on diabetes CVD
among the CC genotype carriers but not
among the CT and TT genotype carriers
(Supplementary Table 10).

CONCLUSIONS

Here we report a two-stage GWAS for
CHD in Chinese patients with T2D, fol-
lowed by multiple replication studies in
patients with T2D and general popula-
tions. We discovered a novel suscepti-
bility locus at PDEIA (rs10171703) in
T2D patients of Chinese ancestry and
found an association in general popula-
tions of different ethnicities. This variant

susceptibility locus to CHD discovered in the current study. B: Quantile-quantile (Q-Q) plot for the meta-analysis of GWAS from the HKDR study and the
HKDB phase 1 study. The dotted line corresponds to the null hypothesis. C: Forest plot for the association between PDEIA rs10171703 and CHD for all
studied populations. ORs and 95% Cls were reported according to the C allele of rs10171703 (i.e., the CHD-associated risk allele). +HR and 95% Cls were re-
ported according to the C allele of rs10171703. P value was obtained from logistic regression model. §P value was obtained from Cox regression model. D:
Regional plot of the PDE1A locus. The purple circle and diamond represent the SNP rs10171703 identified from the meta-analysis of GWAS in the HKDR
study and the HKDB phase 1 study (genome-wide scan), and the meta-analysis in the HKDR study and the HKDB phase 1 and 2 studies (all cohorts of Chi-
nese patients with T2D), respectively. Other SNPs are colored according to level of LD, which is measured by r?, with the sentinel SNP. The recombination
rates estimated from the 1000 Genomes project Asian data are shown. The genes in the interval are indicated in the bottom panel. chr, chromosome.
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Figure 3—Modulating influence of PDE1A rs10171703 on the association between BP control and new-onset cardiovascular complications among Chinese
patients with T2D. These analyses were conducted in the combined cohort of the HKDR study and the HKDB phase 1 and 2 studies. Cumulative probability
of new-onset CHD (A) and Ml (B) is shown according to the combinations of PDE1A rs10171703 genotypes and the status of BP control. Piyteraction Was the
P value of the interaction term obtained from the Cox regression model including two main effects (PDE1A rs10171703 and achievement of BP target [i.e.,
SBP <130 mmHg and DBP <80 mmHg]), the interaction term of main effects, and the covariates (the study cohorts [HKDR study, HKDB phase 1 and
2 studies], enrollment year, sex, age, duration of diabetes, and principal components). P values and HRs and 95% Cls were obtained from the Cox regres-
sion model assessing the association between the achievement of BP target (“yes” [coded as 1] vs. “no” [coded as 0]) and diabetic cardiovascular compli-
cations, with adjustment for study cohorts, enrollment year, sex, age, duration of diabetes, and PCs, stratified by the genotypes of rs10171703. Numbers
of patients entering various time intervals in each category are shown in the bottom panel of each plot.
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of rs10171703 after conditioning on
rs12693302 (ORunconditional 1.21 [95% Cl
1.13-1.30], Punconditional = 2-4 x 1072, vs.
ORconditionat 1-22 [1.13-1.32], Pconditional =
3.2 x 1077) (Supplementary Table 11). Al-
though the European variant, rs12693302,
was also modestly associated with in-
creased risk of CHD (OR,nconditional 1.07
[1.01-1.14], Puncongitional = 0.0227) in our
Chinese patients with T2D this was attenu-
ated after conditioning on rs10171703
(ORconditionaI 0.99 [092_106]1 Peonditional =
0.7069). Similar observations were made
in the conditional analysis for MI outcome
(Supplementary Table 11). Taken together,
these findings implied that multiple com-
mon genetic variants within the PDEI1A
gene region might independently or syner-
gistically increase risk for CHD albeit with
heterogeneity in terms of effect sizes and
locations due to differences in LD pattern
and allele frequency (0.78 in East Asians
vs. 0.46 in Europeans for rs10171703). This
genetic heterogeneity can be further modi-
fied by differences in phenotypes, lifestyles,
and treatments. Further investigations of
this region in large-scale study of different
ethnicities and disease populations as well
as well-characterized prospective cohorts
might discover population-specific causal
variants relevant to CHD.

Our PheWAS analysis revealed impor-
tant pleiotropic effects of PDE1A locus
on BP. The CHD-related risk allele of
rs10171703 was reported to be associ-
ated with elevated BP in European and
East Asian populations (20,29,30), which
was also confirmed in our Chinese patients
with T2D (Supplementary Table 8). More
recently, associations between BP levels
and two common variants, rs16823124
and rs12693302 at PDE1A, were reported
in the general population (20,29). How-
ever, our top variant rs10171703 had low
correlation with these variants (* <0.25
in Chinese population) and we did not
detect their associations with BP levels in
our cohorts (P > 0.05 for both SBP and
DBP). Apart from ethnic differences, it re-
mained possible that the causal variants for
BP in the PDEIA region might not be the
same in general populations and patients
with T2D. In our prospective cohort with
documentation of other risk factors and
outcomes, adjustments for BP levels and
use of antihypertensive drugs partially atten-
uated the association between rs10171703
and CHD risk (Supplementary Table 5).

