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Identification and Potential Clinical Utility of Common Genetic Variants

in Gestational Diabetes among Chinese Pregnant Women

Methods Results Four genetic loci were identified as associated with gestational diabetes
(GDM), including two loci that reached genome-wide significance.
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genetic information can facilitate the identification of pregnant women at higher risk of developing GDM or later diabetes.
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* We explored the genetic factors of gestational diabetes (GDM) and their applications.
* We confirmed three loci and identified a novel locus for GDM.

« A polygenic risk score (PRS) from these loci effectively stratifies GDM risk.

* The PRS also stratifies the risk of abnormal glucose tolerance post-pregnancy.

* Genetic information may help identify high-risk women to prevent GDM.
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Background: The genetic basis for hyperglycaemia in pregnancy remain unclear. This study aimed to uncover the genetic deter-
minants of gestational diabetes mellitus (GDM) and investigate their applications.

Methods: We performed a meta-analysis of genome-wide association studies (GWAS) for GDM in Chinese women (464 cases
and 1,217 controls), followed by de novo replications in an independent Chinese cohort (564 cases and 572 controls) and i silico
replication in European (12,332 cases and 131,109 controls) and multi-ethnic populations (5,485 cases and 347,856 controls). A
polygenic risk score (PRS) was derived based on the identified variants.

Results: Using the genome-wide scan and candidate gene approaches, we identified four susceptibility loci for GDM. These included
three previously reported loci for GDM and type 2 diabetes mellitus (T2DM) at MTNRIB (rs7945617, odds ratio [OR], 1.64; 95%
confidence interval [CI], 1.38 to 1.96), CDKALI (rs7754840, OR, 1.33; 95% CI, 1.13 to 1.58), and INS-IGF2-KCNQI (rs2237897, OR,
1.48; 95% CI, 1.23 to 1.79), as well as a novel genome-wide significant locus near TBRI-SLC4A10 (rs117781972, OR, 2.05; 95% CI,
1.61 t0 2.62; Pya=7.6x107"), which has not been previously reported in GWAS for T2DM or glycaemic traits. Moreover, we found
that women with a high PRS (top quintile) had over threefold (95% CI, 2.30 t0 4.09; Pretw=3.1x10"") and 71% (95% CI, 1.08 to 2.71;
P=0.0220) higher risk for GDM and abnormal glucose tolerance post-pregnancy, respectively, compared to other individuals.
Conclusion: Our results indicate that the genetic architecture of glucose metabolism exhibits both similarities and differences be-
tween the pregnant and non-pregnant states. Integrating genetic information can facilitate identification of pregnant women at a
higher risk of developing GDM or later diabetes.
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GWAS for gestational diabetes and applications

INTRODUCTION

Gestational diabetes mellitus (GDM) occurs when insulin pro-
duction or utilization is impaired during pregnancy, resulting
in hyperglycemia. It typically resolves after delivery. GDM is a
prevalent condition, affecting 14.0% of live births worldwide in
2021 [1]. Unmanaged GDM can lead to adverse perinatal out-
comes [2] and increased long-term metabolic risks for both
mothers and children. A recent meta-analysis assessing over
1.3 million individuals reported that women with GDM have
a nearly 10-fold increased risk of developing type 2 diabetes
mellitus (T2DM) compared with healthy controls [3]. More-
over, offspring exposed to hyperglycemia in utero are more like-
ly to be obese and insulin resistant in childhood and early
adulthood than offspring of mothers with normoglycemia [4-
6]. These observations indicate that (1) GDM shares a common
pathology with T2DM; and (2) GDM can provide insights into
the predisposition of T2DM, with pregnancy serving as a stress-
or that unmask hyperglycemia during pregnancy among those
who are at risk of future diabetes because of impaired -cell
function.

Given the increased lifetime risk of T2DM associated with
GDM, many genetic studies have focused on the assumption
that the genetic architecture of both conditions shared similari-
ties. A number of T2DM susceptibility loci have been examined
for their association with GDM in modest sample sizes [7]. In a
recent meta-analysis of 23 studies, eight T2DM loci (insulin like
growth factor 2 mRNA binding protein 2 [IGF2BP2], CDK5
regulatory subunit-associated protein 1-like 1 [CDKALI], GLIS
family zinc finger 3 [GLIS3], cyclin dependent kinase inhibitor
2A/2B [CDKN2A/2B], hematopoietically expressed homeobox
[HHEX]/insulin degrading enzyme [IDE] transcription factor 7
like 2 [TCF7L2], melatonin receptor 1B [MTNRI1B], and HNF1
homeobox A [HNF1A]) showed association with GDM after
correcting for multiple comparisons [7]. Notably, these loci
demonstrated a consistent direction of association with T2DM,
supporting a shared genetic background between the two con-
ditions. More recently, the GENetics of Diabetes In Pregnancy
(GenDIP) Consortium conducted a multi-ancestry genome-
wide association studies (GWAS) meta-analysis for GDM, in-
volving over 300K women [8]. Among the five genome-wide
significant loci identified, four were previously reported to be
associated with T2DM: MTNRIB, TCF7L2, CDKALI, and CD-
KN2A/B. Interestingly, the novel locus at hexokinase domain
containing 1 (HKDCI) did not show a strong association with
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T2DM, highlighting the presence of genetic determinants spe-
cific to glucose regulation in pregnancy. The FinnGen Study
further explored genetic features distinct from T2DM and
identified eight loci with effects on GDM that were three times
stronger compared to T2DM [9].

There is growing interest in utilizing a polygenic risk score
(PRS) to assess the individual’s risks of developing GDM and
T2DM postpartum. Prior efforts to construct PRSs for GDM
typically involved variants associated with T2DM, and suffered
from a small number of variants and participants. As a result,
these scores had limited success in enhancing predictive capa-
bility compared to models that included only clinical variables
[10]. For instance, in a study of Caucasian women involving
458 GDM cases and 1,538 controls, a PRS consisting of 34 vari-
ants related to T2DM and/or fasting glucose was associated
with increased risk of GDM. However, its utility in identifying
GDM cases was limited, with only a modest improvement in
GDM prediction when added to clinical factors (increase in c-
statistic=0.03) [11].

This study aimed to (1) identify novel GDM susceptibility
loci by performing a meta-analysis of three GWASs in Chinese
women, followed by replication studies in independent Chi-
nese, European, and multi-ethnic cohorts; and (2) explore the
clinical utility of the identified variants by deriving a PRS for
GDM, and evaluating its predictive value for GDM and abnor-
mal glucose tolerance (AGT) at 7-year postpartum.

METHODS

Study design and participants

The overall design of the current study is shown in Supplemen-
tary Fig. 1. Details of the design, ascertainment methods, inclu-
sion criteria, and phenotyping procedures for each cohort are
outlined in the “cohort descriptions” (Supplementary Meth-
ods). Supplementary Tables 1 and 2 summarize the clinical
characteristics of participants in the discovery and replication
studies. At the time of assessment, all participants provided
written informed consent for DNA collection and data analysis
for research purposes. Institutional review boards of the re-
spective institutions approved each study.

For the genome-wide scan, a meta-analysis was conducted
on 1,681 (464 cases and 1,217 controls) women of Han Chi-
nese ancestry from three independent cohorts, including: (1)
The Hyperglycemia and Adverse Pregnancy Outcome-Hong
Kong (HAPO-HK) Study, which consisted of 960 pregnant
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women (149 GDM cases vs. 811 non-GDM controls) attend-
ing a follow-up visit at the Hong Kong center [6]; (2) The Tian-
jin GDM Study, which involved 455 pregnant women (229
GDM cases vs. 226 non-GDM controls) participating in a two-
step GDM screening program conducted by Tianjin's Women
and Children Health Center [12]; and (3) The Treated GDM
Cases vs. Non-diabetes Controls (TGDM-NDM) Study, which
included 86 pregnant women with GDM receiving antenatal
treatment at the Hong Kong center [13], and 180 non-diabetes,
non-pregnant women recruited from hospital staff and a com-
munity-based health screening program [14]. The flow dia-
grams of cohort selection in the HAPO-HK and Tianjin Stud-
ies are shown in Supplementary Figs. 2 and 3.

The first-stage de novo replication involved 1,136 Southern
Han Chinese pregnant women (564 GDM cases and 572 non-
GDM controls) from the Guangzhou Study [15]. In the sec-
ond-stage in silico replication, we accessed data from two pub-
lished GDM GWAS, including the FinnGen Study (12,332 cas-
es and 131,109 controls) [9] and a multi-ancestry meta-analy-
sis of GDM contributed by the GenDIP Consortium (5,485
GDM cases and 347,856 non-GDM controls) [8]. The HAPO-
HK Study, our discovery cohort, participated in the GenDIP
meta-analysis. Additionally, individual-level data from the
Thai (HAPO-Thai; 260 GDM cases and 933 non-GDM con-
trols) and Hispanic (HAPO-Hispanic; 207 GDM cases and 596
non-GDM controls) populations of the HAPO Study were uti-
lized to validate the results of the PRS analysis [2].

Clinical outcomes
GDM was diagnosed using criteria established in 2010 by the
International Association of the Diabetes and Pregnancy Study
Groups (IADPSG) [16]. These criteria included fasting plasma
glucose levels >5.1 mmol/L, or 1-hour glucose levels >10.0
mmol/L, or 2-hour glucose levels >8.5 mmol/L, as determined
from a 75-g oral glucose tolerance test conducted during the
third trimester of gestation.

AGT was defined as the presence of impaired glucose toler-
ance, impaired fasting glucose, or diabetes, as per the diagnos-
tic criteria of the American Diabetes Association [17].

Statistical analyses

Within cohort, logistic regression was used to examine the asso-
ciation between genetic markers (e.g., a single nucleotide poly-
morphism [SNP] or a PRS) and the risks of GDM and AGT af-
ter pregnancy, with the adjustments for the first four principal
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components (PCs), age and/or body mass index (BMI). Meta-
analysis was conducted with use of the inverse-variance weight-
ed method under a fixed-effects model. The area under the
curve (AUC) of the receiver operating characteristic and contin-
uous net reclassification improvement (NRI) index were used to
evaluate the incremental predictive value of PRS in GDM and
AGT after pregnancy, over the clinical risk factors and PCs.

Detailed methods for (1) clinical and laboratory measure-
ments; (2) genotyping, quality controls, and imputation; (3)
construction of PRS; and (4) statistical analysis can be found in
Supplementary Methods.

Data availability

The data that support the findings of this study are not openly
available due to reasons of sensitivity and are available from
the corresponding author upon reasonable request. The HA-
PO-Thai and -Hispanic data were obtained from database of
Genotypes and Phenotypes (dbGAP; phs000096.v4.p1).

RESULTS

Discovery genome-wide scan analysis

We performed a meta-analysis of three GWASs for GDM in
Chinese women. The results of the genome-wide scan are illus-
trated in Fig. 1, displaying Manhattan plots and corresponding
quantile-quantile (Q-Q) plots. Among the 6,322,337 biallelic
and autosomal SNPs available in all discovery cohorts, we iden-
tified two loci that reached genome-wide significance. These
included a previously reported locus for GDM and T2DM sus-
ceptibility at MTNRIB (rs7945617, odds ratio [OR], 1.64; 95%
confidence interval [CI], 1.38 to 1.96; Puee=2.6x107%), and a
novel locus near T-box brain transcription factor 1 (TBRI)-
solute carrier family 4 member 10 (SLC4A10) (rs117781972,
OR, 2.05;95% CI, 1.61 t0 2.62; Pyueta=7.6x10") (Fig. 2, Supple-
mentary Tables 3 and 4). The results remained largely unchanged
after applying genomic control correction (Supplementary Ta-
bles 3 and 4). Conditioning on TBRI-SLC4A10 rs117781972
and MTNRIB rs7945617 did not reveal any residual associa-
tions (data not shown).

The lead SNP from the two genome-wide significant loci un-
derwent (1) de novo replication in the Guangzhou Study and
(2) in silico replication using data from the FinnGen Study and
the GenDIP meta-analysis. The TBRI-SLC4A10 rs117781972
variant did not replicate in the Guangzhou and FinnGen Stud-
ies (P>0.05) and it only showed nominal significance in the
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Fig. 1. Results for meta-analysis of genome-wide association study for gestational diabetes. (A) Manhattan plot. The y-axis repre-
sents the —logio P value (adjusted for principal components and age), and the x-axis represents the 6,322,337 analyzed biallelic sin-
gle nucleotide polymorphisms. The dashed red horizontal line corresponds to the genome-wide significance threshold for
P<5x107®. There are 4 points with P<5x 107, and the arrow and labels localize the susceptibility loci to gestational diabetes melli-
tus (GDM) discovered in the present study. (B) Quantile-quantile (Q-Q) plot. The dotted line corresponds to the null hypothesis.
TBRI, T-box brain transcription factor 1; SLC4A 10, solute carrier family 4 member 10; CDKAL1, CDKS5 regulatory subunit-asso-
ciated protein 1-like 1; MTNRIB, melatonin receptor 1B; INS-IGF2, insulin-insulin-like growth factor 2; KCNQI, potassium volt-

age-gated channel subfamily Q member 1.

GenDIP meta-analysis (OR, 1.31; 95% CI, 1.07 to 1.60; Pyeta=
0.0164) (Fig. 2A and Supplementary Table 3). In contrast, the
MTNRIB 157945617 showed a P value <0.05 in all replication
cohorts and demonstrated a smaller but concordant direction
of effect in all replication cohorts (1.21< OR <1.34), compared
to the discovery cohorts (Fig. 2B and Supplementary Table 4).

Candidate gene analysis

We utilized the meta-analysis results from this study to investi-
gate the associations of established GDM-related loci in Chi-
nese women (Table 1). In this analysis, we specifically chose 14
unique variants from nine loci that have shown associations
with GDM at genome-wide significant levels in previous stud-
ies [8,9,18,19]. Of these, we confirmed the associations for four
variants at the CDKALI locus (rs7754840 and rs9348441) and
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the MTNRIB locus (rs10830962 and rs10830963) after cor-
recting for multiple comparisons (P value threshold: 0.05/14=
3.6x107%). Our meta-analysis in Chinese women revealed a
1.33- to 1.58-fold (1.5X 10 < Poueta<7.9% 107*) increased risk of
GDM per copy of the risk allele for these variants.

In our meta-analysis, we further investigated the impact of
known T2DM-associated variants on the risk of GDM. We ex-
amined 338 variants that showed genome-wide significance in
a multi-ethnic GWAS conducted by the Diabetes Meta-Analy-
sis of Trans-Ethnic association studies (DIAMANTE) Consor-
tium, which included 180,834 T2DM cases and 1,159,055 con-
trols [20]. From these variants, we successfully obtained 286
independent variants at 216 loci in our meta-analysis (Supple-
mentary Table 5). This analysis identified three variants, name-
ly rs9348441 at the CDKALI locus (OR, 1.40; 95% CI, 1.18 to
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Fig. 2. Results for the two genome-wide significant loci for gestational diabetes. (A) Forest plot for the association between T-box
brain transcription factor 1 (TBRI)-solute carrier family 4 member 10 (SLC4A10) rs117781972 and gestational diabetes mellitus
(GDM) in all discovery and replication cohorts. Odds ratio (OR) and 95% confidence interval (CI) were reported according to
the A-allele of rs117781972 (i.e., the GDM-associated risk allele). (B) Forest plot for the association between melatonin receptor
1B (MTNRIB) 157945617 and GDM in all discovery and replication cohorts. ORs and 95% CIs were reported according to the C-
allele of 17945617 (i.e., the GDM-associated risk allele). A total of three studies (i.e., the Hyperglycemia and Adverse Pregnancy
Outcome-Hong Kong [HAPO-HK] Study, the Tianjin Study, and the Treated GDM Cases vs. Non-diabetes Controls [TGDM-
NDM] Study) were included in the “meta-analysis of discovery cohorts” For the GENetics of Diabetes In Pregnancy (GenDIP)
meta-analysis, the P values of the associations were obtained from the meta-regression implemented in Meta-Regression of
Multi-AncEstry Genetic Association (MR-MEGA) and the combined OR and 95% CI was estimated by meta-analysis under a
fixed effect model. (C) Regional plot of the TBR1-SLC4A10 locus. (D) Regional plot of the MTNRIB locus. The purple diamonds
represent the sentinel single nucleotide polymorphisms (SNPs) rs117781972 and rs7945617 identified from the meta-analysis of
genome-wide association studies. Other SNPs are colored according to their level of linkage disequilibrium, which is measured by
1%, with the sentinel SNPs. The recombination rates estimated from the 1000 Genomes project Asian data are shown. The genes in
the interval are indicated in the bottom panel. TANK, TRAF family member associated NFKB activator; PSMD14, proteasome
268 subunit, non-ATPase 14; AHCTF1P1, AT-hook containing transcription factor 1 pseudogene 1; FAT3, FAT atypical cadherin
3; CCDC67, coiled-coil domain containing 87.

1.65; Preta=9.4x107°), rs2237897 at the insulin-insulin-like
growth factor 2 (INS-IGF2)-potassium voltage-gated channel
subfamily Q member 1 (KCNQI) locus (OR, 1.48; 95% CI, 1.23
t0 1.79; Preta=3.8x 107°), and rs10830963 at the MTNRIB locus
(OR, 1.58;95% CI, 1.31 to 1.91; Pyetw=1.5x107°), that remained
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significant after correcting for multiple comparisons (P value
threshold: 0.05/286=1.7x107).