Given the importance of BP as a ma-
jor risk factor for CHD in patients with

T2D, the risk associations of PDEIA lo-
cus with BP and CHD were biologically
plausible (31). To this end, the Ca’"*-
calmodulin—stimulated phosphodiester-
ases (PDEs) encoded by the PDEIA gene
preferentially hydrolyze the second mes-
senger cGMP, which regulates many cel-
lular functions. In the media of vascular
smooth muscle cells (VSMCs) of normal
carotid arteries, PDEIA was expressed
mainly in the cytoplasm (32,33). However,
in experimental injury models (e.g., rat
aorta with tolerance to nitrate-induced
vasorelaxation) (34) or passage-induced
senescent human VSMCs (35), there was
increased expression of PDE1A with sub-
cellular localization. In other experimental
models such as neointimal VSMCs of rat
balloon injury model and mouse carotid li-
gation model, as well as human coronary
arteries with restenosis lesions, PDE1A was
detected in the nuclei with cellular dediffer-
entiation. These findings implicated a role
of PDE1A in VSMC growth and survival and
might contribute to the neointima forma-
tion during atherosclerosis and restenosis.
Against this background, it is notewor-
thy that in our Chinese patients with T2D,
we were able to demonstrate how a
single genetic variant (e.g., rs10171703)
might be used as a stratification tool for
prioritizing patients with T2D. Among the
CC genotype carriers at risk, who repre-
sented 60% of the Chinese patients with
T2D, those who attained BP goal had 40%
reduction in risk of Ml compared with
those who were not at goal, while neutral
effect was observed in the 35% of patients
with intermediate-risk CT genotype. More
importantly, in the remaining 5% of pa-
tients with the low-risk TT genotype, those
at BP goal had three-times-increased risk in
Ml in comparison with those not at goal.
These modulating effects of rs10171703
were independent of other risk factors
related to CVD such as HbA;. and LDL-C,
suggesting that they were not due to a
confounding effect of adverse glycemic or
lipid controls among patients with high BP
levels. These findings remained consistent
in our subanalysis including patients re-
cruited in different periods where BP con-
trol had improved over time. In the Action
to Control Cardiovascular Risk in Diabetes
(ACCORD) substudy with comparison of
intensive SBP lowering to <120 mmHg vs.
the recommended goal of 140 mmHg,
there was no further reduction in cardio-
vascular events in patients with T2D, with
a numerically higher death rate in the
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120 mmHg group versus the 140 mmHg
group (3.3% vs. 1.3%) (14). In a recent
systematic review by the Blood Pressure
Lowering Treatment Trialists’ Collabo-
ration, investigators suggested that
similar BP targets can be adopted for
people with or without diabetes for
cardiovascular protection (36). Taken
together, our findings suggested that
the benefit-to-harm ratio of intensive
BP control might depend on the ge-
netic background of an individual, mak-
ing rs10171703 a potential biomarker
for stratified medicine.

This study has several limitations. First,
the sample size of our genome-wide scan
analysis was modest, resulting in a small
number of new loci and limited power to
detect variants with small genetic effects.
Second, our discovery study was limited to
Southern Han Chinese patients with T2D.
Third, some patients in the control group
might have subclinical CHD or might have
developed CHD outside of our study period
who were not captured by our definitions.
This misclassification might attenuate the
genetic effects estimated in the current
study with false-negative results. Further-
more, we did not further validate the mod-
ulatory effect of PDE1A rs10171703 on the
association between BP control and dia-
betes cardiovascular complications in an
independent cohort. However, analysis
conducted in individual cohorts of HKDR
and HKDB showed consistent results with
respect to the main analysis, suggesting
that our finding is unlikely due to chance.
Further investigation is warranted to con-
firm our findings, elucidate the underlying
mechanisms, and determine whether this
interaction effect can be translated into
new strategies to prevent cardiovascular
complications in T2D.

In summary, we identified a novel as-
sociation of CHD with the BP-raising C
allele of rs10171703 at PDE1A locus in
Chinese patients with T2D. Its modest
effect on CHD in general populations
emphasized the modifying effects of di-
abetes on genetic association with CHD.
Apart from its ability to discriminate pa-
tients with T2D at high risk for develop-
ing CHD, the effect of BP control on risk
of MI varied by genotypes. These find-
ings support the potential utility of us-
ing genetic information to individualize
treatment goals and strategies to opti-
mize benefit-to-risk ratio in pursuit of
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precision care. Validation in independent
cohorts is required to confirm our findings.
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