Previous studies consistently found a strong association be-
tween GDM and the CDKALI and MTNRIB loci, across di-
verse populations. To support the signals at the INS-IGF2-KC-
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INS-IGF2-KCNQI rs2237897
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Risk allele
N frequency OR

(case/control) (case/control) (95% CI) Pvalue
149/811 0.741/0.634 1.76 (1.31-2.36)  1.7x10*

229/226 0.715/0.661 1.29(0.97-1.72) 0.0806

86/180 0.695/0.644 1.40 (0.88-2.25) 0.1582
464/1,217 --/-- 1.48 (1.23-1.79)  3.8x10°
564/572 0.717/0.660 1.33(1.10-1.60)  2.7x10*
12,332/131,109 0.919 1.13(1.07-1.19) 8.0x10°
345,656 0.951 1.19(1.10-1.28) 2.2x10*
408/342 0.753/0.656 1.85(1.39-2.50)  4.5x10°
13,768/133,240 --/-- 1.16 (1.10-1.22)  2.4x10°

00 05 1.0
OR (95% CI)

15 20 25 3.0 35

Fig. 3. Forest plot for the association between potassium voltage-gated channel subfamily Q member 1 (KCNQI) rs2237897 and
gestational diabetes mellitus in all discovery and replication cohorts. Odds ratio (OR) and 95% confidence interval (CI) were re-
ported according to the C-allele of rs2237897 (i.e., the type 2 diabetes mellitus-associated risk allele). For the GENetics of Diabetes
In Pregnancy (GenDIP) meta-analysis, the P value of the association was obtained from the meta-regression implemented in Me-
ta-Regression of Multi-AncEstry Genetic Association (MR-MEGA) and the combined OR and 95% CI was estimated by meta-
analysis under a fixed effect model. A total of three studies (i.e., the Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong
[HAPO-HK] Study, the Tianjin Study, and the Tianjin Study and the Treated GDM Cases vs. Non-diabetes Controls [TGDM-
NDM] Study) were included in the “meta-analysis of discovery cohorts” A total of six studies (i.e., the HAPO-HK Study, the
Tianjin Study, the TGDM-NDM Study, the Guangzhou Study, the FinnGen Study, and the Mexican Study) were included in the
“overall meta-analysis” We did not include the GenDIP samples in the overall meta-analysis because they overlapped with both

the HAPO-HK and FinnGen Studies.

NQI locus, we conducted independent replication studies in
the Guangzhou Study, the FinnGen Study and the GenDIP
meta-analysis. Our analysis of INS-IGF2-KCNQI rs2237897
yielded P values ranging from 8.0x 107 to 2.7x 107, with con-
sistent ORs of 1.13 to 1.33 in all these studies, aligning with the
original findings (Fig. 3 and Supplementary Table 6). More-
over, a previous study conducted in the Mexican population
(408 cases and 342 controls) reported a positive association
between 152237897 and GDM (OR, 1.85; 95% CI, 1.39 to 2.50;
P=4.5%10") (Fig. 3 and Supplementary Table 6) [21]. We fur-
ther performed a meta-analysis for rs2237897 using data from
the HAPO-HK Study, the Tianjin Study, the TGDM-NDM
Study, the Guangzhou Study, the FinnGen Study, and the Mexi-
can Study, comprising a total of 13,768 GDM cases and 133,240

https://e-dmj.org  Diabetes Metab J 2025;49:128-143

controls. In this meta-analysis, the rs2237897 variant exhibited
a genome-wide significant association with GDM risk (OR,
1.16; 95% CI, 1.10 to 1.22; Pyuera=2.4x10") (Fig. 3 and Supple-
mentary Table 6).

Conditional analysis at the CDKALI and MTNRIB loci

Supplementary Fig. 4 summarizes the GDM variants identified
in this study. Through the genome-wide scanning and candi-
date gene approaches, we found two variants at the CDKALI
locus (rs7754840 and rs9348441) and three variants at the MT-
NRIB locus (rs7945617, rs10830962, and rs10830963). These
variants showed high linkage disequilibrium (LD) within each
locus in our Chinese samples (LD *=0.81 for CDKALI and
0.78-0.93 for MTNRIB) (Supplementary Table 7). Conditional
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analysis revealed that the effect sizes of variants within the two  identified variants with glycemic and metabolic traits during

loci were attenuated when conditioned on each other (Supple-  pregnancy are available in the Supplementary Results.

mentary Table 7). As a result, we selected four variants for fur-

ther analysis: CDKALI rs7754840, MTNRIB rs7945617, TBRI-  Development and evaluation of PRS for GDM

SLC4A101s117781972, and INS-IGF2-KCNQI rs2237897. We constructed a PRS using the four identified variants,
Results for (1) sensitivity analysis and (2) associations of  weighted by their corresponding effect sizes for GDM risk, as

Meta-analysis of discovery cohorts
(464 GDM cases vs. 1,217 controls)

Guangzhou Study
(560 GDM cases vs. 566 controls)
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Fig. 4. Association between quintiles of polygenic risk score (PRS) and gestational diabetes. (A) Meta-analysis of three discovery
cohorts of Chinese women (the Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong [HAPO-HK] Study, Tianjin Study,
and Tianjin Study and the Treated GDM Cases vs. Non-diabetes Controls [TGDM-NDM] Study). (B) Guangzhou Study. (C)
HAPO-Thai Study. (D) HAPO-Hispanic Study. Piner is the P value testing for a linear trend across the quintile categories of PRS.
Py is the P value testing for the association of a high PRS with gestational diabetes mellitus (GDM) by comparing the top 20%
with the remaining 80% of the PRS distribution. Odds ratio (OR) and 95% confidence interval (CI) of GDM were stratified by
quintile categories of PRS. Within each individual cohort, P values were obtained from logistic regression with the adjustment of
principal components, age and body mass index, except for the Guangzhou Study which did not adjust for any covariates. Results
from the three discovery cohorts were then meta-analyzed using a fixed-effects model.
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estimated in our meta-analysis. This PRS demonstrated robust
association with increased GDM risk among the three discov-
ery cohorts of Chinese women (1.2x10™7°<P<1.0x107) (Sup-
plementary Table 8). Our meta-analysis revealed a 1.84-fold
(95% CI, 1.62 to 2.09; Pyera=9.2x107) increase in GDM risk
per 1-standard deviation (SD) increase in the PRS. Each quin-
tile increase in the PRS was associated with a 1.48-fold (95%
CI, 1.35t0 1.62; Pyreta=3.4%x10"") increased odds of GDM (Fig.
4A). Women in the top quintile had a three-fold (OR, 3.07;
95% CI, 2.30 to 4.09; Puew=3.1x10") and more than five-fold
(OR, 5.20; 95% CI, 3.40 t0 7.96; Puera=3.0x 10™*) increased risk
of GDM, compared with the remaining individuals and those
in the bottom quintile, respectively (Fig. 4A and Supplementa-
ry Table 8). The association between PRS and GDM was fur-
ther validated in the Guangzhou Study (OR, 1.16; 95% CI, 1.03
to 1.31; P=0.0133) and the HAPO-Hispanic Study (OR, 1.41;
95% CI, 1.18 to 1.67; P=1.2x10™) (Fig. 4B, C and Supplemen-
tary Table 8). However, no significant association was seen in
the HAPO-Thai Study (P=0.2695) (Fig. 4D and Supplementa-
ry Table 8).

HAPO-HK Study
(129 AGT cases vs. 829 controls)
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GDM-related variants
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Next, we assessed the predictive value of our PRS for GDM
(Supplementary Table 9). In the model incorporating only the
PRS, the AUC for predicting GDM varied between 0.63 and
0.69 in the three discovery cohorts; but it was below 0.57 in all
the validation cohorts. When PRS was added to the base model
consisting of PCs, age and BMI, there was a significant increase
in the AUC by 5.0% to 7.8% in the HAPO-HK and Tianjin
Studies (1.4 % 107 < Pincrease < 0.0134). Computation of NRI index
indicated enhanced reclassification in all discovery and HA-
PO-Hispanic Studies (25.8% < NRI <57.4%; Pxri<0.05). Simi-
lar findings were observed when additional clinical risk factors
were considered in the base model of both the HAPO-HK and
HAPO-Hispanic Studies.

Evaluation of PRS for AGT after pregnancy

Given the well-established association between GDM and post-
pregnancy hyperglycemia, we evaluated the role of our GDM-
related PRS in predicting AGT risk at 7-year postpartum in the
HAPO-HK Study (129 AGT cases and 829 controls). The clini-
cal characteristics of these participants during the follow-up

HAPO-HK Study
(129 AGT cases vs. 829 controls)
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Quintile categories for PRS derived from 286
T2DM-related variants

Fig. 5. Association between quintiles of polygenic risk score (PRS) and abnormal glucose tolerance (AGT) at 7-year postpartum
in the Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong (HAPO-HK) Study. (A) PRS derived based on four gesta-
tional diabetes mellitus (GDM)-related variants. (B) PRS derived based on 286 type 2 diabetes mellitus (T2DM)-related variants.
The T2DM-related PRS was derived based on 286 T2DM-related variants reported by the Diabetes Meta-Analysis of Trans-Eth-
nic association studies (DIAMANTE) consortium [20]. P is the P value testing for a linear trend across the quintile categories
of PRS. Py, is the P value testing for the association of a high PRS with AGT after pregnancy by comparing the top 20% with the
remaining 80% of the PRS distribution. Odds ratio (OR) and 95% confidence interval (CI) of GDM were stratified by quintile cat-
egories of PRS. P values were obtained from logistic regression with the adjustment of principal components, age and body mass
index.
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study are summarized in Supplementary Table 10. With the ad-
justments for PCs, age and BMI, the PRS was associated with a
1.40-fold (95% CI, 1.15 to 1.71; P=6.7x107*) increased risk of
postpartum AGT per 1-SD increase in the PRS (Supplementa-
ry Table 11). Each quintile increase in this PRS raised the odds
of AGT by approximately 27% (OR, 1.27; 95% CI, 1.10 to 1.46;
P=1.1x10") (Fig. 5). Women with a high PRS (top quintile)
hada71% (OR, 1.71; 95% CI, 1.08 to 2.71; P=0.0220) increased
risk of AGT compared to the remaining individuals (Fig. 5 and
Supplementary Table 11). This risk was nearly 3-fold (OR, 2.98;
95% CI, 1.51 to 5.86; P=1.6x10") higher compared to women
with a low PRS (bottom quintile). However, adjusting for ei-
ther a history of GDM (P=0.0571) or a PRS derived from 286
T2DM-related variants (P=0.0408) attenuated the association
between PRS and AGT (Supplementary Table 11).

The AUC for predicting postpartum AGT using only the PRS
was 0.60 (95% CI, 0.54 to 0.65) (Supplementary Table 12). In-
corporating the PRS into the base model, which included PCs,
age and BMI, significantly increased the AUC by 1.7% (P=
0.0187) and improved risk reclassification for AGT, as evidenced
by an NRI index of 31.7% (95% CI, 12.6% to 49.6%). When ei-
ther the GDM history or the T2DM-related PRS was included
in the base model, the addition of the PRS did not impact the
AUC. However, a significant NRI index was still observed, sug-
gesting an improvement in reclassification (25.5% < NRI
<25.6%; P<0.05).

DISCUSSION

This study reported a meta-analysis of three GWASs for GDM
in Chinese women, with subsequent replication studies in Chi-
nese and multi-ethnic populations. We identified four suscep-
tibility loci at TBR1-SLC4A10, MTNRIB, CDKALI, and INS-
IGF2-KCNQI, using both genome-wide scan and candidate
gene approaches. Moreover, the PRS derived from these loci
showed improved risk stratification for Chinese women who
are at risk of developing GDM or AGT postpartum.

Three out of the four GDM-associated loci identified in this
study have also been implicated in glycemic traits and the de-
velopment of T2DM in non-gravid populations. Aligning with
previous GWASs in Korean [18], Finnish [9], and multi-ethnic
populations [8], as well as candidate gene studies across differ-
ent populations [21,22], our findings further support the asso-
ciations of CDKALI, MTNRIB, and KCNQI loci with GDM
risk, with comparable effect sizes estimated in Chinese preg-

138

nant women. To the best of our knowledge, this is the first
study showing a genome-wide significant association between
the KCNQ! variant and GDM risk. These three genes have
been found to impact insulin secretion and glucose homeosta-
sis, contributing to the development of diabetes [23-25]. Al-
though the role of CDKALI in pancreatic B-cell function re-
mains incompletely understood, it is known to be expressed in
human adult pancreatic islets [26]. In mice, CDKALI gene de-
letion has been observed to cause a modest impairment in in-
sulin secretion during high-fat feeding [27]. Moreover, emerg-
ing evidence indicates that functional loss of CDKALI affects
the accuracy of protein translation, resulting in abnormal insu-
lin synthesis and subsequently triggering endoplasmic reticu-
lum stress in -cells [28]. These findings provide evidence link-
ing the molecular function of CDKALI with GDM. MTNRIB
plays a crucial role in regulating circadian rhythm. Disruptions
in circadian rhythms have been observed to promote systemic
metabolic dysfunction, including obesity or diabetes, in both
humans and rodents [29]. Consequently, altered MTNRIB
function may influence circadian rhythm regulation, potential-
ly affecting glucose metabolism during pregnancy. The KCNQI
gene encodes for a voltage-gated potassium channel (Kv7.1)
that is expressed in multiple organs/tissues, including pancreas
[30]. In the pancreas, this channel drives an electrical signal in
the P-cells that facilitates glucose-stimulated insulin secretion
[30]. Changes of KCNQI function may impact the proper
functioning of pancreatic p-cells, leading to impaired insulin
secretion and glucose regulation in GDM women. Overall, our
findings suggest shared genetic determinants between GDM
and T2DM. The lack of association observed between other
known T2DM-related loci and GDM may indicate partial dif-
ferences in the genetic architecture of glucose metabolism be-
tween the pregnant and non-pregnant states, and/or limited
power in the current study.

While many previous studies have identified susceptibility
loci associated with both GDM and T2DM, two recent large-
scale GWASs involving 143K-353K participants, predomi-
nantly of European descent, have uncovered a total of nine
novel loci (i.e., HKDCI, glucokinase regulator [GCKR], SPC25
component of NDC80 kinetochore complex [SPC25], adenyl-
ate cyclase 5 [ADCYJ5], proprotein convertase subtilisin/kexin
type 1 [PCSK1], estrogen receptor 1 [ESR1], cyclin D2 [CCND2],
NEDDI gamma-tubulin ring complex targeting factor [NEDDI],
c-Maf inducing protein [CMIP], and mitogen-activated pro-
tein kinase kinase kinase 15 [MAP3K15]) specifically linked to
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glucose regulation during pregnancy [8,9]. These findings mo-
tivate further investigation into the distinct genetic mecha-
nisms underlying GDM compared to T2DM, particularly
within non-European populations. In this study, we have dis-
covered a novel common variant rs117781972 located between
the TBRI and SLC4A10 gene regions in Chinese population.
This variant has not been reported in GWASs for T2DM or gly-
cemic traits. We found that the GDM-associated risk allele of
rs117781972 was also associated with higher postprandial glu-
cose levels (i.e., 1-hour glucose and 2-hour glucose) during
pregnancy. Interestingly, inconsistent associations have been
observed among replication studies, which may be due to dif-
ferences in genetic background. For instance, the allele fre-
quency of rs117781972 is significantly higher in East Asian
populations (minor allele frequency [MAF]=0.227) compared
to European (MAF=0.002 to 0.014), South Asian (MAF=0.01),
and African (MAF=0.003) populations (https://gnomad.
broadinstitute.org/). This genetic heterogeneity can be further
modified by differences in phenotypes, lifestyles, and treat-
ments. Our study, along with other research, suggests that while
metabolic changes during pregnancy may resemble those ob-
served in the progression of T2DM, and despite the shared ge-
netic risk factors between T2DM and GDM, the underlying
mechanisms driving the development of hyperglycemia during
pregnancy may have some important differences.

The product of TBRI is vital for the development and func-
tioning of brain regions, including cerebral cortex, hippocam-
pus, and amygdala [31,32]. SLC4A 10, a member of the sodium-
coupled bicarbonate transporters (NCBTs) family, regulates
neuronal pH and excitability, and the secretion of cerebrospinal
fluid [33]. Both genes are primarily expressed in the brain (data
source: GTEx Analysis Release V8). TBRI protein and multiple
variants at SLC4A 10 (rs4500960, rs7604885, and rs7580486)
have demonstrated associations with major neurological disor-
ders such as autism spectrum disorder (ASD) [32], cognitive
ability [34], schizophrenia [35], and intelligence [36]. In line
with the observational data linking exposure to maternal dia-
betes in utero with ASD risk [37], the effects of TRB1-SLC4A10
locus on GDM may also influence the fetal brain development,
potentially leading to ASD after birth. However, little is known
about the GDM-associated locus at these genes. A few recent
GWASs have linked common variants at the TBRI-SLC4A10
locus (rs55732192, r$62189012, rs2053865, rs77882688, and
rs1449631) to cardiometabolic traits, including BMI, mean ar-
terial pressure, and systolic blood pressure [38-41]. Our identi-
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fied variant rs117781972, strongly associated with GDM, ap-
pears to be independent of these reported variants (¥*<0.1 in
East Asian population). Furthermore, our data did not show
any association between rs117781972 and blood pressure or
BMI during pregnancy (Supplementary Table 13). To pinpoint
the relevant gene and functional variant(s), further fine-map-
ping in larger multi-ancestry cohorts may be required.

Similar to T2DM, the risk of GDM may arise from variants
in multiple loci, each conferring modest individual effects.
Therefore, we computed a PRS using variants identified in this
study to evaluate their cumulative impact on predicting an in-
dividual’s risk of developing hyperglycemia during and after
pregnancy. Previous studies in Caucasian, Chinese and Indian
populations have examined the association between PRS and
GDM risk, using PRSs involving six to 14,971,357 variants
[11,42-45]. However, there is limited data available for evaluat-
ing the performance of PRS in risk prediction [11,42,46]. Most
of these studies derived PRSs using common variants associat-
ed with T2DM or glycemic traits, and tested associations in
small sample sizes (n=296 to 8,722) [10]. Consistent with pre-
vious observations [11,42,46], our PRS, consisting of four vari-
ants, showed a significant association with GDM in Chinese
and Hispanic populations. Our analysis further demonstrated
that this PRS modestly contributed to GDM prediction when
combined with well-recognized risk factors, although its over-
all value in identifying GDM cases at the population level was
limited. It is worth noting that this PRS effectively stratified the
risk of GDM in Chinese women, independent of clinical risk
factors such as age and BMI. We found that women with a high
PRS (top 20% of the distribution) had over a three-fold in-
creased GDM risk compared to their counterparts with a lower
PRS (remaining 80% of the distribution). More importantly,
our PRS improved risk prediction for post-pregnancy hyper-
glycemia, showing a 71% higher risk among women with a
high PRS compared to those with a lower PRS. This relation-
ship was attenuated when adjusting for GDM history, further
supporting the causal link between GDM and future T2DM
progression. Overall, our findings underscore the importance
of the polygenic contributions to GDM, and demonstrated the
potential utility of genetic information in clinical practice, such
as early genomic screening and personalized risk assessment
for pregnant women.

This study has several limitations. First, the sample size for
our genome-wide scan analysis was relatively modest, limiting
our ability to discover new loci and detect variants with small
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genetic effects. Additionally, the HAPO Study have excluded
women with severe GDM, further reducing the study’s power.
Nevertheless, we were able to identify a novel locus associated
with GDM within our cohorts. Second, our discovery study was
exclusively conducted among Han Chinese women only, with
limited generalizability. Third, the glucose tolerance status of
controls in the TGDM-NDM Study was not assessed during
pregnancy, potentially leading to the inclusion of some women
with GDM as controls. Fourth, the predictive value of our PRS
may be significantly diminished due to the inclusion of only a
small number of genetic variants. Fifth, there is a possibility of
over-fitting when evaluating the PRS in the discovery cohort
used in the GWAS; however, it has been validated in indepen-
dent cohorts. Furthermore, the impact of genetic variants may
vary between GDM and AGT, and certain loci may be unique
to each disease. We anticipate that constructing our PRS using
weights from larger GWASs will enhance its predictive accuracy.

In summary, this study identified associations of four genetic
loci with GDM among Chinese women. The MTNRIB, CD-
KAL1, and KCNQI loci, known for their role in hyperglycemia
in non-pregnant populations, also have a significant impact
during pregnancy, suggesting shared underlying pathology be-
tween T2DM and GDM. The TBRI-SLC4A10 locus, on the
other hand, showed no association with hyperglycemia in non-
pregnant populations, highlighting its specific importance in
glucose metabolism during pregnancy. Finally, incorporating
GDM-related PRS with clinical risk factors enhanced the pre-
diction of GDM and post-pregnancy AGT. This demonstrates
the clinical potential of integrating genetic information into
risk assessment tools for identifying pregnant women at risk of
developing these diseases, thereby providing opportunities to
delaying disease onset.

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found
online at https://doi.org/10.4093/dm].2024.0139.
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SUPPLEMENTARY METHODS

Cohort descriptions

Discovery cohort: HAPO-HK Study

The study methods employed in the Hyperglycemia and Ad-
verse Pregnancy Outcome-Hong Kong (HAPO-HK) Study
have been previously documented [1]. The original HAPO
Study is an international, prospective population-based study
conducted at multiple centers. It aims to clarify the risks of ad-
verse pregnancy outcomes linked to various degrees of mater-
nal hyperglycemia occurring below the threshold for diagnos-
ing overt diabetes mellitus in approximately 25,000 pregnant
women during their third trimester of gestation, with medical
caregivers ‘blinded’ to their glucose tolerance status [2]. In the
HAPO-HK Study, we recruited a total of 1,674 pregnant wom-
en with singleton pregnancy at the Prince of Wales Hospital
from 2000 to 2006 as part of the HAPO Study. These partici-
pants underwent a 75-g oral glucose tolerance test (OGTT)
during weeks 24 to 32 of gestation, and the diagnosis of GDM
was retrospectively applied based on the International Associa-
tion of the Diabetes and Pregnancy Study Groups (IADPSG)
criteria established in 2010. Standardized questionnaires were
used to collect data on smoking and alcohol use, family history
of diabetes and hypertension, as well as demographic charac-
teristics. Individuals of non-Chinese ancestry, and those with
glucose measurements outside the setting of the HAPO Study
were excluded. Eligible participants were then invited to attend
a follow-up assessment between 2009 and 2013, which took
place approximately 7 years after childbirth. During this fol-
low-up visit, all participants underwent a 75-g OGTT to ascer-
tain their status of glucose tolerance, DNA samples were col-
lected from these women. All participants provided written in-
formed consent at the time of enrolment. The study received
ethical approval (The approval numbers for the HAPO-HK
study are: CRE-2002.119, CRE-2008.017, CRE-2013.042, CRE-
2015.473) from the Clinical Research Ethics Committee of the
Chinese University of Hong Kong.

Discovery cohort: Tianjin Study

A detailed description of the study’s design, cohort, and meth-
ods was provided elsewhere [3]. Between October 2010 and
August 2012, a prospective cohort study was conducted at
Tianjin's Women and Children Health Center (TWCHC), re-
cruiting a total of 22,302 pregnant women during their initial
antenatal care visit through a universal screening and manage-

ment system for gestational diabetes mellitus (GDM). These
women participated a two-step screening procedure used to
identify cases of GDM. Initially, pregnant women at 24 to 28
weeks of gestation, visiting a primary hospital, underwent a
1-hour 50-g glucose challenge test (GCT) in a non-fasting
state. Women with a GCT result of >7.8 mmol/L were then re-
ferred to the GDM clinic at TWCHC for a 2-hour 75-g OGTT
conducted in the morning after fasting for at least 8 hours.
From July 2011 to June 2012, 2,991 pregnant women provided
overnight fasting blood samples at the primary care hospitals.
Among them, a total of 243 women with GDM and 243 wom-
en without GDM were chosen for a nested case-control study.
Of them, 455 women (229 GDM cases vs. 226 non-GDM con-
trols) with good quality DNA data were used in the current
analysis. GDM was diagnosed according to the IADPSG crite-
ria. The selection was based on matching maternal age (£1
year). The Ethics Committee for Clinical Research of Tianjin
Women and Childrens Health Center granted ethics approval
(Ethics Approval number: 2009-02). Written informed consent
was obtained from all pregnant women involved in the study.

Discovery cohort: Treated GDM Cases vs. Non-diabetes
Controls (TGDM-NDM) Study

This is a case-control study that includes participants from two
distinct sources. Firstly, the GDM cases were selected from an
additional 141 pregnant women who were diagnosed with
GDM based on OGTT at the Hong Kong center around the
time of the HAPO Study. These women received antenatal treat-
ment and were invited to return for follow-up assessment at
around the same time as participants of the HAPO-HK follow-
up study [4]. After excluding 47 women who were diagnosed
with GDM but did not meet the criteria set by the IADPSG,
along with seven women lacking genotype data and one woman
with failed genotype data, a total of 86 women with GDM were
included in the analysis.

Secondly, the non-diabetes and non-pregnant controls were
selected from hospital staff and the “Better Health for Better
Hong Kong (BHBHK)” Campaign, a community-based health
awareness and promotion program [5]. The BHBHK Cam-
paign was initiated between 2000 and 2002 and underwent re-
evaluation between 2010 and 2014. Its primary objective is to
raise awareness among the low-income working population
about the importance of maintaining a healthy lifestyle through
various educational and health screening strategies. Partici-
pants were randomly selected using stratified random sampling
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based on the occupational groups documented in the 1996
Hong Kong Population By-Census Report. A total of 561 par-
ticipants underwent detailed clinical and laboratory assessment
at the Prince of Wales Hospital. To determine the glycemic sta-
tus, these individuals underwent a 75-g OGTT using the crite-
ria established by the American Diabetes Association. Women
without diabetes at baseline and throughout the 10-year follow-
up period were utilized as controls in the analysis. DNA sam-
ples from both the GDM cases and non-diabetes controls were
genotyped using different genotyping platforms.

Replication cohort: Guangzhou Study

Pregnant women in their second trimester who attended the
antenatal clinic of the Third Affiliated Hospital of Sun Yat-Sen
University in Guangzhou between September 2013 and Sep-
tember 2015 for OGTT were included [6]. The prevalence of
GDM during the study period was 16.8%. The diagnostic crite-
ria for GDM were based on 75-g OGTT during weeks 24 to 28
of gestation, according to the IADPSG criteria. A total of 564
pregnant women diagnosed with GDM and 572 women with-
out GDM were included in the study. Subjects with type 1 or
type 2 diabetes mellitus, cardiovascular diseases (including hy-
pertension and arteriosclerosis) and other metabolic disorders
(including obesity body mass index [BMI] >30 kg/m* and
polycystic ovary syndrome) were excluded. Whole blood sam-
ples collected during the OGTT were stored at —80°C prior to
analysis. The study was approved by the Ethics Committee of
the Third Affiliated Hospital of Sun Yat-Sen University, and all
experimental procedures were performed in accordance with
the relevant guidelines and regulations. Written informed con-
sent was obtained from each individual to collect additional
blood samples for genetic test.

Replication cohort: The FinnGen Project

The FinnGen Project, initiated in 2017, is a study that com-
bines genome information with digital health care data. It op-
erates as a public-private partnership between Finnish univer-
sities, biobanks, hospital districts, and several international
pharmaceutical companies [7]. The primary objective of this
project is to collect biological samples from 500,000 individu-
als in Finland over 6 years. Through genetic research, the proj-
ect aims to enhance human health by identifying novel thera-
peutic targets and diagnostic tools for a wide range of diseases.
The analysis in this study is based on the FinnGen release R8,
which includes data from 342,499 individuals and disease end-
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points. Clinical endpoints were derived from the register codes
using the Finnish version of International Classification of
Diseases, 10th revision (ICD-10) diagnosis codes and harmo-
nized with definitions from ICD-8 and ICD-9. The compre-
hensive details on the methodology have been described else-
where [8].

Replication cohort: The GenDIP Consortium

This study from the GENetics of Diabetes In Pregnancy (Gen-
DIP) Consortium was a trans-ancestry meta-analysis of genet-
ic associations for GDM in 5,485 women with GDM and
347,856 women without GDM. The descriptions for individual
cohorts are available in previous reports [9].

Replication cohorts: Thai and Hispanic populations of the
HAPO Study (HAPO-Thai and HAPO-Hispanic Studies)
The HAPO Study is an international epidemiological investi-
gation with the objective of addressing unanswered questions
regarding the associations between various levels of glucose in-
tolerance and the risks of adverse outcomes during pregnancy
[2]. Its general goal is to significantly advance our understand-
ing of glucose levels during pregnancy that pose increased
risks to the mother, fetus, and neonate. The study involves the
collection of standardized, high-quality data on 25,000 women
of diverse ethnic-racial and sociodemographic backgrounds
from 16 centers worldwide. Additionally, it aims to generate
data on the associations between glucose levels with the risks
of adverse outcomes during pregnancy, which can be utilized
to develop internationally acceptable guidelines for diagnosis
and classification of GDM. For this particular study, we have
exclusively included data from the Thai and Hispanic popula-
tions within the HAPO Study to validate the results of the
polygenic risk score (PRS) analysis. This decision was based on
the fact that only these two populations possessed complete
genetic data necessary for the analysis.

The data/analyses presented in the current publication are
based on the use of study data obtained from database of Gen-
otypes and Phenotypes (dbGaP), a publicly accessible reposi-
tory for genetic and phenotypic data. The specific dataset used
in this study was titled “Hyperglycemia and Adverse Pregnan-
cy Outcome (HAPO) Study: maternal glycemia and birth-
weight GEI Study;” with accession number phs000096.v4.p1
(https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.
cgi?study_id=phs000096.v4.p1). The entire dataset contains
1,500 infants and their mothers of European descent, 1,250 Af-
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ro-Caribbean infants and mothers, 800 Hispanic (Mexican-
American) infants and mothers, and 1,200 Thai infants and
mothers. It was made available by the HAPO Study steering
committee. The data download from dbGaP followed the
guidelines and regulations for data access and usage as out-
lined by the repository.

Clinical and laboratory measurements

Descriptions of the assessment methods utilized in the HAPO-
HK Study was provided elsewhere [1]. Briefly, all women un-
derwent a standard 75-g OGTT between 24 and 32 weeks of
gestation. Height, weight, and blood pressure were measured
during the test visit. Data regarding smoking habits, family his-
tory of diabetes and hypertension, and demographic charac-
teristics were collected using standardized questionnaires.
Fasting blood samples were also taken to measure C-peptide
levels and glycosylated hemoglobin.

Maternal weight at delivery was abstracted by research staff
from the medical records. BMI was calculated as weight (kg) di-
vided by the square of the measured height (m?). Gestational
weight gain (GWG) was computed as the mother’s weight at de-
livery minus her pre-pregnancy weight, divided by the gestation-
al age at delivery. Area under the curve (AUC) for glucose during
OGTT at 0 to 120 minutes was calculated using the trapezoid
rule. The homeostatic model assessment 2 (HOMA?2) indices
were computed based on the measurements of fasting glucose
and C-peptide (https://www.dtu.ox.ac.uk/homacalculator/).

Genotyping, quality control, and imputation

For the genome-wide scan analysis, DNA samples from the
three discovery cohorts (i.e., HAPO-HK Study, Tianjin Study,
and TGDM-NDM Study) were genotyped using one of three
arrays: (1) HumanOmniZhongHua-8 BeadChip, (2) Infinium
Global Screening Array, and (3) Illumina Omni2.5+Exome
Array. Samples from the Guangzhou Study were genotyped
using the matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry platform.

We applied uniform quality control (QC) procedures to each
set of genome-wide data. The QC of individual genotypes con-
sisted of four steps: (1) verification of sex based on genotype
calls from chromosomes X and Y; (2) identification of low-
quality samples based on call rate and heterozygosity rate; (3)
detection of potential familial relationships or duplicated indi-
viduals using estimates of identity-by-descent; and (4) assess-
ment of population stratification through principal component

(PC) analysis (Supplementary Fig. 5). Only biallelic autosomal
single nucleotide polymorphisms (SNPs) were included in the
per-marker QC. SNPs were excluded from further analysis if
they met any of the following criteria: (1) Hardy-Weinberg
equilibrium P<1x107% (2) minor allele frequency (MAF)
<1%; or (3) call rate <95%. In particular, SNPs with MAF
>1% but <5% are excluded if their call rate was <99%.

Within each cohort, the genotype data were imputed to the
1000 Genomes Project phase III reference panel (October
2014) using the Michigan Imputation Server [10]. SNPs with a
MAF <1%, or an imputation quality score Rsq <0.5 were ex-
cluded. In total, 6,322,337 SNPs that were common across the
discovery cohorts were included in the meta-analysis of ge-
nome-wide association studies (GWASs) for GDM.

Construction of polygenic risk score

We derived a PRS for GDM based on the variants identified in
the current study. For each individual, the PRS was computed
using the “score” command in PLINKv2.0 [11], represented as
BiXi+ BaXa+ PaXs+ oo+ PiXi+ ...+ BuXns where Xx is the number of
effect alleles at the k™ SNP, f is the corresponding B-coefficient
for GDM risk estimated in this study, and # is the total number
of SNPs involved in the PRS. The PRS was subsequently trans-
formed into a z-score and classified into five categories using
the quintile thresholds defined in the HAPO-HK Study, which
is the largest cohort included in this study. Within this study, we
assessed the performance of our PRS in two aspects: (1) detect-
ing women who developed GDM during pregnancy and ab-
normal glucose tolerance (AGT) after pregnancy, and (2) im-
proving the prediction of GDM and AGT after pregnancy
compared to the clinical risk factors. In addition, we calculated
a type 2 diabetes mellitus (T2DM)-related PRS based on 286
T2DM-related variants which were previously reported by the
Diabetes Meta-Analysis of Trans-Ethnic association studies
(DIAMANTE) Consortium [12]. We investigated the clinical
utility of our GDM-related PRS in predicting the risk of AGT
after pregnancy by comparing its performance with the T2DM-
related PRS.

Statistical analyses

All analyses were performed using PLINK v1.9 and v2.0 [11],
IBM SPSS Statistics version 26 (IBM Co., Armonk, NY, USA),
and R 3.4.4 (http://www.r-project.org/, 31st December, 2019)
unless specified otherwise. Meta-analysis was implemented by
METAL software [13]. FUMA was used to annotate, prioritize,
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and interpret the GWAS results [14]. Regional plot around ge-
nome-wide locus were visualized using LocusZoom (http://
csg.sph.umich.edu/locuszoom/).

Data are expressed as percentage (1), mean and standard de-
viation, or median (interquartile range) as appropriate. Differ-
ences between groups were tested with chi-squared test, Stu-
dent’s t-test, or Mann-Whitney test, as appropriate.

Within the cohort, we performed logistic regression to ex-
amine the association of genetic markers (e.g., an individual
SNP under an additive genetic model or the PRS) with the
risks of GDM and AGT after pregnancy, with the adjustments
for PCs, age and/or BMI. The results obtained from individual
cohorts were combined through meta-analysis using an in-
verse-variance weighted approach under a fixed-effects model.
Heterogeneity of effect across studies was assessed using Co-
chran’s Q test. To address potential population stratification
and relatedness among individuals, we adjusted for PCs in all
association tests, and applied genomic control correction dur-
ing the meta-analysis analysis. Associations of identified vari-
ants with glycemic and metabolic traits measured during preg-
nancy were tested by linear regression, adjusting for PCs, age,
and/or BMI. Odds ratios with their 95% confidence intervals
(Cls), or pxstandard error were presented in these analyses. P
values <0.05 and <5.0x10"® were considered significant and
genome-wide significant, respectively. In the candidate gene
analysis, we adjusted for multiple testings using Bonferroni
correction. Individuals with missing data points for any vari-
ables included in the logistic or linear regression model were
removed from the analysis.

The area under the receiver operating characteristic curve
(AUROC) and continuous net reclassification improvement
(NRI) index were used to evaluate the incremental predictive
value of PRS in GDM and AGT after pregnancy, over the clini-
cal risk factors and PCs. We calculated the AUC and NRI in-
dex based on the predicted risk obtained from logistic regres-
sion, using respectively the “concordance.index” and “nricens”
functions in R package. Bootstrapping with 10,000 iterations
were used to estimate the 95% CI for the NRI index. We com-
pared two correlated AUCs using the paired t-test implement-
ed by the “cindex.comp” function in R package.

SUPPLEMENTARY RESULTS

Sensitivity analysis
In the HAPO-HK Study which included data on comprehen-
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sive clinical assessment during pregnancy, the associations be-
tween the four identified variants and GDM risk persisted after
multivariate adjustment for BMI, GWG, blood pressure,
smoking status, education year, parity, family history of diabe-
tes and hypertension (Supplementary Table 14).

Associations for glycemic and metabolic traits during
pregnancy

In the linear regression analysis adjusted for PCs and age, we ob-
served several significant associations in the HAPO-HK Study:
(1) the A-allele of T-box brain transcription factor 1 (TBRI)-sol-
ute carrier family 4 member 10 (SLC4A10) rs117781972 was as-
sociated with elevated levels of 1-hour glucose, 2-hour glucose
and AUCy, at 0 to 120 minutes (1.7x10™*<P<0.0495); (2) the
C-allele of CDKALI 157754840 demonstrated an association
with increased levels of 1-hour glucose and AUCy, at 0 to 120
minutes (0.0245<P<0.0249); (3) there was a notable elevation
in levels of 1-hour glucose, 2-hour glucose, AUCg. at 0 to 120
minutes, fasting C-peptide and HOMA?2 of insulin resistance
(HOMA-IR) index per copy of the C-allele of INS-IGF2-potassi-
um voltage-gated channel subfamily Q member 1 (KCNQI)
1rs2237897 (1.2x10*< P<0.0109); and (4) the C-allele carriers of
melatonin receptor 1B (MTNRIB) rs7945617 had higher levels
of fasting glucose, 1-hour glucose, 2-hour glucose, and AUC. at
0 to 120 minutes, as well as a reduced of HOMA?2 of B-cell func-
tion (HOMA2-p) index (1.1x10™*<P<0.0119) (Supplementary
Table 13). Adjustment for BMI did not further change these as-
sociations (Supplementary Table 13).
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Supplementary Table 5. Associations of type 2 diabetes mellitus-related variants and gestational diabetes in Chinese women
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Supplementary Table 10. Clinical characteristics of all individuals from the HAPO-HK 7-year follow-up study according to the
status of abnormal glucose tolerance

HAPO-HK 7-year follow-up study (population-based study)

Characteristic HumanOmniZhongHua-8 BeadChip

AGT case (n=129) Non-AGT control (n=829) Pvalue
Age, yr 39.6+4.52 37.4+4.61 <0.0001
Body mass index, kg/m’ 25.8+4.02 22.7+3.30 <0.0001
Fasting plasma glucose, mmol/L 5.69+1.71 4.69+0.34 <0.0001
2-hr plasma glucose, mmol/L 8.96+3.40 5.26+1.07 <0.0001
Glucose area under the curve, mmol/L 14.6+4.88 9.95+1.22 <0.0001
Impaired fasting glucose only 22.5(29) 0(0) <0.0001
Impaired glucose tolerance only 51.9(67) 0(0) <0.0001
Impaired fasting glucose and impaired glucose tolerance 11.6 (15) 0(0) <0.0001
Diabetes 14.0 (18) 0 (0) <0.0001
History of gestational diabetes 39.5(51) 11.8 (98) <0.0001

Values are presented as mean +standard deviation or percentage (number). Between-group comparisons were performed by unpaired Student’s
t-test, the Wilcoxon Rank Sum test, or the chi-square test.
HAPO-HK, Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong; AGT, abnormal glucose tolerance.
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Supplementary Table 11. Associations between polygenic risk score and risk of abnormal glucose tolerance at 7-year postpartum
in the HAPO-HK Study

" PRS derived from 4 GDM-related variants PRS derived from 286 T2DM-related variants [12]
Number
. Z-score of PRS Top 20% vs. others Z-score of PRS Top 20% vs. others
Variable
AGT  Non-AGT OR OR OR OR
ase  control  (95%Ch LV gsgcn  PVANegscn  Pvalle g 0 Pvalue
PCs, age, and BMI 129 829 1.40 6.7x10* 1.71 0.0220 1.78 8.9x10% 2.12 8.3x10*
(1.15-1.71) (1.08-2.71) (1.44-2.19) (1.36-3.29)
PCs, age, BMI, and GDM history 129 828 1.22 0.0571 1.26 0.3589 1.63 8.8x10° 1.81 0.0108
(0.99-1.50) (0.77-2.05) (1.32-2.03) (1.15-2.87)
PCs, age, BMI, and another PRS* 129 828 1.24 0.0408 1.56 0.0632 1.68 3.0x10° 2.01 2.2x10°
(1.01-1.53) (0.98-2.49) (1.35-2.08) (1.28-3.13)

The T2DM-related PRS was derived based on 286 T2DM-related variants reported by Diabetes Meta-Analysis of Trans-Ethnic association stud-
ies (DIAMANTE) consortium [12]. OR and 95% CI, as well as P value were obtained from either logistic regression model with the adjustments
for covariates.

HAPO-HK, Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong; AGT, abnormal glucose tolerance; PRS, polygenic risk score; GDM,
gestational diabetes mellitus; OR, odds ratio; CI, confidence interval; T2DM, type 2 diabetes mellitus; PC, principal component; BMI, body
mass index.

“In the analysis for GDM-related PRS, the covariates included PCs, age, BMI, and T2DM-related PRS. In the analysis for T2DM-related PRS, the
covariates included PCs, age, BMI, and GDM-related PRS.
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Supplementary Table 14. Sensitivity analysis for the association of identified variants with the risk of gestational diabetes in Chi-
nese women from the HAPO-HK Study, with different covariates adjustments

Position Risk/non- . Risk allele o
SNP Nearest gene(s)  Chr (Build 37) risk allele Adjustment Number —— OR (95% CI) Pvalue
rs117781972 TBRI- 2 162,332,226 A/G PCs, age 960 0.212 2.26 (1.64-3.11) 5.1x107
SLC4A10 PCs, age, BMI 959 0.211 2.25(1.63-3.10) 7.4x107
PCs, age, BMI, GWG 952 0.211 2.28 (1.65-3.16) 5.3x107
PCs, age, BMI, GWG, SBP, DBP 952 0.211 2.30 (1.66-3.19) 5.1x107
PCs, age, BMI, GWG, SBP, DBP, smoking status 952 0.211 2.30(1.66-3.18) 59x107
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.212 2.32(1.67-3.22) 5.6x107
education year
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.212 2.32(1.67-3.22) 5.8x107
education year, parity
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.212 2.33(1.67-3.24) 54x107
education year, parity, family history of diabetes
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.212 2.29 (1.64-3.18) 9.4x107
education year, parity, family history of diabetes
and hypertension
157754840 CDKAL1 6 20,661,250 C/IG PCs, age 960 0.375 1.47 (1.14-1.90) 3.4x10°
PCs, age, BMI 959 0.375 1.47 (1.13-1.91) 3.6x10°
PCs, age, BMI, GWG 952 0.375 1.47 (1.13-1.91) 42x10°
PCs, age, BMI, GWG, SBP, DBP 952 0.375 1.47 (1.13-1.92) 42x10°
PCs, age, BMI, GWG, SBP, DBP, smoking status 952 0.375 1.47 (1.12-1.91) 4.7x107%
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.373 1.49 (1.14-1.95) 3.2x10°
education year
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.373 1.51 (1.16-1.97) 2.6x10°
education year, parity
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.374 1.50 (1.15-1.96) 3.2x10°
education year, parity, family history of diabetes
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.374 1.50 (1.15-1.97) 3.1x10°
education year, parity, family history of diabetes
and hypertension
152237897 INS-IGF2- 11 2,858,546 C/T PCs, age 960 0.349 1.76 (1.31-2.36) 1.7x10™
KCNQI PCs, age, BMI 959 0.349 1.77 (1.31-2.37) 1.7x10*
PCs, age, BMI, GWG 952 0.349 1.76 (1.31-2.37) 2.1x10*
PCs, age, BMI, GWG, SBP, DBP 952 0.349 1.76 (1.30-2.37) 2.4x10*
PCs, age, BMI, GWG, SBP, DBP, smoking status 952 0.349 1.77 (1.31-2.39) 2.0x10*
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.347 1.79 (1.32-2.42) 1.7x10*
education year
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.347 1.80 (1.33-2.43) 1.5x10*
education year, parity
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.348 1.79 (1.32-2.42) 1.8x10*
education year, parity, family history of diabetes
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.348 1.80 (1.33-2.44) 1.6x10*
education year, parity, family history of diabetes
and hypertension
157945617 MTNRIB 11 92,700,287 C/T PCs, age 960 0.490 1.61 (1.23-2.12) 6.0x10*
PCs, age, BMI 959 0.490 1.59 (1.21-2.09) 9.0x10*
PCs, age, BMI, GWG 952 0.490 1.59 (1.21-2.09) 1.0x10°
PCs, age, BMI, GWG, SBP, DBP 952 0.490 1.56 (1.18-2.07) 1.6x10°
PCs, age, BMI, GWG, SBP, DBP, smoking status 952 0.490 1.56 (1.18-2.07) 1.6x10°
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.488 1.58 (1.19-2.09) 1.5x103

education year

(Continued to the next page)
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Supplementary Table 14. Continued
Position Risk/non- . Risk allele o
SNP Nearest gene(s) ~ Chr (Build 37) risk allele Adjustment Number . — OR (95% CI) Pvalue
PCs, age, BMI, GWG, SBP, DBP, smoking status, 927 0.488 1.58 (1.19-2.09) 1.5x10°
education year, parity
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.489 1.58 (1.20-2.10) 1.4x10°
education year, parity, family history of diabetes
PCs, age, BMI, GWG, SBP, DBP, smoking status, 921 0.489 1.56 (1.18-2.07) 2.0x10%
education year, parity, family history of diabetes
and hypertension

OR and 95% CI were reported according to the GDM-related risk allele. P value was obtained from logistic regression model with the adjust-

ments of covariates.

HAPO-HK, Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong; SNP, single nucleotide polymorphism; Chr, chromosome; OR, odds
ratio; CI, confidence interval; TBRI, T-box brain transcription factor 1; SLC4A 10, solute carrier family 4 member 10; PC, principal component;
BMI, body mass index; GWG, gestational weight gain; SBP, systolic blood pressure; DBP, diastolic blood pressure; CDKALI, CDK5 regulatory
subunit-associated protein 1-like 1; INS-IGF2, insulin-insulin-like growth factor 2; KCNQI, potassium voltage-gated channel subfamily Q

member 1; MTNRI1B, melatonin receptor 1B.
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Meta-analysis of GWAS for GDM

Discovery cohorts:
Chinese women

HAPO-HK Study
149 GDM cases vs. 811 non-GDM controls

Tianjin Study
229 GDM cases vs. 226 non-GDM controls

TGDM-NDM Study?
86 GDM cases vs. 180 non-diabetes controls

* Total no. 464 cases vs. 1,217 controls
* 6,322,337 biallelic variants with MAF >1%

Identification of Risk stratification and
genetic loci using genome- prediction using a polygenic risk
wide scan and candidate gene score derived based on four
approaches identified variants
Follow-up of top hits Association of PRS with GDM
De novo replication cohorts: Replication cohorts with individual-level data:
Chinese women ‘Women from Chinese, Thai
Guangzhou Study and Hispanic populations
564 GDM cases vs. 572 non-GDM controls Guangzhou Study

564 GDM cases vs. 572 non-GDM controls

In silico replication cohorts:

‘Women from European, Mexican and HAPO-Thai Study
multi-ethnic populations 260 GDM cases vs. 933 non-GDM controls
FinnGen study

HAPO-Hispanic Study

12,332 GDM cases vs. 131,109 non-GDM controls 207 GDM cases vs. 596 non-GDM controls

GenDIP consortium
5485 GDM cases vs. 347,856 non-GDM controls ‘

Mexican study . ‘
408 GDM cases vs. 342 non-GDM controls Association of PRS with AGT

Chinese women

+ TBRI-SLC44101s117781972, MINRIB
157945617, CDKALI 157754840, INS-IGF2- HAPO-HK Follow-up Study
KCNQI 152237897 129 AGT cases vs. 829 non-AGT controls

Supplementary Fig. 1. Study design and workflow. Step 1: To identify novel loci associated with an increased risk of gestational
diabetes mellitus (GDM), we conducted a meta-analysis of three genome-wide association studies in Chinese women. This was
followed by de novo replication in an independent Chinese cohort and in silico replications in European, Mexican and multi-eth-
nic populations. Through a combination of genome-wide scan and candidate gene approaches, we identified four loci associated
with GDM. Step 2: In order to explore the potential clinical utility of personal genetic information, we derived a polygenic risk
score (PRS) for GDM based on the four identified variants from step 1. We evaluated the predictive value of this PRS for GDM in
Chinese, Thai and Hispanic populations. Additionally, we assessed its predictive value for abnormal glucose tolerance (AGT) at
7-year postpartum in a Chinese population. GWAS, genome-wide association studies; HAPO-HK, Hyperglycemia and Adverse
Pregnancy Outcome-Hong Kong; MAE minor allele frequency; GenDIP, GENetics of Diabetes In Pregnancy; TBRI, T-box brain
transcription factor 1; SLC4A 10, solute carrier family 4 member 10; MTNRIB, melatonin receptor 1B; CDKAL1, CDKS5 regulato-
ry subunit-associated protein 1-like 1; INS-IGF2, insulin-insulin-like growth factor 2; KCNQI, potassium voltage-gated channel
subfamily Q member 1. “Women in the control group of the Treated GDM Cases vs. Non-diabetes Controls (TGDM-NDM)
Study were non-diabetic and non-pregnant, and their glucose tolerance status was not assessed during pregnancy.
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HAPO-HK Study participants
Total n=1,674

v

1,637 Eligible individuals

\ 4

6 Mother died before study
3 Child died before study
3 Intrauterine death
9 Non-Chinese population
16 Non-Hong Kong residence

A 4

1,019 Returned for follow-up

v

267 Failed to contact
317 Declined to participate
20 Mother was pregnant
7 Not living with the child
7 No OGTT data during pregnancy

v

961 Included for data analysis®

41 No genotype data
17 Genotype data failed in QC

Supplementary Fig. 2. Number of individuals included in the Hyperglycemia and Adverse Pregnancy Outcome-Hong Kong
(HAPO-HK) Study. QC, quality control. *A total of 17 women who were unblinded to the oral glucose tolerance test (OGTT) re-

sults were included in data analysis.
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Tianjin Study participants
Total n=22,302

v

2,991 Serum available at pregnancy

v

> 19,311 Serum unavailable at pregnancy
> 227 Women without GCT or OGTT
results if GCT >7.8 mmol/L

2,764 OGTT results available

v

243 Women with GDM 2,521 Women without GDM
i > I 1:1 matched on age
243 Women without GDM
e Nested case-control study  —
Total n=486
. 31 Women without genotype data or
" genotype data failed in QC
v

455 Included for data analysis

dmj

Supplementary Fig. 3. Number of individuals included in the Tianjin Study. GCT, glucose challenge test; OGTT, oral glucose tol-
erance test; GDM, gestational diabetes mellitus; QC, quality control.
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Meta-analysis of GWAS
in 3 cohorts of Chinese women
(464 GDM cases vs. 1,217 controls)

GWAS Lookup of reported GDM loci Lookup of reported T2DM loci
(genome-wide scan approach) (candidate gene approach) (candidate gene approach)
/ LD r*="0.8 \
rs117781972 at SLC4A10°, rs7754840° and rs9348441 at CDKAL1, rs9348441 at CDKAL1,
rs7945617 at MTNR1B® rs10830962 and rs10830963 at MTNR1B rs2237897 at KCNQ1®,
LD 2 = ~0.9 rs10830963 at MTNR1B
LD r2=~0.8

Supplementary Fig. 4. Summary of identified variants for gestational diabetes mellitus (GDM) in the present study. GWAS, ge-
nome-wide association studies; T2DM, type 2 diabetes mellitus; SLC4A 10, solute carrier family 4 member 10; MTNRIB, melato-
nin receptor 1B; CDKAL1, CDKS5 regulatory subunit-associated protein 1-like 1; KCNQI, potassium voltage-gated channel sub-
family Q member 1. *Variants highlighted in red colour were selected for the construction of a polygenic risk score. The linkage
disequilibrium (LD) r* between variants was estimated using the data of the Hyperglycemia and Adverse Pregnancy Outcome-
Hong Kong (HAPO-HK) Study, the Tianjin Study, and the Treated GDM Cases vs. Non-diabetes Controls (TGDM-NDM) Study
(Supplementary Table 8).
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Supplementary Fig. 5. Principal component analysis (PCA) in (A) the Hyperglycemia and Adverse Pregnancy Outcome-Hong
Kong (HAPO-HK) Study, (B) the Tianjin Study, and (C) the Treated GDM Cases vs. Non-diabetes Controls (TGDM-NDM)
Study. The PCA plots show the first two principal components (PCs), based on genotype data of 26 different populations from the
1000 Genomes Project, as well as each discovery cohort of Chinese women (A: 961 women from the HAPO-HK Study; B: 455
women from the Tianjin Study; and C: 266 women from the TGDM-NDM Study). The 26 populations from the 1000 Genomes
Project have been divided into five super populations: African (AFR) includes Yoruba in Ibadan, Nigeria, Luhya in Webuye, Ke-
nya, Gambian in Western Divisions in the Gambia, Mende in Sierra Leone, Esan in Nigeria, Americans of African Ancestry in
SW USA, and African Caribbeans in Barbados; Ad Mixed American (AMR) includes Mexican Ancestry from Los Angeles USA,
Puerto Ricans from Puerto Rico, Colombians from Medellin, and Colombia, Peruvians from Lima, Peru; South Asian (SAS) in-
cludes Gujarati Indian from Houston, Texas, Punjabi from Lahore, Pakistan, Bengali from Bangladesh, Sri Lankan Tamil from the
UK, and Indian Telugu from the UK; European (EUR) includes Utah Residents (CEPH) with Northern and Western European
Ancestry, Toscani in Italia, Finnish in Finland, British in England and Scotland, and Iberian Population in Spain; and East Asian
(EAS) includes Han Chinese in Beijing, China, Japanese in Tokyo, Japan, Southern Han Chinese, Chinese Dai in Xishuangbanna,
China, and Kinh in Ho Chi Minh City, Vietnam.
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